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Acute aortic dissection (AAD) is one of the most common fatal diseases noted in vascular surgery. Human monocytes circulate in
dynamic equilibrium and display a considerable heterogeneity. However, the role of monocytes in AAD remains elusive. In our
recent study, we firstly obtained blood samples from 22 patients with Stanford type B AAD and 44 age-, sex-, and comorbidity-
matched control subjects. And the monocyte proportions were evaluated by flow cytometry. Results showed that the percentage
of total CD14+ monocytes in the blood samples of Stanford AAD patients was increased significantly compared with that of
normal volunteers (P < 0:0005), and the absolute numbers of CD14brightCD16+ and CD14brightCD16- monocytes both increased
significantly regardless of the percentage of PBMC or CD14+ cells, while CD14dimCD16+ monocytes displayed the opposite
tendency. However, the percentage of CD14+ cells and its three subsets demonstrated no correlation with D-dimer (DD) and C-
reactive protein (CRP). Then, blood mononuclear cell (PBMC) samples were collected by Ficoll density gradient centrifugation,
followed with CD14+ magnetic bead sorting. After the purity of CD14+ cells was validated over 90%, AAD-related genes were
concentrated in CD14+ monocytes. There were no significant differences observed with regard to the mRNA expression
levels of MMP1 (P = 0:0946), MMP2 (P = 0:3941), MMP9 (P = 0:2919), IL-6 (P = 0:4223), and IL-10 (P = 0:3375) of the
CD14+ monocytes in Stanford type B AAD patients compared with those of normal volunteers. The expression levels of IL-17
(P < 0:05) was higher in Stanford type B AAD patients, while the expression levels of TIMP1(P<0.05), TIMP2(P<0.01), TGF-β1
(P < 0:01), SMAD3 (P < 0:01), ACTA2 (P < 0:001), and ADAMTS-1 (P < 0:001) decreased. The data suggested that monocytes
might play an important role in the development of Stanford type B AAD. Understanding of the production, differentiation,
and function of monocyte subsets might dictate future therapeutic avenues for Stanford type B AAD treatment and can aid the
identification of novel biomarkers or potential therapeutic targets for decreasing inflammation in AAD.

1. Introduction

Acute aortic dissection (AAD) is one of the most common
emergencies of vascular surgery. A recent study demon-
strated that the incidence of AAD was increased during the
past decades [1, 2]. During the development of AAD, blood
transfuses aorta through the ruptured aortic or blood vessels

and separates the normal structure of the aorta, spreading
into the media. This process results in the gradual expansion
of the axial ends to form the true and false two-chamber state
of the aorta, which is one of the most typical characteristics of
AAD [3, 4]. In a recent study, AAD was divided into two
types according to whether the ascending aorta was involved
(type A) or not (type B) according to the Stanford system,
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which is a widely accepted classification system for AAD [5,
6]. Patients with Stanford type B AAD account for 25% to
40% of all aortic dissections and remain more likely to pres-
ent with hypertension than those with Stanford type A AAD
[7]. Furthermore, the majority of patients presenting with
Stanford type A AAD are managed surgically (86% overall),
while Stanford type B AAD is treated medically (63%), which
makes our preclinical research of Stanford type B AAD more
meaningful [8]. It has been also suggested that inflammation
plays an important role in the development of AAD, which is
receiving attention gradually [9, 10]. Several studies demon-
strated that local inflammation was enhanced following the
development of AAD, which was mainly reflected by the
infiltration of large numbers of mononuclear macrophages,
multinuclei leukocytes, and T/B lymphocytes [11, 12]. These
inflammatory cells aggregate in the aorta and secrete inflam-
matory mediators to degrade the extracellular matrix, result-
ing in weakening of the aortic wall and reduced ability for
gradual stress resistance [13]. In addition to the degradation
of the extracellular matrix, local inflammation further causes
ischemia, degeneration, and necrosis of aortic smooth muscle
cells [14]. Flow dynamics (usually hypertension) eventually
lead to rupture or dilation of the aortic intima, which in turn
induces AAD [15]. Although several studies have been
reported on the pathogenesis of AAD, it is well established
that inflammation plays an important role in the develop-
ment of this disease [16]. However, little is known with
regard to the specific way by which inflammation participates
in the development of Stanford type B AAD, especially the
role of monocytes.

Monocytes are important cells of the innate immunity
that are present in the circulation system. Based on the
expression of the surface markers CD14 and CD16, a new
nomenclature for dividing monocytes into three subgroups
has been approved by the International Society of Immunol-
ogy’s Nomenclature Committee. This classification is the
following: CD14brightCD16- monocytes, CD14brightCD16+

monocytes, and CD14dimCD16+ monocytes [17]. The afore-
mentioned cells circulate in dynamic equilibrium, and the
kinetics underlying their production, differentiation, and dis-
appearance are critical to understanding both homeostasis
and inflammatory responses. Different monocyte subsets
have different biological functions. CD14brightCD16- mono-
cytes are also known as classical monocytes, having superior
phagocytosis activities. CD14brightCD16+ monocytes are also
known as inflammatory monocytes, which are the inflamma-
tory effector cells that stimulate the proliferation of T cells,
the production of excessive reactive oxygen species (ROS),
and the promotion of angiogenesis. CD14dimCD16+ mono-
cytes are also known as nonclassical monocytes, used mainly
for patrol of exogenous pathogens, as well as for antiviral
defense [18, 19]. It was reported that monocytes recruited
to areas of inflammation could differentiate into macro-
phages, which were involved in local aortic inflammatory
responses in a mouse atherosclerosis model [20]. The inhibi-
tion of the differentiation of monocytes and the recruitment
of mononuclear-macrophages to the aorta significantly
improved the progression of atherosclerosis [21]. In addition,
in abdominal aortic aneurysm (AAA), the accumulation of

macrophages and the expression levels of the monocyte che-
moattractant protein-1 (MCP-1) were both increased in the
AAA wall [22, 23]. However, a limited number of studies
have been performed with regard to the characteristics of
monocytes in AAD. The specific mechanism of monocyte
subsets with regard to the pathogenesis of AAD remains
unclear. The purpose of the present study was to investigate
the monocytic population and mediators on blood samples
from patients with AAD.

2. Materials and Methods

2.1. Patient Eligibility Criteria. In the present study, 22
patients with AAD (Stanford type B) and 44 healthy volun-
teers were included. The acute Stanford type B aortic dissec-
tions are aortic dissections that arise when the entry tear is
distal to the subclavian artery. The included criteria include
the Acute Stanford type B aortic dissections which are one
of the aortic dissections, which happened in 2 weeks and arise
when the entry tear is distal to the subclavian artery. Acute
Stanford B-type aortic dissection exclusion criteria are as fol-
lows: (1) Stanford B-type aortic dissection over 2 weeks, (2)
aorta dissection involving the start of the left subclavian
artery above the aorta, (3) the combination of immune dis-
eases of Stanford type B aortic dissection, (4) Stanford type
B aortic dissection patients with genetic diseases (such as
Marfan syndrome), and (5) Stanford B-type aortic dissection
after thoracic endovascular aortic repair (TEVAR) operation.
In the parameters, gender, age, and history of hyperlipidemia
did not exhibit a significant difference (P > 0:05) between the
two groups, while significant differences were noted with
regard to the variable history of diabetes (P < 0:05), smoking
(P < 0:01), and hypertension (P < 0:001). All samples were
collected from Nanjing Drum Tower Hospital, the Affiliated
Hospital of Nanjing University Medical School. All volun-
teers provided written informed consent, and all studies were
conducted according to the principles of the Declaration of
Helsinki following approval by the relevant institutional
review boards.

2.2. Flow Cytometry Analysis. All blood samples were trans-
ferred to the EDTA collecting tubes (Becton Dickinson). A
total of 50μl blood was obtained and transferred into the cor-
responding flow tubes. The blood samples were treated with
FC blocker (Miltenyi Biotec, Germany) at room temperature
for 15min and subsequently stained with Alexa Fluor 488-
labeled anti-human CD14 (Miltenyi Biotec, Germany) and
APC-labeled anti-human CD16 (Miltenyi Biotec, Germany).
The aforementioned antibodies were incubated at 4°C for
30min in the dark. Subsequently, the blood samples were
treated with 1x FACS™ lysis solution for approximately
10min, and FACS buffer was added. The samples were finally
centrifuged at 300 g for 5min at 4°C, rinsed again with FACS
buffer, and finally resuspended in 150μl FACS buffer for
subsequent testing by flow cytometry (BD Accuri™ C6, BD
Biosciences, USA). All the antibodies were used according
to the manufacturer’s instructions. Classical monocyte cells
were defined as CD14brightCD16-, whereas inflammatory

2 Journal of Immunology Research



monocyte cells were defined as CD14brightCD16+ and non-
classical monocyte cells as CD14dimCD16+.

2.3. Magnetic Bead Sorting. Blood samples were collected
from 8 patients with AAD (Stanford type B) and 8 healthy
volunteers. Total blood was isolated by a Ficoll density gradi-
ent centrifugation step in order to obtain peripheral blood
mononuclear cells (PBMCs). The cell number was deter-
mined, and the cell suspension was centrifuged at 300 g for
10min. The supernatant was aspirated completely, and the
pellet was resuspended in 80μl buffer per 107 of total cells.
Subsequently, 20μl CD14 Microbeads (Miltenyi Biotec,
Germany) was added per 107 total cells, mixed, and incu-
bated for 15min at 2-8°C. The cells were washed by addition
of 1-2ml buffer per 107 total cells and centrifuged at 300 g for
10min. The supernatant was removed completely, and the
cell pellet (107 cells) was resuspended in 500μl buffer and
further processed for magnetic separation. An appropriate
MACS column and a MACS separator were selected accord-
ing to the number of total cells and the number of CD14+

cells. LS columns (Miltenyi Biotec, Germany) were used for
separation. Initially, the column was placed in the magnetic
field of a suitable MACS separator (Miltenyi Biotec,
Germany) and prepared by rinsing with 3ml FACS buffer.
The cell suspension was applied onto the column, and new
FACS buffer was added when the column reservoir was
empty. Subsequent washing steps were performed by adding
3ml FACS buffer three times, and the column was removed
from the separator following removal of the content in the
column reservoir. The cell suspension was transferred to a
suitable collection tube, and 5ml FACS buffer was pipetted
onto the column. The magnetically labeled cells were imme-
diately removed by pushing the plunger into the column, and
the collected cells were CD14+ cells. A minor fraction of the
CD14+ cells was centrifuged at 300 g for 5min at 4°C and
resuspended in 100μl FACS buffer. The cells were stained
with Alexa Fluor 488-labeled anti-human CD14 antibody
(Alexa Fluor 488-CD14, Miltenyi Biotec, Germany) and
incubated at 4°C for 30min in the dark. The cells were further
centrifuged at 300 g for 5min at 4°C, resuspended in 150μl
FACS buffer, and subsequently detected by flow cytometry
(BD Accuri™ C6, BD Biosciences, USA). The remaining
CD14+ cells were centrifuged at 300 g for 5min, and following
aspiration of the supernatant, they were subsequently tested.

2.4. Quantitative Polymerase Chain Reaction (RT-qPCR).
Total RNA from CD14+ cells were extracted by the TRIzol
reagent (Invitrogen, USA) and reverse-transcribed by a
reverse transcription kit (HiScript® II Q RT SuperMix for
qPCR, Vazyme Biotech, Nanjing, China). Subsequently, the
cDNAs were used as templates for RT-qPCR analysis per-
formed on the BIOER Line Gene 9640 detection system
(Hangzhou, China). The Ct value and the relative expression
levels of each gene were calculated according to the 2-ΔΔCt

formula. The relative amount of the target gene and that of
the reference gene GAPDH were obtained. All the reactions
were repeated three times. All RNA samples exhibited a
260/280 ratio of ≈2.0. The primer sequences used are shown
in Table 1.

2.5. Statistical Analysis. The data were expressed as the
mean ± SEM. Statistical analyses were performed by Graph-
Pad Prism 5 (San Diego, CA, USA). Multigroup comparisons
were analyzed by Student’s t-test or the one-way ANOVA
test. A P value less than 0.05 (P < 0:05) was considered for
significant differences. The experiments were repeated at
least three times.

3. Results

3.1. Clinical Characteristics of the Patients with AAA. The D-
dimer values and the CRP values in Stanford type B AAD
patients were higher than those noted in healthy control
subjects (P < 0:001), while there was significant difference
in history of diabetes (P < 0:05), smoking (P < 0:01), and
hypertension (P < 0:001). In addition, apparent differences
were noted in the percentage of neutrophils (P < 0:01),
lymphocytes (P < 0:001), WBC count, and monocytes
(P < 0:001) between these two groups (Table 2).

3.2. The Behaviors of Monocyte Subsets in Stanford Type B
AAD. Currently, numerous studies have demonstrated that
aortic inflammation is inseparable for the development of
aortic disease and that monocytes play an important role in
inflammation. Following the induction of inflammation in
local tissues, monocytes are recruited to the tissues and dif-
ferentiate into macrophages, which secrete inflammatory
mediators and participate in local inflammatory reactions
[24–26]. In order to demonstrate the population of mono-
cytes in Stanford type B AAD patients, we performed flow
cytometry analysis with human blood samples. The results
indicated that the percentage of CD14+ cells in AAD patients
was significantly higher than that of normal volunteers
(Figures 1(a) and 1(b)). To further confirm the biological
features of the three monocyte subsets, we analyzed their per-
centages in PBMCs. The gating strategy is shown in
Figure 1(c) [27]. The results indicated that CD14dimCD16+

monocytes exhibited a significant decrease in the proportion
of PBMCs (P < 0:05), while the percentages of the two other
monocyte subsets (CD14brightCD16-, CD14brightCD16+) were
increased significantly (P < 0:001) (Figure 1(d)). Due to the
significant increase caused in the percentage of CD14+ cells
in PBMC (P < 0:001), we analyzed the percentages of the
three monocyte subsets in CD14+ cells.

3.3. Correlation Analysis between Monocyte and D-Dimer
and C-Reactive Protein.DD andCRPwere viewed as diagnos-
tic and prognostic tools for AAD. D-dimer is a fibrin degrada-
tion product, generated following fibrinolysis of a thrombus
[28–30]. C-reactive protein (CRP) is an acute phase reactant,
which is a sensitive and a nonspecific inflammatory marker
[30–33]. The serum levels of DD and CRP are usually used
to assess the overall severity of acute diseases or to predict
adverse events [34, 35]. The correlation analysis indicated
no significant correlation between DD and the percentages
of monocyte subsets in PBMCs (all R2 < 0:5 and P > 0:05)
(Figure 2(a)). Similar results were observed with regard to
the correlation between DD and the percentages of mono-
cyte subsets in CD14+ cells (all R2 < 0:5 and P > 0:05)
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(Figure 2(b)), while a weaker correlation between CRP and
the percentages of monocyte subsets was noted in the present
study (all R2 < 0:5 and P > 0:05) (Figures 2(c) and 2(d)).

3.4. CD14+ Monocyte Gene Detection. To further explore the
characteristics of monocytes in Stanford type B AAD
patients, we attempted to obtain human CD14+ monocytes
by magnetic bead sorting. The percentage of CD14+ mono-
cytes was approximately 5% of the total cells (Figure 3(a)).
Following gradient density centrifugation, the percentage of
CD14+ monocytes in PBMCs increased to approximately
30% (Figure 3(b)). Finally, the purity of CD14+ monocytes
was higher than 90% following magnetic bead sorting
(Figure 3(c)). On this basis, we detected several genes by
RT-qPCR, which were important for the development of
AAD in CD14+ monocytes. The results indicated that the
expression levels of the matrix metalloproteinase family

genes (MMP1, MMP2, and MMP9) were not significantly
different between Stanford type B AAD patients and normal
volunteers (Figure 4(a)). The expression levels of the tissue
inhibitor matrix metalloproteinase genes (TIMP1 and
TIMP2) were decreased (P < 0:05) (Figure 4(b)). Similarly,
the levels of transforming growth factor-β1 (TGF-β1),
SMAD3, alpha-actin (ACTA2), and a disinterring and metal-
loproteinase with thrombospondin motifs 1 (ADAMTS-1)
were decreased (Figure 4(c)). The mRNA expression levels
of IL-6 and IL-10 indicated no significant difference between
Stanford type B AAD patients and normal volunteers, while
IL-17 levels were apparently increased (Figure 4(d)).

4. Discussion

Acute aortic dissection (AAD) is the most serious clinical
emergency in aortic disease. It exhibits an acute onset, rapid

Table 1: Primer sequences for quantitative real-time polymerase chain reaction.

Gene name Forward primer Reverse primer

MMP9 GGACGATGCCTGCAACGT CAAATACAGCTGGTTCCCAATCT

MMP1 CATGAAAGGTGGACCAACAATTT CCAAGAGAATGGCCGAGTTC

MMP2 TACACCAAGAACTTCCGTCTGT AATGTCAGGAGAGGCCCCATA

TGF-β1 CTAATGGTGGAAACCCACAACG TATCGCCAGGAATTGTTGCTG

SMAD3 ACCATCCCCAGGTCCCTGGATGGCC AACTCGGCCGGGATCTCTGTGTGGCGT

ACTA2 TCAATGTCCCAGCCATGTAT CAGCACGATGCCAGTTGT

TIMP1 CTTCTGCAATTCCGACCTCGT ACGCTGGTATAAGGTGGTCTG

TIMP2 AAGCGGTCAGTGAGAAGGAAG GGGGCCGTGTAGATAAACTCTAT

IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG

IL-10 TCAAGGCGCATGTGAACTCC GATGTCAAACTCACTCATGGCT

IL-17 TCCCACGAAATCCAGGATGC GGATGTTCAGGTTGACCATCAC

ADAMTS-1 CAGAGCACTATGACACAGCAA AGCCATCCCAAGAGTATCACA

GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC

Table 2: Clinical data of patients.

Characteristics Healthy control (n = 44) AAD patient (n = 22) χ2 or t P value

Mean age 52:89 ± 15:24 55:33 ± 13:32 0.744 0.459

Gender (M/F) 25/19 15/7 2.652 0.103

Smoking history 10 (22.73%) 12 (54.55%) 6.682 0.009∗∗

Hypertension (%) 9 (20.45%) 14 (63.64%) 12.05 <0.001∗∗∗

Hyperlipidemia (%) 12 (27.27%) 9 (40.91%) 1.257 0.262

Diabetes (%) 2 (4.54%) 6 (27.27%) 4.991 0.026∗

DD (mg/l) 0:26 ± 0:15 3:73 ± 2:54 8.875 <0.001∗∗∗

CRP (mg/l) 2:18 ± 1:27 30:57 ± 24:76 7.478 <0.001∗∗∗

WBC (109/l) 6:38 ± 1:42 10:48 ± 2:02 9.368 <0.001∗∗∗

NE (%) 59:92 ± 6:81 67:21 ± 10:63 3.319 0.002∗∗

LY (%) 33:12 ± 6:93 24:25 ± 6:83 4.853 <0.001∗∗∗

MO (%) 5:64 ± 1:12 9:21 ± 2:32 8.276 <0.001∗∗∗

DD: D-dimer; CRP: C-reactive protein; NE (%): neutrophil percentage; LY (%): lymphocyte percentage; MO (%): monocyte percentage. Values were expressed
as themean ± SD or as indicated. The data of D-dimer was detected by an automatic blood coagulation analyzer (CA7000, Sysmex, Inc., Japan), and the data of
CRP was analyzed by an automatic biochemical analyzer (C8000, Abbott, Inc., USA). The data weremeans ± SEM. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:005 vs.
healthy control.
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development, morbidity complications, a high mortality rate,
and an increased misdiagnosis rate [4, 5, 36]. Additional
studies have contributed significantly to the prevention, diag-
nosis, and treatment of AAD diseases. In the present study,
we demonstrated that the percentages of total monocytes
and the subsets in the blood samples of Stanford type B
AAD patients were markedly altered, although no apparent
correlation with DD and CRP was noted. However, several
genes associated with AAD (TIMP1, TIMP2, TGF-β1,
SMAD3, ACTA2, ADAMTS-1, and IL-17) demonstrated sig-
nificant changes in their levels in Stanford type B AAD
patients. The investigation of the number of CD14+ mono-
cytes is required to further understand the characteristics of
monocytes in AAD.

It is well known that the aorta is composed of a large
number of extracellular matrix components for the mainte-
nance of the arterial blood flow and the blood pressure. Fol-
lowing degradation of these structures, the arterial wall is
dilated and ruptures [3, 37]. Recent studies have demon-
strated that multiple inflammatory cells are involved in the
remodeling of aortic vascular tissues, such as activated T
and B cells and mononuclear-macrophages [38–40], indicat-
ing that inflammation participates in the development of
AAD by regulating the number, location, and functional bal-
ance of the inflammatory cells. As one of the most important
inflammatory cells, monocytes can participate in the vascular
remodeling process via different mechanisms of action. How-
ever, a limited number of studies have explored these path-
ways. Previous studies have reported that the percentage of
monocytes in blood of Stanford A AAD patients was
increased [41], while there were no related reports in patients
with Stanford type B AAD. The results of the present study
indicated by flow cytometry that the percentage of CD14+

cells in the blood of Stanford type B AAD patients was higher
than that of normal volunteers. The findings indicated that
monocytes were multiplied and recruited to areas of inflam-
mation where they differentiated and acted as effector cells to
respond to various biological changes [42].

From 2010, a new nomenclature for classifying mono-
cytes into three subgroups has been approved by the Interna-

tional Society of Immunology’s Nomenclature Committee.
This classification is based on the expression levels of the sur-
face markers CD14 and CD16 and is the following:
CD14brightCD16-, CD14brightCD16+, and CD14dimCD16+

[16]. CD14brightCD16- monocytes comprise 80–90% of the
monocyte pool with the remaining 10-20% being shared by
CD14brightCD16+ and CD14dimCD16+ monocytes [43]. The
features of these three types of monocytes were examined
in Stanford type B AAD patients. The monocytes were gated
according to their CD14 and CD16 expression, and the
results demonstrated that the percentages of CD14dimCD16+

monocytes in PBMC and in CD14+ cells were significantly
decreased in AAD patients, while the percentages of the
other two subsets (CD14brightCD16- and CD14brightCD16+)
were markedly increased. Similar results were observed in
other types of diseases. For example, the number of
CD14brightCD16+ monocytes in patients with coronary
heart disease was higher and exhibited a positive correla-
tion with atherogenic plaque formation [44]. A higher
increase of CD14brightCD16+ monocytes and lower levels
of CD14brightCD16- monocytes in patients with acute takot-
subo cardiomyopathy has been previously shown [45].
Tsujioka et al. demonstrated that the peak levels of
CD14brightCD16- monocytes exhibited a negative associa-
tion with the recovery of left ventricular function following
acute myocardial infarction [46]. CD14brightCD16- and
CD14brightCD16+ monocytes are inflammatory effectors
recruited in inflammatory sites in response to inflammatory
stimuli. It has been shown that the CD14brightCD16- mono-
cytes mature via a continuum to CD14brightCD16+ mono-
cytes and subsequently to CD14dimCD16+ monocytes [47].
We proposed that the decrease of CD14dimCD16+ mono-
cytes might be due to the reduced maturation of
CD14brightCD16- monocytes [18]. Furthermore, we consid-
ered that the infiltration of the macrophages detected in
the aorta might result from the migration of circulating
monocytes, rather than the localization of the resident aorta
macrophages. They are involved in the remodeling of aortic
blood vessels. Therefore, the increase in the percentages of
these two monocytes was cognitively compatible. It was
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Figure 1: (a) Flow cytometry analysis of CD14+ monocytes in blood of normal control and Stanford type B AAD patients; (b) the statistical
graph of (a); (c) gating strategy of monocyte subsets via flow cytometry: CD14brightCD16- (classic monocytes), CD14brightCD16+

(intermediate), and CD14dimCD16+ (nonclassical); (d) the statistical graph in the percentage of three monocyte subsets in PBMC; (e) the
statistical graph in the percentage of three monocyte subsets in CD14+ monocytes; data were shown as the mean ± SEM (standard
error of the mean). Stanford type B AAD patient: n = 22; normal control n = 44. The data were means ± SEM. ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:005 vs. normal group.
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hypothesized that the reduction in the number of nonca-
nonical monocytes was mediated by the decreased matura-
tion of classical monocytes. The maturation pathway of
monocytes involves the maturation of CD14brightCD16-

monocytes to CD14brightCD16+ [17, 27]. In summary, the
results indicated that these three monocyte subsets might
play different roles in the development of Stanford type
B AAD.

D-dimer (DD) is a specific protein fiber degradation
product that is formed by plasmin hydrolysis. DD is released
in large quantities following thrombosis, resulting in elevated

levels of this biomarker in the serum [48, 49]. Therefore, the
serum levels of DD are considered an optimal diagnostic tool
for deep vein thrombosis, pulmonary embolism, and AAD
[50–52]. This assessment was well recognized in the diagno-
sis of acute aortic syndrome (including AAD) [1, 52–54]. In a
previous study conducted in 2006, D-dimer testing (DT) was
performed in 113 consecutive AAD patients within 24 h of
symptom onset in the Osaka Mishima Emergency and Criti-
cal Care Center [55]. The results indicated that 104 (92%)
AAD patients were positive for DT [55]. In the same year,
the University Hospital of Strasbourg in France performed
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DT in 94 consecutive patients admitted to their institution
with confirmed AAD, and the results indicated that 93
patients (99%) with AAD exhibited elevated DD
(>400ng/ml) [55]. It has been shown that the serum levels
of DD are positively correlated with AAD. However, the
present study indicated no significant correlation between
DD and the percentages of monocyte subsets. It is possible
that the two are independent factors affecting the disease pro-
cess. In addition, it may be related to the sampling time point.
A previous study demonstrated that the positive rate of DT
detection was considerably low in patients aged less than 70
years and in patients exhibiting a 120min time interval from
symptom onset to admission [56]. The mean age of the
patients of the present study was lower than 70 years, and
the time interval from symptom onset to blood sample acqui-
sition and detection was approximately 120 h, suggesting that
this may be an important cause of negative results. In addi-
tion, we hypothesized that the time point required for the
change in the monocyte number in Stanford type B AAD
was different from that noted for the increase in the DD levels
in other inflammatory diseases. The number of monocytes
was increased in response to the changes in the microenvi-
ronment occurring during the disease progression. However,
the large quantities of DD were released following induction
of thrombosis. In addition to DD, C-reactive protein (CRP) is
usually used to analyze the prognosis of AAD patients. The
results indicated no significant correlation between CRP
levels and monocyte subsets. CRP is a nonspecific acute
inflammatory response protein produced by hepatocytes
and is usually used to assess the overall severity of an acute
disease or to predict adverse events [57]. However, it cannot
be used as a clinical indicator for the prediction of AAD [57].

Furthermore, the time point required for the monocyte
changes to take place may also differ from that noted for
the CRP increase in the Stanford type B AAD patients, which
remained to be confirmed by further research.

As we can see, diabetes (P < 0:05), smoking history
(P < 0:01), and hypertension (P < 0:001) in Stanford type B
AAD patients were higher than those noted in healthy con-
trol subjects. These might be related to the abnormal expres-
sion of monocytes and the occurrence of Stanford type B
AAD. Actually, studies have been reported that the occur-
rence of male abdominal aortic aneurysms is closely related
to the lifestyle-related factors, including cigarette smoking,
obesity (body mass index (BMI) and waist circumference
(WC)), and history of comorbidities (diabetes mellitus,
hypercholesterolemia, and hypertension) [58]. What is the
relationship between these lifestyle-related factors and the
abnormal expression of monocytes? Studies have shown that
the number of monocytes was increased in the blood of
smokers [59]. Similarly, an increase in circulating monocyte
counts has been found in patients with diabetes [60]. It has
been reported that humans with hypertension have increas-
ing intermediate and nonclassical monocytes, and increased
endothelial stretch enhanced monocyte conversion to
CD14brightCD16+ monocytes [61]. Thus, we can speculate
that the above lifestyle-related factors may result in high
expression of monocytes and induce Stanford type B AAD,
which remains to be confirmed further.

To determine the biological changes caused on mono-
cytes other than their percentages and phenotype, we
obtained CD14+ monocytes by magnetic bead sorting and
analyzed the expression levels of several genes of CD14+ cells.
It has been shown that the expression levels of several genes

SS
C

After magnetic bead sorting

CD14-Alexa Fluor 488

CD14+

93.6

102

200K

400K

600K

800K

103 104 105 106

(c)

Figure 3: (a) Flow cytometry analysis of CD14+ cells in blood; (b) flow cytometry analysis of CD14+ cells in PBMC; (c) flow cytometry
analysis of CD14+ cells after magnetic bead sorting.
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are associated with the induction of aortic diseases induced
by ANG II, such as TGF-β [62, 63], SMAD3 [64–66],
MMP1 [66–69], MMP2 [70–72], MMP9 [72, 73], and
TIMP1/TIMP2 [74, 75]. Previous reports have clearly dem-
onstrated that MMP1, MMP2, and MMP9 are activated in
the aortic disease [66–72]. However, the present study dem-

onstrated that the expression levels of MMP1, MMP2, and
MMP9 indicated no significant differences between CD14+

cells in Stanford type B AAD patients and normal volunteers,
while TIMP1 and TIMP2 (inhibitor of MMPs) levels were
decreased [73–75]. It has been reported that the balance
between MMPs/TIMPs regulates ECM conversion and
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Figure 4: (a) The mRNA expression levels of MMP1, MMP2, and MMP9; (b) the mRNA expression levels of TIMP1, TIMP2; (c) the mRNA
expression levels of TGF-β1, SMAD3, ACTA2, and ADAMTS-1; (d) the mRNA expression levels of IL-6, IL-10, and IL-17; Stanford type B
AAD patient: n = 8; normal control: n = 8. The data were means ± SEM. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:005 vs. normal group.
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remodeling, and an imbalance in this proportion may result
in an abnormal amount of ECM degradation, leading to the
development of severe vascular disease [76]. We speculated
that monocytes may exhibit altered levels of TIMPs, but not
of MMPs during the development of Stanford type B AAD.

Approximately 10 years ago, a hypothesis was proposed
suggesting that aortic lesions were caused by excess TGF-β1
production in the aortic medium [77]. Subsequent studies
confirmed this hypothesis and revealed that the downstream
pathway of TGF-β1 was mediated by SMAD3. This sug-
gested that excessive TGF-β/SMAD3 signaling stimulated
smooth muscle cell uncontrolled and excessive proliferation,
resulting in arterial lumen changes and the trigger of a series
of aortic diseases [78, 79]. However, the present results indi-
cated that the mRNA expression levels of TGF-β1 and
SMAD3 were significantly decreased in Stanford type B
AAD compared with those of normal volunteers, which
was inconsistent with previous reports. Considering that
the detection of CD14+ monocytes was obtained from the
patient blood, these two genes involved in CD14+ monocyte
function may play additional undiscovered roles, which
require further investigation.

Alpha-actin (ACTA2) is the most common mutated gene
in aortic disease, mainly affecting vascular smooth muscle
cell (SMC) function. The major function of these cells is to
contract in response to the stretch, a process that depends
on the cyclic interaction between thin filaments, which are
encoded by ACTA2 [80, 81]. The heterozygous mutations
in ACTA2 lead to an inherited predisposition for thoracic
aortic aneurysms and dissections (TAAD) [80–82]. The
recent results of the present study indicated that the expres-
sion levels of ACTA2 in CD14+ monocyte were lower in
Stanford type B AAD patients, suggesting that ACTA2 may
be mutated in CD14+ monocytes.

The recently discovered extracellular metalloproteinase
named ADAMTS-1 is disinterring with a thrombospondin
motif and metalloproteinase [83]. It has been reported that
ADAMTS-1 inhibits ECM remodeling and participates in
vascular disease by inhibiting cell proliferation [84–86]. Its
mechanism of action is mediated by the combination of the
vascular endothelial growth factor and the fibroblast growth
factor [84–86]. Previous studies have demonstrated that the
expression levels of ADAMTS-1 are increased significantly
in aortic tissues of AAD patients [87, 88]. ADAMTS-1 was
also introduced as a major mediator of vascular homeostasis,
and ADAMTS-1-/- mice were more susceptible to the AAA
phenotype [89]. The results of the present study indicated
that the expression levels of ADAMTS-1 in CD14+ cells were
lower in Stanford type B AAD patients compared with those
of the normal volunteers.

Interleukin-6 (IL-6) is an important stimulator of athero-
sclerotic lesions, which can aggravate atherosclerosis [90, 91].
However, the results of the current study indicated that the
mRNA levels of IL-6 in Stanford type B AAD patient
CD14+ cells exhibited no significant difference compared
with those of the normal volunteers. In addition to IL-6, IL-
10 also played an important role in promoting the develop-
ment of aortic aneurysm. It has been reported that high levels
of IL-10 are detected in the serum of patients with aneurysms

and that IL-10-/- counteracts Ang II-induced vascular dys-
function in APOE-/- mice [92]. The results of the present
study indicated that in CD14+monocytes, the mRNA expres-
sion levels of IL-10 demonstrated no significant difference
between Stanford type B AAD patients and normal volun-
teers, while interleukin-17 (IL-17) exhibited a significant
increase. It has been reported that IL-17 is involved in various
autoimmune diseases, including multiple sclerosis, rheuma-
toid arthritis, and systemic lupus erythematosus [[93–95],
and previous studies have also indicated that high expression
of IL-17 induces vascular inflammation, endothelial dysfunc-
tion, arterial hypertension, hypertension, and aortic aneu-
rysm [96, 97]. In addition, IL-17 affects the basic function
of the mononuclear/macrophage lineage and participates in
the development of advanced atherosclerosis, promoting
the increase of monocyte adhesion and the recruitment of
circulating monocytes [98, 99]. We have demonstrated that
the expression levels of IL-17 in CD14+ monocytes were
increased in Stanford type B AAD patients and that this effect
may be inextricably linked to the changes of the monocyte
biological characteristics. This requires further investigation
in further study.

Although the present study contains several limitations,
the results reported that the numbers and phenotypes of
monocytes were significantly altered in the blood of Stanford
type B AAD patients, suggesting that monocytes may play an
important role in promoting the development of Stanford
type B AAD. The specific mechanism of this process remains
undiscovered. The mRNA expression levels of CD14+ mono-
cytes can aid in identification and prognosis of the disease.
Understanding the characteristics of monocyte subset gener-
ation, differentiation, and function can dictate the develop-
ment of future therapeutic avenues for Stanford type B AAD.
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Background. Ubiquitin-like modifier activating enzyme 1 (UBA1) is the first and major E1 activating enzyme in ubiquitin
activation, the initial step of the ubiquitin-proteasome system. Defects in the expression or activity of UBA1 correlate with
several neurodegenerative and cardiovascular disorders. However, whether UBA1 contributes to atherosclerosis is not defined.
Methods and Results. Atherosclerosis was induced in apolipoprotein E-knockout (Apoe-/-) mice fed on an atherogenic diet.
UBA1 expression, detected by immunohistochemical staining, was found to be significantly increased in the atherosclerotic
plaques, which confirmed to be mainly derived from lesional CD68+ macrophages via immunofluorescence costaining.
Inactivation of UBA1 by the specific inhibitor PYR-41 did not alter the main metabolic parameters during atherogenic diet
feeding but suppressed atherosclerosis development with less macrophage infiltration and plaque necrosis. PYR-41 did not alter
circulating immune cells determined by flow cytometry but significantly reduced aortic mRNA levels of cytokines related to
monocyte recruitment (Mcp-1, Vcam-1, and Icam-1) and macrophage proinflammatory responses (Il-1β and Il-6). Besides,
PYR-41 also suppressed aortic mRNA expression of NADPH oxidase (Nox1, Nox2, and Nox4) and lesional oxidative stress
levels, determined by DHE staining. In vitro, PYR-41 blunted ox-LDL-induced lipid deposition and expression of
proinflammatory cytokines (Il-1β and Il-6) and NADPH oxidases (Nox1, Nox2, and Nox4) in cultured RAW264.7 macrophages.
Conclusions. We demonstrated that UBA1 expression was upregulated and mainly derived from macrophages in the
atherosclerotic plaques and inactivation of UBA1 by PYR-41 suppressed atherosclerosis development probably through
inhibiting macrophage proinflammatory response and oxidative stress. Our data suggested that UBA1 might be explored as a
potential pharmaceutical target against atherosclerosis.

1. Introduction

Cardiovascular diseases have now ranked as the top cause of
mortality globally, representing 31% of all global deaths in
2016, according to WHO’s statistics [1]. Atherosclerosis, a
chronic inflammatory disease with abnormal lipid deposition
in the large- and median-sized arteries, is the predominant
underlying contributor to the majority of fatal conditions,
such as myocardial infarction, unstable angina, sudden car-
diac death, and stroke [2]. Besides the strong inflammatory
nature, atherosclerosis is also characterized by proliferation,

apoptosis/necrosis, enhanced oxidative stress, and disturbed
protein homeostasis [3].

The ubiquitin-proteasome system (UPS) is the major
pathway for intracellular protein degradation within eukary-
otic cells, accounting for 80-90%of intracellular proteindegra-
dation [4, 5]. Due to the central role of theUPS inmaintaining
intracellular protein metabolism, it is reported to be involved
in a wide variety of biological processes, such as growth and
proliferation, inflammation, oxidative stress, and apoptosis/-
necrosis, that are crucial for cardiovascular biology and
pathology [6, 7]. The UPS includes two independent but
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sequential parts: the ubiquitination and proteasome-
mediated proteolysis [4, 5]. As the initial step of the UPS,
ubiquitination modification starts as ubiquitin activation
by forming a thioester linkage with the E1 activating
enzyme. Activated ubiquitin was then transferred through
a transesterification reaction to an E2 conjugating enzyme,
followed by formation of an isopeptide bond with targeted
protein substrate via the E3 ligating enzyme [4, 5]. The ubi-
quitined proteins finally enter the 20S proteasome complex
for further degradation into peptides [4, 5]. Previous studies
have confirmed abnormal UPS in atherosclerosis, especially
in symptomatic plaques, suggesting that the UPS contributes
to atherogenesis [8–10]. However, current studies mainly
focus on the proteasome and E3 ligating enzyme activities;
little is known about the E1 activating enzymes, the apex
of the ubiquitination cascade, in atherosclerosis.

Ubiquitin-like modifier activating enzyme 1 (UBA1) is
the first identified E1 activating enzyme for ubiquitin activa-
tion [11]. It is a highly conserved protein and consists of two
main isoforms: UBA1a containing 1058 amino acids and
UBA1b containing 1018 amino acids [11]. Besides UBA1,
UBA6 is also capable of activating ubiquitin [12]. However,
UBA6-mediated ubiquitin activation is currently restricted
to specific protein ubiquitination, as only one specific E2
enzyme out of the currently known E2 enzymes can be con-
jugated with UBA6 [12]. Therefore, UBA1 plays a central role
in ubiquitin activation and protein quality. Total loss of
UBA1 is lethal, while defects in UBA1 expression or activity
contribute to the pathogenesis of several neurodegenerative
disorders such as spinal muscular atrophy, Huntington’s dis-
ease, Parkinson’s disease, Alzheimer’s disease, and amyotro-
phic lateral sclerosis [13]. Recent studies also suggested that
UBA1 might be essential for maintaining cardiovascular
homeostasis and thus contribute to disease progression. For
example, Qin et al. reported that inhibition of UBA1 by a
small molecular inhibitor PYR-41 effectively attenuated
carotid neointimal thickening via suppressing monocyte/ma-
crophage infiltration and smooth muscle cell proliferation in
a rat model of balloon injury [14]; Shu et al. demonstrated
that cardiac UBA1 was upregulated in a mouse model of
angiotensin II-induced cardiac remodeling and UBA1 inhibi-
tion by PYR-41 significantly reduced cardiac inflammation
and oxidative stress [15]. However, whether UBA1 is
involved in atherosclerosis is not defined. Here in this study,
we explored this issue in a mouse atherosclerosis model, the
apolipoprotein E-knockout mice (Apoe-/-) fed on an athero-
genic diet.

2. Materials and Methods

2.1. Animals and Experimental Designs. Male Apoe-/- mice
on C57BL/6 background were purchased from Beijing Vital
River Laboratory and housed under specific pathogen-free
conditions on a 12-hour light/12-hour dark cycle with free
access to water and diet. At the age of 10 weeks old, the
mice were fed on an atherogenic diet (0.5% cholesterol
and 20% fat) for the next 8 weeks to fast induce atherogen-
esis. PYR-41(Selleck) was administrated (10mg/kg body
weight) 2 times per week by intraperitoneal injection, with

DMSO as control, during atherogenic diet feeding. All
experiments were performed according to the guidelines
for the care and use of laboratory animals of the National
Institute of Health (NIH publication no.85Y23, revised
1996) and approved by the Animal Care and Use Commit-
tee of Dalian Medical University.

2.2. Plasma Lipid and Glucose Analysis. Mice were fasted for
4 hours. Blood samples were collected via retroorbital punc-
ture. Plasma total cholesterol, triglycerides, and glucose were
measured with commercial kits (BioSino), according to the
manufacturer’s guidance. Lipoprotein profiles were frac-
tioned by fast protein liquid chromatography (FPLC) and
analyzed as we previously described [16]. Insulin resistance
was measured by glucose tolerance test (GTT). Briefly, mice
were fasted for 4 hours and then challenged with an intraper-
itoneal injection of glucose (2 g/kg body weight). Blood sam-
ples were collected before (time 0) and at 30, 60, and 120
minutes (time 30, 60, and 120, respectively) after glucose
injection by retroorbital bleeding. Plasma glucose was mea-
sured with commercial kit as described above (BioSino).

2.3. Histological Analysis. Mice were sacrificed and flushed
with PBS through the left ventricle. The aorta and the aortic
root samples were prepared as previously described [17].
Briefly, the aorta was rid of the adventitia and cut open lon-
gitudinally under a dissecting microscope, while the heart
was embedded in OCT (Sakura Finetek), snap frozen in liq-
uid nitrogen, and cross-sectioned serially at 7μm thick
throughout the aortic root. Atherosclerosis burden in the en
face aortas and the aortic root sections was visualized by
Oil-red O (Sigma) staining. UBA1 expression in the vessels
of the aortic root sections was detected by immunohisto-
chemical staining with anti-UBA1 antibody (ab34711,
Abcam) or immunofluorescence costaining using anti-
UBA1 (ab34711, Abcam) and anti-CD68 (MCA1957, Bio-
Rad) antibodies. Macrophages and smooth muscle cells in
the atherosclerotic plaques were visualized by immunohisto-
chemical staining with anti-CD68 antibody (MCA1957, Bio-
Rad) and anti-α-SMA antibody (ab5694, Abcam). Necrotic
areas in the plaques were visualized by HE staining and des-
ignated as eosin-negative acellular areas. All quantifications
were determined with ImageJ software.

2.4. Flow Cytometry Analysis. Blood was collected via retro-
orbital puncture and depleted of erythrocyte by lysing buffer
(BD Biosciences). Then cell suspensions were treated with Fc
block, washed, and stained with CD45 PerCP-Cy5.5, CD3
FITC, CD11b FITC, F4/80 BV421, and Gr-1 APC (BD Bio-
sciences) accordingly. Circulating monocytes were defined
as CD45+CD11b+F4/80+Gr-1-, neutrophils as CD45+-

CD11b+Gr-1+F4/80-, and T cells as CD45+CD3+. Events
were acquired on a live gate on Fortessa flow cytometer
(BD Biosciences).

2.5. RNA Isolation and Quantitative Real-Time PCR Analysis.
Total RNA was extracted with TRIzol (Invitrogen) and
reverse transcripted using a RT kit (MedChem Express).
Quantitative real-time PCR was performed using SYBR
Green PCR reagents (MedChem Express) and normalized
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to Gapdh. The primer sequences used in quantitative real-
time PCR are described in Table 1.

2.6. Cell Culture. RAW264.7 cells were cultured in RPMI-
1640 medium (Gibco) supplemented with 10% fetal bovine
serum and 1% antibiotics (100 Units/ml penicillin and
100μg/ml streptomycin) and maintained in a humidified
incubator at 37°C under 5% CO2. When cells were grown
to 80% confluence, they were treated with PYR-41 (5μM,
Selleck) for 2 hours, then washed and subjected to ox-
LDL (50μg/ml, Unionbiol) treatment. After incubation
with ox-LDL for 12 hours, cells were harvested for RNA
extraction or fixed with 4% paraformaldehyde solution for
Oil-red O staining.

2.7. Statistical Analysis. Data were presented as mean or
mean ± SEM. Statistical significance was evaluated by Stu-
dent’s t-test using Prism software. P value < 0.05 was
regarded as significant.

3. Results

3.1. UBA1 Expression Was Upregulated and Mainly Derived
from Macrophages in the Diet-Induced Atherosclerosis in
Apoe-/- Mice. First, we explored the expression of UBA1 dur-
ing atherogenesis in Apoe-/- mice. As shown in Figure 1(a),
UBA1 expression was significantly increased in the diet-
induced atherosclerotic plaques, detected by immunochem-
ical analysis. To further identify the origin of UBA1
expression, we costained UBA1 with CD68, a marker of mac-
rophages, which is the main type and also majority of func-
tional cells in atherosclerosis. As shown in Figure 1(b),
UBA1 almost fully colocalized with CD68. Together, our data
indicated that UBA1 expression was upregulated and mainly
derived from macrophage in diet-induced atherosclerosis in
Apoe-/- mice.

3.2. Inhibition of UBA1 Did Not Alter the Main Metabolic
Parameters during Diet-Induced Atherogenesis in Apoe-/-
Mice. Next, we examined the role of increased macrophage
UBA1 expression in the diet-induced atherosclerosis in
Apoe-/- mice, using a specific inhibitor PYR-41. We found
that PYR-41 treatment did not change plasma total choles-
terol (TC) and triglyceride (TG) levels as well as lipoprotein
profiles fractioned by FPLC during atherogenic diet feeding
(Figures 2(a) and 2(b)). Similarly, PYR-41 treatment did
not change plasma glucose levels, insulin resistance deter-
mined by GTT, and body weight gain (Figures 2(c)–2(e)).

3.3. Inhibition of UBA1 Attenuated Diet-Induced
Atherosclerosis in Apoe-/- Mice.We then explored the athero-
sclerosis development in the Apoe-/- mice with or without
UBA1 inhibition by PYR-41, after 8 weeks on the atherogenic
diet feeding. We found that PYR-41 treatment significantly
reduced the atherosclerosis burden in the entire inner surface
of the aortas and the aortic root, respectively (Figures 3(a)
and 3(b)). Besides atherosclerosis burden, PYR-41 also chan-
ged the plaque composition, decreasing macrophage infiltra-
tion and plaque necrosis while not altering smooth muscle
cell accumulation in the plaques (Figures 3(c)–3(e)). These

data suggested that inhibition of UBA1 attenuated diet-
induced atherosclerosis probably through inhibiting macro-
phage infiltration and plaque necrosis in Apoe-/- mice.

3.4. Inhibition of UBA1 Reduced Proinflammatory Cytokine
Levels in Diet-Induced Atherosclerosis in Apoe-/- Mice. We
then explored whether UBA1 inhibition reduced circulating
macrophages in diet-treated Apoe-/- mice. As shown in
Figure 4(a), flow cytometry analysis revealed that PYR-41
treatment did not alter circulating monocytes, neutrophils,
or T cells in the Apoe-/-mice received 2 weeks of atherogenic
diet feeding. In the meantime, we observed that PYR-41
reduced the aortic expression of Mcp-1, Vcam-1, and Icam-
1, key players in the monocyte recruitment, determined by
real-time PCR analysis (Figure 4(b)). Furthermore, PYR-41
also inhibited the aortic expression of proinflammatory cyto-
kines Il-1β and Il-6 but did not alter the expression of anti-
inflammatory Il-4 or Il-10 significantly (Figure 4(c)).

3.5. Inhibition of UBA1 Decreased Oxidative Stress in Diet-
Induced Atherosclerosis in Apoe-/- Mice. Previous studies
have suggested that PYR-41 inhibited the NADPH oxidase
(Nox1, Nox2, and Nox4) expression, leading to reduced

Table 1: Primer sequences used in the quantitative real-time PCR.

Name Type Sequence (5′-3′)

Mcp-1
Forward TAAAAACCTGGATCGGAACCAAA

Reverse GCATTAGCTTCAGATTTACGGGT

Vcam-1
Forward GTTCCAGCGAGGGTCTACC

Reverse AACTCTTGGCAAACATTAGGTGT

Icam-1
Forward GCCTTGGTAGAGGTGACTGAG

Reverse GACCGGAGCTGAAAAGTTGTA

Il-1β
Forward CTTCCCCAGGGCATGTTAAG

Reverse ACCCTGAGCGACCTGTCTTG

Il-6
Forward TTCCATCCAGTTGCCTTCTTG

Reverse TTGGGAGTGGTATCCTCTGTGA

Tnfα
Forward ATGGCCTCCCTCTCATCAGT

Reverse CTTGGTGGTTTGCTACGACG

Il-4
Forward GGTCTCAACCCCCAGCTAGT

Reverse GCCGATGATCTCTCTCAAGTGAT

Il-10
Forward GCTCTTACTGACTGGCATGAG

Reverse CGCAGCTCTAGGAGCATGTG

Nox1
Forward CCCATCCAGTCTCCAAACATGAC

Reverse ACCAAAGCTACAGTGGCAATCAC

Nox2
Forward CTTCTTGGGTCAGCACTGGC

Reverse GCAGCAAGATCAGCATGCAG

Nox4
Forward CTTGGTGAATGCCCTCAACT

Reverse TTCTGGGATCCTCATTCTGG

Gapdh
Forward AGGTCGGTGTGAACGGATTTG

Reverse GGGGTCGTTGATGGCAACA
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cellular reactive oxygen species (ROS) generation and oxida-
tive stress that could directly induce cell death [15]. Here, we
confirmed that PYR-41 treatment decreased the aortic
expression of Nox1, Nox2, and Nox4 in the Apoe-/- mice
fed on atherogenic diet for 2 weeks (Figure 5(a)). The
reduced activity of Noxs further led to decreased ROS gener-
ation and oxidative stress in the atherosclerotic plaques, as
shown by DHE staining, which might subsequently contrib-
ute to plaque necrosis (Figure 5(b)).

3.6. Inhibition of UBA1 Blunted Ox-LDL-Induced Lipid
Accumulation and Expression of Proinflammatory Cytokines
and NADPH Oxidases in Cultured Macrophages. Finally, we
explored whether PYR-41 could directly inhibit macrophage
proinflammatory response and oxidative stress induced by
oxidized low-density lipoprotein (ox-LDL) in a murine mac-
rophage cell line, RAW264.7 cells. As shown in Figure 6(a),
PYR-41 pretreatment significantly attenuated ox-LDL-
induced lipid deposition in the RAW264.7 cells, shown by
Oil-red O staining. Using real-time PCR analysis, we further
showed that PYR-41 inhibited the expression of proin-
flammatory Il-1β and Il-6 but did not alter the anti-
inflammatory Il-4 or Il-10 expression (Figure 6(b)). PYR-41
also reduced the expression of Nox1, Nox2, and Nox4 in ox-
LDL-treated RAW264.7 cells (Figure 6(c)).

4. Discussion

In this study, we showed that UBA1 played an important
role in the development of atherosclerosis in the Apoe-/-
mice. The main findings of this study included (1)
UBA1 expression was upregulated and mainly derived
from macrophages in the diet-induced atherosclerotic pla-
ques, (2) inhibition of UBA1 did not alter main metabolic

parameters after atherogenic diet feeding, and (3) inhibi-
tion of UBA1 decreased atherosclerosis development by
reducing macrophage inflammatory responses and oxida-
tive stress. These results suggested that UBA1 inhibitor
PYR-41 might represent a potential therapeutic agent for
the treatment of atherosclerosis.

Atherosclerosis is primarily driven by the combination of
arterial lipid deposition and inflammatory responses medi-
ated by immune cells including monocyte-macrophages,
neutrophils, and T cells [2]. Monocyte-derived macrophages
play a crucial role in atherosclerosis. Upon recruitment by
chemoattractant molecule Mcp-1 and adhesion molecules
Vcam-1 and Icam-1, monocytes infiltrate the arterial walls
and differentiate into macrophages, the latter uptake modi-
fied lipoproteins, in particular oxidized low-density lipopro-
teins, to form lipid-laden macrophages known as foam cells
[18]. These foam cells can be typically classified as M1 cells
toward proinflammatory cascade and plaque progression by
secreting proinflammatory cytokines, such as Il-1β, Il-6,
and Tnfα, and M2 cells toward inflammation and plaque
regression by secreting anti-inflammatory cytokines, such
as Il-4 and Il-10 [18, 19]. Besides cytokine secretion, foam
cells also produce ROS, which are mainly mediated by
NADPH oxidases (Nox1, Nox2, and Nox4), and therefore
might cause oxidative stress that is capable of inducing cell
death and necrotic core formation [20]. In this study, we
observed that UBA1 expression was significantly increased
and mainly derived from lesional macrophages in the athero-
sclerotic plaques. Further, using a small molecule inhibitor
PYR-41, we demonstrated that UBA1 inactivation reduced
macrophage proinflammatory responses, promoting macro-
phage phenotype turnover toward M1 cells. We also demon-
strated that UBA1 inactivation suppressed oxidative stress by
Nox-mediated ROS generation and therefore might be

Lumen

Non-atherosclerotic

UBA1

Lumen

Atherosclerotic 
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Lumen

DAPI UBA1CD68
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Figure 1: UBA1 expression was upregulated and mainly derived from macrophages in the atherosclerotic plaques of Apoe-/- mice. (a)
Expression of UBA1 in the vessels with (right) or without atherosclerotic plaques (left). (b) Colocalization of UBA1 with the macrophage
marker CD68 in the atherosclerotic plaques.
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correlated with less macrophage death and necrotic core for-
mation. Thus, our data for the first time identify a possible
link between E1 activating enzyme and macrophage behav-
iors in atherosclerosis.

Currently, only a few E1/UBA1 inhibitors have been
reported. PYR-41, whose full name is 4[4-(5-nitro-furan-2-
ylmethylene)-3,5-dioxo-pyrazolidin-1-yl]-benzoic acid ethyl
ester, is the first cell-permeable E1/UBA1 inhibitor, although
the molecular basis is unknown [21]. Previous studies from

our group have showed that PYR-41 is able to prevent the
degradation of a wide range of target proteins, such as IκBα
and MKP-1 [15, 22]. Among them, IκBα is an inhibitory
protein for NF-κB signaling pathway, which is known to play
a critical role in regulating inflammatory cytokine and
NADPH oxidase expression during cardiac remodeling and
atherosclerosis [15, 23]. Interestingly, our recent data indi-
cate that PYR-41 might suppress inflammation and oxidative
stress possibly through stabilization of IκBα and inhibition of
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Figure 2: Inhibition of UBA1 did not alter the main metabolic parameters during diet-induced atherogenesis in Apoe-/- mice. (a) Plasma
total cholesterol and triglyceride levels before and after the atherogenic diet feeding. (b) Plasma lipoprotein profiles fractioned by FPLC
before (left) and after (right) the atherogenic diet feeding. (c) Plasma glucose levels before and after the atherogenic diet feeding. (d)
Insulin resistance detected by the glucose tolerance test after 8 weeks on the atherogenic diet. (e) Body weight gain during the
atherogenic diet feeding. n = 6 per group; ns: not significant; ATD: atherogenic diet.

5Journal of Immunology Research



  DMSO    PYR-41

Le
sio

n 
ar

ea
 (%

)

0

3

6

9

12 ⁎

DMSO     PYR-41

O
il-

re
d 

O

(a)

0

20

40

60

80

DMSO        PYR-41

Le
sio

n 
ar

ea
 (x

10
4  𝜇

m
) 

O
il-

re
d 

O

⁎14-RYPOSMD

(b)

0

10

20

30

DMSO

CD
68

+ 
ar

ea
 (x

10
4  𝜇

m
) 

CD
68

PYR-41DMSO
⁎

PYR-41

(c)

0

-S
M

A

𝛼
-S

M
A

+ 
ar

ea
 (x

10
4  𝜇

m
) 1.5

1.0

0.5

nsDMSO PYR-41

DMSO PYR-41

(d)

N
ec

ro
tic

 ar
ea

 (x
10

4  𝜇
m

) 

⁎

0

5

10

15

H
E

DMSO PYR-41

PYR-41DMSO

(e)

Figure 3: Inhibition of UBA1 attenuated diet-induced atherosclerosis in Apoe-/- mice. (a, b) Oil red O staining and quantitation of the
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NF-κB activation in several cell and disease models [15, 22].
However, whether this is the case in atherosclerosis needs
further exploration. In addition to inhibit NF-κB signaling,
PYR-41 also reduces p53 degradation and activates the tran-
scriptional activity of this tumor suppressor, therefore might
induce p53-expressing cell death [21]. Other E1/UBA1 inhib-
itors include chemical inhibitor NSC624206 [24] and some
natural compounds such as panepophenanthrin, himeic acid
A, largazole, and hyrtioreticulins A and B [25–28]. Studies of
these inhibitors supported that UBA1 might be an attractive
target for drug discovery to fight against cancer, neurodegen-
erative disorders, and infectious diseases [29, 30]. Our data
for the first time identified an inhibitory effect of UBA1
inhibitor PYR-41 in atherosclerosis, therefore might expand
the therapeutic potent of UBA1 as a potential pharmaceutical
target against atherosclerosis.

5. Main Text

(1) UBA1 expression was significantly increased and
mainly derived from lesional macrophages in the
diet-induced atherosclerotic plaques

(2) Inhibition of UBA1 did not alter main metabolic
parameters after atherogenic diet feeding

(3) Inhibition of UBA1 suppressed atherosclerosis devel-
opment by reducing macrophage proinflammatory
responses and oxidative stress

6. Conclusions

In conclusion, we demonstrated that UBA1 expression was
upregulated and mainly derived from macrophages in the
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Figure 4: Inhibition of UBA1 decreased proinflammatory cytokine levels in diet-induced atherosclerosis in Apoe-/- mice. (a) Flow
cytometry analysis of circulating monocytes, neutrophils, and T cells. (b) Quantitative real-time PCR analysis of aortic expression of
cytokines associated with monocyte recruitment (Mcp-1, Vcam-1, and Icam-1). (c) Quantitative real-time PCR analysis of aortic
expression of macrophage-derived proinflammatory (Il-1β, Il-6, and Tnfα) and anti-inflammatory (Il-4 and Il-10) cytokines. n = 5‐6 per
group; ∗: <0.05; ns: not significant.
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PCR analysis of aortic expression of NADPH oxidases (Nox1, Nox2, and Nox4). (b) DHE staining and quantitation of the lesional
oxidative stress level in the aortic root. n = 5 per group; ∗: <0.05.
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Figure 6: Inhibition of UBA1 blunted ox-LDL-induced lipid accumulation and expression of proinflammatory cytokines and NADPH
oxidases in cultured macrophages. (a) Oil red O staining of ox-LDL-treated RAW264.7 cells. (b) Quantitative real-time PCR analysis of
proinflammatory (Il-1β, Il-6, and Tnfα) and anti-inflammatory (Il-4 and Il-10) cytokine expression in ox-LDL-treated RAW264.7 cells. (c)
Quantitative real-time PCR analysis of NADPH oxidase (Nox1, Nox2, and Nox4) expression in ox-LDL-treated RAW264.7 cells. n = 3 per
group; ∗: <0.05; ∗∗: <0.01; ns: not significant.
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atherosclerotic plaques of Apoe-/- mice. Inhibition of UBA1
decreased diet-induced atherosclerosis by reducing macro-
phage infiltration and plaque necrosis. Macrophage UBA1
might be explored as a potential pharmaceutical target
against atherosclerosis.
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Macrophages are involved in angiogenesis, an essential process for organ growth and tissue repair, and could contribute to the
pathogenesis of angiogenesis-related diseases such as malignant tumors and diabetic retinopathy. Recently, long noncoding
RNAs (lncRNAs) have been proved to be important in cell differentiation, organismal development, and various diseases of
pathological angiogenesis. Moreover, it has been indicated that numerous lncRNAs exhibit different functions in macrophage
infiltration and polarization and regulate the secretion of inflammatory cytokines released by macrophages. Therefore, the focus
of macrophage-related lncRNAs could be considered to be a potential method in therapeutic targeting angiogenesis-related
diseases. This review mainly summarizes the roles played by lncRNAs which associated with macrophages in angiogenesis. The
possible mechanisms of the regulatory link between lncRNAs and macrophages in various angiogenesis-related diseases were
also discussed.

1. Introduction

Angiogenesis is the growth process of blood vessels and plays
important roles in the physiological functions for organ
growth and tissue repair [1], as well as a large number of
angiogenesis-related diseases such as tumors, arthritis, dia-
betic retinopathy, and age-related macular degeneration [2].
Targeting angiogenesis is an effective therapeutic method
for anticancer treatment and has been applied in many kinds
of cancer (e.g., lung cancer [3, 4] and gastric cancer [5]). The
treatment of antivascular endothelial growth factor (VEGF)
has been applied in inhibiting angiogenesis, especially in can-
cer [6] and ocular diseases [7]. However, beyond VEGF,
there are also a variety of other molecules that play important
roles in the mechanisms of angiogenesis [8, 9].

Long noncoding RNAs (lncRNAs) are those which dem-
onstrate no apparent protein-coding capacity and longer
than 200 nucleotides [10]. Recent studies indicated a variety
of regulatory functions of lncRNAs in a wide range of cellular
and developmental processes as well as pathogenesis [11–15].

In particular, lncRNAs control cell differentiation and self-
renewal through neural, skin, and muscle stem cells [16].
LncRNAs are also involved in diseases of pathological angio-
genesis, such as diabetic retinopathy [17, 18].

Macrophages are important angiogenic effector cells and
act as key modulators in both tumor growth and angiogene-
sis [19]. Many studies suggested that under various stimuli,
macrophages could be polarized to two phenotypes: classi-
cally activated M1 phenotype and alternatively activated
M2 phenotype [20–22]. Those M1 macrophages can destroy
foreign organisms and inhibit tumor growth, while M2
phenotype functions in wound healing, chronic infections,
tumor growth, and angiogenesis [23–29]. We previously
revealed that M2 macrophages, rather than M1 phenotype,
infiltrated in the inner layer of the retinas of oxygen-
induced retinopathy and enhanced retinal neovasculariza-
tion in vivo [30]. In a choroidal neovascularization mouse
model, we recognized that M1 and M2 macrophages have
different distributions, thus might have diverse potential
biological functions in angiogenesis [31]. A recent study
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reported that lncRNA MM2P regulated tumorigenesis and
angiogenesis via modulatingM2-likemacrophage polarization
[32], indicating that lncRNAs and macrophages might be
involved and have a potential regulatory link to angiogenesis.

In the present review, we summarize the roles of lncRNAs
associated with macrophages in angiogenesis and discuss the
possible mechanisms of the regulatory link between lncRNAs
and macrophages in various angiogenesis-related diseases.

2. LncRNAs Regulate Macrophage Infiltration,
Polarization, and Functions

Monocytes are considered as the precursors of macrophages,
originated from hematopoietic stem cells, and monocyte/-
macrophage differentiation plays a critical role in response
to the immune system and pathological diseases [33–35]. It
has been indicated that lncRNA lnc-MC was involved in
monocyte/macrophage differentiation, positively regulated
by PU.1, a hematopoiesis-specific transcription factor, and
negatively interacted with miR-199a to promote differenti-
ation process [36]. Besides monocyte/macrophage differen-
tiation, lncRNAs seemed to be involved in macrophage
infiltration. For example, downregulation of LRNA9884
significantly suppressed macrophage infiltration by reducing
the level of monocyte chemoattractant protein-1 (MCP-1) in
a type 2 diabetic nephropathy mice model [37]. Moreover,
lncRNA CASC2c could inhibit macrophage migration and
M2 polarization by negatively regulating the expression of
coagulation factor X, which was reported to promote the
infiltration of macrophages to the glioblastoma multiforme
tumor cells, and polarize macrophages to M2 phenotype
[38]. In contrast, activated lncRNA UCA1 promoted macro-
phage infiltration, resulting in carcinogenesis and progres-
sion of breast cancer [39].

LncRNAs could also induce macrophage polarization
and lead to regulatory effects on their functions. Lipopoly-
saccharide (LPS) and interleukin- (IL-) 4 induction was
commonly applied for M1/M2 macrophage polarization,
respectively [32]. Ye et al. observed that lncRNA Cox-2 is
expressed higher in LPS-induced M1 macrophages than
IL-4-induced M2 macrophages, and silencing lncRNA
Cox-2 expression markedly altered the macrophage polariza-
tion from M1 to M2 phenotype [40]. In addition, lncRNA
Cox-2 siRNA significantly enhanced the ability of macro-
phages in tumor proliferation, invasion, and migration by
mediating M1/M2 polarization [40]. Moreover, using the
gain-of-function and loss-of-function strategies, lncRNA
TUC339 was recognized to be required for macrophage
polarization to regulate the release of pro- or anti-
inflammatory cytokines and thereby affect tumor growth
[41]. Overexpression of TUC339 in hepatocellular carcinoma
(HCC) cells suppressed the expression of proinflammatory
factors, such as IL-1β and TNF-α, and knockdown of
TUC339 obtained an opposite effect [41]. It has been
reported that LPS could strengthen the lncRNA CCL2 levels
to mediate the expressions of inflammatory factors in macro-
phages, and this enhancement could be suppressed by SIRT1
in sepsis [42]. Knockdown of lncRNA CCL2 resulted in a
reduction of IL-1β, IL-6, and TNF-α [42]. In response to

LPS, lncRNANfkb2 and lncRNARel, located near proinflam-
matory transcription genes, were increased and closely related
to the inflammatory response in mouse macrophages [43].

Some lncRNAs could target related molecules or signal-
ing pathways to regulate macrophage polarization. For exam-
ple, lncRNA GAS5 was significantly reduced in M2-polarized
microglia, and overexpression of GAS5 suppressed micro-
glial M2 polarization via inhibition of transcription of IRF4,
which is an important regulatory molecule of M2 polariza-
tion [44]. As we discussed, lncRNA MM2P was higher
expressed in M2 macrophages rather than in M1 macro-
phages, and blockade of lncRNA MM2P could weaken the
IL-4/STAT6 signaling pathway, resulting in a reduction of
both cytokine-regulated M2 polarization and M2-induced
angiogenesis [32]. NF-κB, which is a downstream signaling
pathway of toll-like receptors (TLRs) after specific microbial
and pathogen recognition, could induce transcription of pro-
inflammatory genes and is strongly involved in the regulation
of macrophage polarization [45]. After LPS stimulation, the
expression of lncRNA Mirt2 was induced in macrophages
and suppressed the proinflammatory factors (such as TNF,
IL-1β, IL-6, and IL-12) by inhibiting the activation of
NF-κB and MAPK pathways [46]. In contrast to LPS,
Mirt2 also could promote the polarization of M2 macro-
phages induced by IL-4, but the mechanism might be inde-
pendent from STAT6 and PPARγ pathways [46]. Under
LPS-mediated inflammatory conditions, lncRNA Tnfaip3
exerts a coregulatory role with NF-κB in modulating inflam-
matory gene transcription in macrophages [47]. Another
NF-κB-mediated lncRNA FIRRE exhibited posttranscrip-
tional elevation of inflammatory genes in macrophages and
epithelial cells by interacting with heterogeneous nuclear
ribonucleoproteins U after LPS stimulating [48]. Overall,
these studies showed that the expression profiles of lncRNAs
can be clearly distinguished between M1 and M2 macro-
phages, indicating that lncRNAs could be involved in regu-
lating macrophage polarization. Dysregulation of lncRNAs
may affect macrophage polarization by targeting both down-
stream signaling pathways and the release of inflammation
cytokines.

According to competing endogenous RNA (ceRNA) net-
works, lncRNAs could act as sponges to regulate the func-
tions of miRNAs [49]. Studies had demonstrated that
lncRNA NIFK-AS1 and lncRNA CCAT1 could inhibit the
polarization of M2 macrophages by targeting miR146a and
miR-148a, respectively [50, 51]. Moreover, lncRNA XIST
and lncRNA GNAS-AS1 exhibited the promotion of M2
polarization, such functions were associated with T-cell-
specific transcription factor 4 (TCF-4) and miR-4319,
respectively [52, 53].

MALAT1 is an important lncRNA that has been widely
investigated [18, 54–57]. Recent studies had reported that
the MALAT1 regulates the production of inflammatory cyto-
kines [56] and was increased in a LPS-induced acute lung
injury model to regulate the release of IL-1β, IL-6, and
TNF-α [58]. Silencing of MALAT1 inhibited the proinflam-
matory responses by enhancing miR-146a levels in macro-
phages and epithelial cells [58]. In LPS-induced septic
cardiomyocytes, expression of MALAT1 was induced by
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IL-6 and elevated the production of TNF-α partially through
serum amyloid antigen 3 (SAA3) [59]. By targeting SAA3,
MALAT1 also could modulate the expression of IL-6 and
TNF-α in the endothelial cells under high-glucose conditions
[60]. Although the proinflammatory activities of MALAT1 in
macrophages were reported, Zhao et al. presented an
opposite effect of MALAT1, which functions as an anti-
inflammatory regulation in vitro [61]. In this study, scientists
had demonstrated that MALAT1 was upregulated by LPS to
suppress the production of proinflammatory TNF-α and IL-6
by interacting with the NF-κB pathway in macrophages. The
knockdown of MALAT1 achieved enhancement of TNF-α
and IL-6 [61]. It is known that tumor-associated macro-
phages (TAMs) exhibit similar functions to M2macrophages
[62] and MALAT1 was upregulated in TAMs compared to
nonpolarized macrophages and promoted angiogenesis
through secretion of fibroblast growth factor-2 (FGF2) pro-
tein [63]. Moreover, in macrophages, MALAT1 regulates
lysosomal-associated membrane protein 1 (lamp1) expres-
sion by sponging miR-23-3p [64]. For the above contradic-
tory effect of MALAT1 in inflammatory responses, further
investigations are required to reveal the essential mecha-
nisms of MALAT1 to macrophage functions in angiogenesis.

Together, the above studies suggest that lncRNAs could
regulate macrophage infiltration, polarization, inflamma-
tion, and secretion by targeting various pathways to change
the pro- and/or anti-inflammatory response mechanisms
(Figure 1). Further studies on the mechanism of lncRNAs in
macrophages can lead to enhance the understanding on how
lncRNAs might be involved in inflammation and thereby
affect the regulation of immune response of angiogenesis.

3. Link between Macrophages and Angiogenesis

It is widely considered that M1 macrophages present a pro-
inflammatory effect and M2 macrophages present an anti-

inflammatory effect. Besides, M2 macrophages also induce
proangiogenic functions, and the induction of M2 macro-
phages enhances cancer invasion and metastasis, as well
as the development of neovascular diseases through VEGF
[65–67]. By now, although the activation of the down-
stream pathway during angiogenesis is still not completely
clear, activated macrophages could influence the angiogenic
process through the production of angiogenic factors such
as IL-1, IL-6, IL-8, TNF-α, TGF-α, TGF-β, GM-CSF, bFGF,
and VEGF [68]. Moreover, activation of NF-κB and STAT3
is involved in the upstream pathway of macrophage-
induced angiogenesis [69, 70]. Thus, macrophages and
angiogenesis are very closely linked with complicated
mechanisms.

4. Involvement of lncRNAs in the
Pathogenesis of Angiogenesis-
Related Diseases

4.1. Tumor Angiogenesis. Many studies revealed the involve-
ment of lncRNAs in the recruitment of macrophages to
tumor cells and M1/M2 polarization of macrophages to
change the tumor microenvironment.

As we discussed before, MALAT1 not only acted as a
potential cancer biomarker [54] but also regulated angiogen-
esis in diabetic retinopathy [71], tumor [63, 72–74], hindlimb
ischemia [75], and brain vascular endothelium [76]. In par-
ticular, as we described, Huang et al. reported that MALAT1
enhanced thyroid cancer angiogenesis by regulating FGF2
secretion of TAMs [63]. In HCC cells, MALAT1 could pro-
mote angiogenesis and regulate polarization of macrophages
through sponging miR-140 [74]. These suggested that mac-
rophages might be an important modulator of angiogenesis
in the mechanisms of MALAT1.
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Figure 1: The mechanisms of lncRNAs regulate macrophage infiltration, polarization, and functions.
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Asmentioned above, MM2P could contribute to promot-
ing M2 polarization of macrophages and inducing angiogen-
esis, resulting in tumor deterioration [32]. As we described,
lncRNA UCA1 was demonstrated to be involved in macro-
phage recruitment to promote breast cancer invasion in a
previous study [39]. In cervical cancer cells, UCA1 was upex-
pressed and negatively associated with miR-206, and knock-
down of UCA1 directly decreased VEGF through miR-206
upregulation, and thereby suppressed tumor growth, viabil-
ity, migration, and invasion [77]. Another lncRNA TUC339
was significantly increased in cancer stem cell-derived exo-
somes, and VEGF was enhanced in exosomes derived from
cancer stem cells correspondingly [78]. The knockdown of
TUC339 reduced HCC cell growth and spread [79]. The
mechanism has been uncovered that TUC339 could regulate
the macrophage polarization, functioning as promotion of
anti-inflammatory cytokines and angiogenesis, thereby accel-
erating tumor proliferation [41]. Sang et al. showed that
lncRNA CamK-A was involved in macrophage infiltration
and angiogenesis by triggering the transcription of the
NF-κB signaling pathway in tumor cells [80]. By promoting
NF-κB downstream cytokines (e.g., VEGF, IL-6, and
TNF-α), Camk-A could remodel tumor microenvironment
to recruit macrophages to tumors and contribute to angio-
genesis [80]. LncRNA LNMAT1 upregulated CCL2 and
recruited M2 macrophages to the tumor, and promoted lym-
phatic metastasis via excretion of VEGF-C [81]. These stud-
ies indicated that lncRNAs could regulate the recruitment of
macrophages to the tumor, macrophage polarization, secre-
tion of VEGF, and thereby the induction of pathological
angiogenesis and tumor growth and spread.

It has been demonstrated that lncRNA PVT1 is involved
in the high microvessel density in gastric cancer as well as the
promotion of tumor growth through activation of the STAT3
signaling pathway as well as secretion of VEGFA [82]. The
knockdown of lncRNA ROR was reported to reduce angio-
genesis through inhibition of NF-κB and JAK1/STAT3 path-
ways [83]. Moreover, overexpression of miR-26 could rescue
the negative effects of ROR silencing, demonstrating that
ROR functions as a molecular sponge for miR-26 in these
activations [83]. LncRNA LIMT was suppressed by epider-
mal growth factor (EGF) and downregulated in breast cancer
and ovarian cancer, and the EGF secreted from TAMs
suppressed the levels of LIMT through activation of the
EGF-ERK pathway [84, 85]. Although the direct links
between these lncRNAs and macrophages were poorly indi-
cated, it is possible that lncRNAs could interact with
macrophage-related signaling pathways to regulate the tumor
angiogenesis.

4.2. Angiogenesis in Other Diseases. Many major causes for
blindness, such as age-related macular degeneration, retinop-
athy of prematurity, diabetic retinopathy, and retinal vein
occlusions, are due to the pathological angiogenesis [86]. In
particular, diabetic retinopathy, a complication of diabetes
mellitus, is a major cause of blindness worldwide in which
pathological processes are characterized by the formation of
abnormal blood vessels within the eye [87]. LncRNAs could
target macrophage-related signaling pathways to regulate

the pathological angiogenesis. With the high-glucose treat-
ment in human retinal endothelial cells, the expression of
lncRNA ANRIL was increased and regulated VEGF expres-
sion through polycomb repressive complex 2 (PRC2) com-
plex [88]. By binding to the NF-κB signaling pathway,
ANRIL could induce pathologic damage of retinopathy in
the diabetic rat model [89]. Moreover, ANRIL could also pro-
mote angiogenesis by activating the NF-κB pathway in diabe-
tes combined with cerebral infraction in a rat model [90].
Similarly, the expression of lncRNA MIAT was also elevated
on high glucose stress through impacting the VEGF signaling
pathway, while knockdown of MIAT attenuated retinal ves-
sel dysfunction [91]. Clinical investigations in diabetes
patients had shown that increased expression of MIAT was
markedly associated with diabetic retinopathy process, and
the increased MIAT decreased the viability of ARPE-19 cells
in vitro via targeting the TGF-β1 pathway [92]. The high-
glucose conditions suppress the expression of lncRNA
MEG3, whereas the rescue of MEG3 could delay diabetic ret-
inopathy by inhibiting TGF-1 and VEGF levels [93]. In addi-
tion, MEG3 could also be regulated by activation of the
PI3k/Akt pathway in diabetes mellitus-related microvascular
dysfunction [94].

LncRNANEAT1 was reported to be involved inM2mac-
rophage polarization [95] and could promote inflammation
in macrophages [96, 97]. NEAT1 could accelerate angiogene-
sis by enhancing VEGF, SIRT1, and BCL-XL in brain micro-
vascular endothelial cells [98]. Indeed, loss of NEAT1
expression exhibits downregulation of VEGF and upregula-
tion of miR-377 resulting in antiangiogenesis and proapopto-
sis [98], while the mechanisms of macrophage polarization
and functions lack investigation. In contrast, lncRNA MEG3
negatively regulated angiogenesis after ischemic stroke via
suppressing the Notch pathway [99], and the silencing of
MEG3 resulted in a proangiogenesis effect in vascular endo-
thelial cells [100]. Yan et al. found MEG3 could be activated
and participated in apoptosis of macrophages under oxidized
low-density lipoprotein stimulation, indicating a novel role of
MEG3/miR-204/CDKN2A pathway in macrophages [101].
Therefore, these two lncRNAs were reported to be related to
both angiogenesis and macrophages in each study, and it is
highly hypothesized that lncRNAs might alter macrophage
functions to regulate pathological angiogenesis. On the other
hand, we demonstrated that M2 macrophages, rather than
M1, have essential functions in promoting retinal pathologi-
cal neovasculization, while more experimental evidence is
needed to support this hypothesis [30]. In our previous study,
198 upregulated and 175 downregulated lncRNAs were
identified by microarray analysis in an oxygen-induced reti-
nopathy mouse model [102]. Among them, we highlighted
four validated lncRNAs that could be potentially involved in
cell adhesion molecules and thereby affect the progress of
pathological retinal angiogenesis [102]. In a mouse model of
choroidal neovascularization induced by laser photocoagula-
tion, we identified 716 altered lncRNAs, and the altered target
genes of 7 validated lncRNAs were enriched in the immune
system process and the chemokine signaling pathway [103].
Therefore, macrophages might also be involved in the immu-
nological regulation associated with those altered lncRNAs.
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Moreover, lncRNA could be involved in monocyte/-
macrophage differentiation to regulate the pathogenesis.
For example, lncRNA NTT was reported to be elevated in
rheumatoid arthritis and its activation contributes to mono-
cyte/macrophage differentiation, resulting in the pathological
process of rheumatoid arthritis [104].

Thus, lncRNAs are involved in various diseases associ-
ated with angiogenesis (Figure 2) and partially via the regula-
tion of the functions of macrophages.

5. Summary

In sum, lncRNAs have been proved to play essential roles in
angiogenesis in a variety of diseases. As shown in Figure 2,
the mechanisms of direct effect to endothelial cells include
regulating the secretion of growth factors or cytokines, such
as VEGF or FGF2, and through a diverse range of pathways.
On the other hand, some lncRNAs may also be associated
with macrophage infiltration, differentiation, and polariza-
tion, and both lncRNAs and macrophages were involved in
and have potential links to angiogenesis. Though some prog-
ress has been achieved in characterizing the functional
lncRNAs in regulation of macrophage polarization, the
mechanisms remain unclear, and further investigations are
needed to understand the exact roles of lncRNAs which link
to macrophages and angiogenesis. Therefore, targeting
lncRNAs and the links with macrophages could be consid-
ered a novel therapeutic method in treating angiogenesis in
different diseases.
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Background. Macrophage-derived foam cells play a central role in atherosclerosis, and their ultimate fate includes apoptosis,
promotion of vascular inflammation, or migration to other tissues. Nε-Carboxymethyl-lysine (CML), the key active component
of advanced glycation end products, induced foam cell formation and apoptosis. Previous studies have shown that the
Vav1/Rac1 pathway affects the macrophage cytoskeleton and cell migration, but its role in the pathogenesis of diabetic
atherosclerosis is unknown. Methods and Results. In this study, we used anterior tibiofibular vascular samples from diabetic foot
amputation patients and accident amputation patients, and histological and cytological tests were performed using a diabetic
ApoE-/- mouse model and primary peritoneal macrophages, respectively. The results showed that the atherosclerotic plaques of
diabetic foot amputation patients and diabetic ApoE-/- mice were larger than those of the control group. Inhibition of the
Vav1/Rac1 pathway reduced vascular plaques and promoted the migration of macrophages to lymph nodes. Transwell and
wound healing assays showed that the migratory ability of macrophage-derived foam cells was inhibited by CML. Cytoskeletal
staining showed that advanced glycation end products inhibited the formation of lamellipodia in foam cells, and inhibition of
the Vav1/Rac1 pathway restored the formation of lamellipodia. Conclusion. CML inhibits the migration of foam cells from
blood vessels via the Vav1/Rac1 pathway, and this process affects the formation of lamellipodia.

1. Introduction

The recruitment of macrophages to the intima and phagocy-
tosis of lipids to form foam cells is an essential step in the pro-
gression of atherosclerosis [1, 2]. Regarding the fate of foam
cells in plaques, the traditional belief is that apoptosis of mac-
rophages further increases plaque inflammation and pro-
motes the progression of atherosclerosis [3]. However, with
a deeper understanding of the pathogenesis of atherosclero-
sis, researchers have gradually realized that the migration of
foam cells from arterial wall lesions and the migration of
monocytes and macrophages are dynamic processes. The
obstruction of foam cell migration is another important fac-
tor in the accumulation of foam cells in plaques [4].

Nε-Carboxymethyl-lysine (CML) is a major active
ingredient in advanced glycation end products. Studies
have shown that Nε-carboxymethyl-lysine can promote
foam cell formation, inhibit foam cell migration, and
accelerate the progression of atherosclerosis, but the spe-
cific mechanism is not yet clear [5, 6]. Vav1 protein, as
a member of the guanine exchange factors (GEFs), affects
the activity of the Rho GTPase family through phosphor-
ylation of its specific site [7]. Rahaman et al. and Chen
et al. found that the degree of Vav1 phosphorylation was
increased in atherosclerotic plaques, while knocking out
Vav1 reduced plaque area [8, 9]; in vitro experiments
showed that the loss of the Vav1 gene recovered the
migratory ability of oxLDL-induced foam cells [10], but
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whether the migration of foam cells is affected by Vav1
gene expression and phosphorylation in diabetes is not
clear.

Members of the Rho GTPase family play an important
role in intracellular signaling pathways. Previous studies have
shown that the Rho GTPase family can participate in
intercellular function changes, including cell adhesion, con-
traction, proliferation, and migration, by regulating the poly-
merization state of the cytoskeleton [11]. During cell signal
transduction, Rho protein exists in the GTP-binding form
(active state) and GDP-binding state (inactive state) and ini-
tiates or terminates the cell signal cascade activation reaction
through the transition between the two binding states [12].
Studies have shown that Rho protein regulates cell migra-
tion by regulating the phosphorylation level of myosin
light chain (MLC), but it is not clear whether Rho protein
affects foam cell migration during diabetic atherosclerosis
[13]. Ras-related C3 botulinum toxin substrate 1 (Rac1),
as a member of Rho GTPase super family, plays a central
role in cytoskeleton polymerization and migration. This
study used in vitro and in vivo experiments to demon-
strate that Vav1/Rac1 signaling promotes the progression
of atherosclerosis by affecting the migratory ability of foam
cells in atherosclerotic plaques.

2. Materials and Methods

2.1. Human Studies. Anterior tibial arteries from human dia-
betic amputees (n = 4) and from normal amputees (n = 4)
were obtained from the Affiliated Hospital of Jiangsu Univer-
sity (Zhenjiang, China) from February 2015 to June 2017.
This study was approved by the Chinese Clinical Trial Regis-
try and conducted in agreement with the institutional guide-
lines. Written informed consent was obtained from all
patients. Ethical review number is ChiECRCT20190206.

2.2. Animal Studies. The experimental protocols were
approved by the Institutional Animal Care and Use Commit-
tee of Jiangsu University (Jiangsu, China) and performed in
accordance with the Guidelines for Animal Experimentation
of the National Institutes of Health. Male ApoE-\- mice with a
C57BL/6J background were obtained from the Jackson
Laboratory (USA). The diabetic ApoE-\- model was estab-
lished as described previously. In brief, at 6 weeks of age,
the mice were rendered diabetic through intraperitoneal
injection for five consecutive days of 40mg/kg STZ dissolved
in 100mM citrate buffer (pH 4.5). Mice with blood glucose
levels of ≥300mg/dL after 2 weeks of STZ administration
were considered diabetic.

2.3. Cell Culture. Peritoneal macrophages (PMφ) were
harvested from C57BL/6 mice 4 days after thioglycollate
injection by peritoneal lavage as described. Isolated PMφ
were plated on glass coverslips. After 1 hour of incubation
at 37°C, nonadherent cells were removed by gentle washing,
and the remaining cells were cultured overnight in DMEM
containing 10% FBS before use in the phagocytosis assay.

The Raw 264.7 macrophage cell line was purchased from
the American Type Culture Collection and cultured in

DMEM medium supplemented with 10% FBS, 2mM L-glu-
tamine, 100U/mL penicillin, and 100μg/mL streptomycin
at 37°C in a humidified atmosphere with 5% CO2. A foam cell
model was established by using Raw 264.7 macrophages
loaded with 40μg/mL oxLDL.

2.4. Oil Red O Staining.Atherosclerotic lesions in the aorta or
para-aortic lymph nodes of ApoE-\- mice were subsequently
stained with freshly filtered Oil Red O working solution for
30min at room temperature, and then, the staining was
evaluated under an inverted microscope (Olympus, IX51).

2.5. In Vivo Studies of Macrophage Migration from the
Peritoneum. The mice (n = 4/group) were injected intraperi-
toneally with 3% thioglycollate to trigger sterile peritonitis.
After 4 days, peritoneal macrophages were labeled by injec-
tion of 1μm Fluoresbrite green fluorescent plain micro-
spheres (Polysciences). On the next day, the mice were
injected with an inflammatory stimulus (400 ng LPS) to
induce efflux of macrophages from the peritoneum to the
draining lymph nodes. Following LPS injection (3 hours),
the percentage of macrophages in the lavage fluid was quan-
tified by flow cytometry using the PE/Cy7-conjugated anti-
mouse F4/80 antibodies (BioLegend).

2.6. Transwell Migration Assay. PM cells suspended in
DMEM containing 1% FBS were placed in a 24-well Trans-
well migration chamber and treated with oxLDL and CML.
DMEM containing 10% FBS was added into the lower cham-
bers. Afterwards, the medium from the upper chamber was
carefully aspirated. The membrane was fixed with 4% PFA
for 30min and stained with 0.1% crystal violet for 20min.
Migration of Raw 264.7 cells was evaluated by viewing under
high-power magnification and counting the migrated cells in
six randomly selected fields/well viewed.

2.7. Wound Healing Assay. PM cells were seeded in a 6-well
culture plate and grown to 80–85% confluence; subsequently,
a scratch was made through the cell layer by using a sterile
micropipette tip. The wounded areas were photographed
under a light microscope. Cell migration was assessed by
measuring the size of the scratch area.

2.8. Immunofluorescence Staining. Isolated aortas and para-
aortic lymph nodes were placed in 10% neutral buffered for-
malin overnight, embedded in paraffin, and sliced into 4μm
thick sections. Atherosclerotic lesions in the aorta or the
para-aortic lymph nodes were shown by Oil Red O staining.
The distribution and expression levels of CD68 were esti-
mated by immunofluorescence staining. The mean fluores-
cence density of positive cells was determined as the optical
density/area by ImageJ. Semiquantitative analysis of immu-
nofluorescence staining of CD68 was determined as the
mean fluorescence density of CD68/DAPI.

2.9. Western Blot Assay. Raw 264.7 cells, isolated aortas, or
para-aortic lymph nodes were washed with cold PBS and
incubated in lysis buffer (RIPA) containing 1mmol/L PMSF
protease inhibitor (Sigma, St. Louis, MO, USA) and phos-
phatase inhibitors (Invitrogen, Carlsbad, CA, USA) on ice
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and then centrifuged at 12,000 g and 4°C for 15min. Protein
concentrations were determined using a micro BCA protein
assay kit (Thermo Fisher Scientific, Rockford, USA). Protein
samples were loaded onto a polyacrylamide gel and
transferred onto PVDF membranes by using a semidry
method. The membranes were blocked in 5% milk in TBST,
followed by overnight incubation with primary antibodies.
The membranes were subsequently washed with TBST and
then incubated with HRP-conjugated secondary antibodies.
Immunoreactive bands were visualized by chemilumines-
cence (ECL Amersham Pharmacia). Protein expression levels
were quantified by densitometric analysis by using LANE 1D
software.

2.10. Statistical Analysis. Data are presented as the mean ±
S:D:, and SPSS 17.0 software was used to analyze the data.

Comparisons between two variables were analyzed using
the unpaired Student’s t-test. Comparisons among multiple
treatment groups were assessed by one-way ANOVA,
followed by a post hoc LSD test. P < 0:05 was considered
statistically significant.

3. Results

3.1. Vav1 Expression Is Elevated in the Vasculature of
Diabetic Foot Amputation Patients, while Vav2 and Vav3
Expressions Are Not Elevated. Anterior tibial arteries from
diabetic and control amputees (accident amputation) were
obtained from the Affiliated Hospital of Jiangsu University.
Masson’s staining revealed that the fiber cap of atherosclero-
sis lesion in diabetic amputees was thinner than that in
control amputees (Figure 1(a)). We performed Western blot
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Figure 1: Phosphoprotein of Vav1 and activity of RhoA and Rac1 increase in diabetes amputees. (a) Representative images of anterior tibial
artery sections stained with Masson/hematoxylin from accident amputees and diabetic amputees; scale bars, 50 μm. (b) The phosphoprotein
content of Vav was detected by Western blot. (c) The activity of GTP-bound GTPase was detected by G-Lisa; values are presented as the
mean ± SD from three independent experiments. ∗P < 0:05.
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analysis to evaluate the degree of phosphorylation of Vav
family members in the lower extremity anterior tibial arteries
of patients with diabetic foot amputation and of patients with
car accident amputation. The results showed that the degree
of Vav1 phosphorylation was significantly increased in
patients with diabetic amputation, while there was no signif-
icant difference in the degree of phosphorylation of Vav2 and
Vav3 compared with that of the control group (Figure 1(b)).

3.2. The Activity of Rac1 and RhoA Increased in the
Vasculature of Diabetic Foot Amputation Patients. The Vav
family acts as important guanine exchange factors (GEFs)
that regulate the activity of small GTPases. By regulating
the binding and dissociation of small GTPases and GTP in
atherosclerosis, we detected intravascular small GTPase
activity in patients with diabetic foot amputation and acci-
dent amputation. The results showed that enzymatic activity
of the small GTPase family members Rac1 and RhoA (with
GTP-binding state) increased, but the expression of another
small GTPase, Cdc42, did not change significantly
(Figure 1(c)).

3.3. Interfering with the Expression of the Vav1 Reduces the
Accumulation of Foam Cells in the Plate and Promotes
Foam Cell Migration to Paravascular Lymph Nodes. We
established a diabetic ApoE-/- mouse model based on
previous methods in our group and administered Vav1 anti-
body to ApoE-/- mice. Oil Red O staining and CD68 immu-
nogold staining showed increased lipid accumulation in the
plaques of high-fat diet-fed ApoE-/- mice, increased foam
cells in plaques, vascular plaque area in diabetic ApoE-/-

mice, and lipid accumulation in foam cells. The ApoE-/- mice
fed with a high-fat diet had further elevation of these factors,
and the antibody interfered with the expression of Vav1
(Figure 2(a)). The paravascular lymph nodes of each group
were harvested and stained with CD68 and Oil Red O. The
high-fat diet-fed ApoE-/- mice showed increased CD68-
positive macrophages in the paravascular lymph nodes, and
Oil Red O staining showed increased lipid accumulation in
the lymph nodes. In the para-aortic lymph nodes of diabetic
ApoE-/- mice, the number of CD68-positive macrophages
and lipid accumulation increased than that in the high-fat
diet-fed ApoE-/- mice, while macrophage and lipid accumu-
lation were significantly higher in the lymph nodes of dia-
betic mice treated with the anti-Vav1 antibody than those
of the mice that were not administered with the Vav1 anti-
body (Figures 3(a) and 3(b)). Combined with the above
results, we believe that lipid accumulation in plaques of
diabetic ApoE-/- mice is associated with decreased foam cell
migration, and inhibition of Vav1 expression inhibits plaque
progression and lipid accumulation. Lymph node staining
results suggest that it may be related to inhibition of foam cell
migration.

3.4. Vav1 Affects the Effect of Advanced Glycation End
Products on Foam Cell Migration but Does Not Affect
Intracellular Lipid Accumulation. Advanced glycation end
products are the end products of diabetic metabolic disor-
ders, and they promote the progression of atherosclerosis

by binding to intracellular and extracellular receptors.
Western blot analysis revealed that the degree of phosphor-
ylation of Vav1 was significantly increased (Figure 4(a)),
and G-Lisa analysis showed that CML increase the activity
of RhoA and Rac1 and Vav1 siRNA interference decreased
the activity of Rac1 but have no change on RhoA
(Figure 4(c)). Transwell migration assays, wound healing
assays, and peritoneal macrophage migration assays showed
that advanced glycation end products reduced foam cell
migration in vivo and in vitro (Figures 5(a)–5(c)). Using
Vav1 siRNA to interfere with Vav1 expression, we found
that there was no significant change in intracellular lipid
accumulation, but foam cell migratory ability was restored
in vivo after inhibition of Vav1 expression.

3.5. The Vav1/Rac1 Pathway Affects Foam Cell Migration by
Regulating Cytoskeletal Separation and Polymerization. We
detected the activity of RhoA and Rac1 in foam cells after
CML stimulation by G-Lisa assay. The results showed that
CML promoted an increase in RhoA and Rac1 activity in
foam cells. Inhibition of Vav1 expression by siRNA reduced
Rac1 activity, but the change in RhoA activity was not statis-
tically significant. We used 6-thio-GTP, an inhibitor of the
Vav1/Rac1 pathway, to pretreat the macrophages, and the
results showed that the effect of CML on the migration of
foam cells was blocked. Then, we focused on the effect of
Vav1/Rac1 on the cell cytoskeleton. Phalloidin staining
showed that CML stimulation promoted cytoskeletal spread-
ing and reduced the formation of lamellipodia. After the
addition of Vav1 siRNA or 6-thio-GTP, the lamellipodia pro-
duction was restored (Figure 5(d)), suggesting that the
Vav1/Rac1 pathway affects the foam cell cytoskeleton,
thereby inhibiting foam cell migration.

4. Discussion

Macrovascular complications are the most important lethal
and disabling complications in diabetes and are mainly
caused by increased oxidative stress, insulin resistance,
increased advanced glycation end products, and disorders
of glycolipid metabolism [14, 15]. AGEs are involved in
microvascular and macrovascular complications through
the formation of crosslinks between molecules in the base-
ment membrane of the extracellular matrix and by engaging
the receptors for advanced glycation [16, 17]. This study
showed that advanced glycation end products inhibited foam
cell migration out of the blood vessels by activating the
Vav1/Rac1 pathway and reducing the production of
lamellipodia.

Excessive accumulation of free cholesterol in macro-
phages leads to activation of downstream cascades, includ-
ing the NLRP3 inflammasome, Toll-like receptor signaling,
and the endoplasmic reticulum stress response [18]. These
inflammatory signals exacerbate not only the oxidative
stress in the plaque but also the migration of other inflam-
matory cells (including monocytes) to the intima [19].
However, reversing atherosclerosis requires the migration
of macrophages to plaques and reduction of inflammation.
However, during the progression of atherosclerosis, the
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Figure 2: Inhibition of Vav1 expression antagonizes the effect of CML on lipid accumulation in diabetic ApoE-/- mice. (a) ApoE−/−mice were
fed with an HF diet and treated with CML and/or anti-Vav1 for 12 weeks. Representative images of aortic root stained with Oil Red O and
immunofluorescence. Scale bars, 20 μm. (b) The activity of GTP-bound GTPase was detected by G-Lisa; values are presented as the
mean ± SD from three independent experiments. ∗P < 0:05.
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Figure 3: CML inhibits foam cells migrating to the para-aortic lymph node, inhibiting Vav1 reverse macrophage migration ability. (a) Oil
Red O staining and immunofluorescence staining for CD68 in the para-aortic lymph node. Scale bars, 20μm. (b) The extent of Oil Red
O-positive area and CD68-positive area in the para-aortic lymph node; values are presented as the mean ± SD from three independent
experiments. ∗P < 0:05.
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expression of retention factors prevents macrophages from
escaping from the arterial wall [20]. Existing studies have
shown that sAGEs can activate monocytes and AGEs
deposited on bone marrow macrophages inhibit monocyte
migration, inducing a process called “apoptaxis” [21]. In

this study, we found that advanced glycation end products
inhibit foam cell migration in vascular plaques and pro-
mote the progression of atherosclerosis, which illustrates
the role of advanced glycation end products in diabetic
atherosclerosis.
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Figure 4: CML increase the phosphorylation of Vav1 in macrophage-derived foam cells, inhibiting Vav1 expression which reduces the
activity of Rac1 but has no change on RhoA activity. (a) Phosphorylation of Vav1 was investigated by Western blot. (b) Vav1 siRNA were
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Cell migration begins with the establishment of a
protruding force for membrane extension and traction for
contraction [22]. The Rho GTPase superfamily, including
Rho, Rac1, and Cdc42, are known to act as molecular
switches with their GTP- or GDP-binding forms and are
involved in cell migration processes [23, 24]. Recent studies
have shown that the guanylate exchange factor Vav family
regulates macrophage morphology by regulating Rac1 and
RhoA activities [10]. In addition, in atherosclerosis, signals
transmitted by oxLDL and CD36 in platelets or macrophages
regulate downstream signaling molecules such as MLCK,
which affects the cytoskeleton [25]. Our study showed that
the phosphorylation of Vav1 is significantly elevated in the
process of diabetic atherosclerosis. In vitro experiments
showed that hyperphosphorylation of Vav1 inhibits foam
cell migration, mainly by regulating the activation of
Rac1 but not RhoA. Although recent studies have shown
that Vav/Cdc42 regulates actin polymerization to promote
low-density lipoprotein uptake and metabolism [26], there
is no evidence that Vav/Cdc42 regulates macrophage
migration, which may require further research to explore.

The cell migration process involves the formation of
lamellipodia, the dissociation of cells from the extracellu-
lar matrix, and contraction of the cytoskeletal tail. During
this process, Rac promotes the formation of PDGF-
stimulated lamellipodia, while RhoA stimulates contractile
myogenesis downstream of LPA signaling. Protein fibers
(i.e., stress fibers) are formed. CDC42 was later shown
to promote and activate Rac, and there is considerable
evidence that the activity of Rac maintains the directional
front end of protruding lamellipodia [27]. In contrast,
Rho is more active at the flank and posterior regions of
the cell, antagonizing the function of Rac1 [28]. Staining
of F-actin by phalloidin showed that advanced glycation
end products inhibited the production of lamellipodia,
and lamellipodia production was restored when Vav1/Rac1
was blocked by Vav1 siRNA and 6-thio-GTP. In subsequent
experiments, we will use a real-time visualization tool to
further investigate the role of the Vav1/Rac1 pathway in the
cytoskeleton.

Our data provide additional research support for the final
fate and specific matrix of foam cells in diabetes atherosclero-
sis and validate the role of peritoneal macrophage efflux
experiments in foam cell migration studies in diabetic mice,
while the role of Vav1/Rac1 in advanced glycation end
products inhibiting foam cells needs to be further elucidated.
The Vav1/Rac1 pathway inhibits foam cell migration by inhi-
biting the formation of lamellipodia in macrophages, and
blocking each loop of this pathway inhibits the effect of
advanced glycation end products. These findings provide fur-
ther understanding of new ways to promote the regression of
atherosclerotic plaques.
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Figure 5: CML inhibit lamellipodia formation and foam cell migration in vivo and in vitro via Vav1/Rac1 pathway. Wound healing assay (a)
and Transwell migration assay (b) were used to evaluate the cell migration capacity in vitro (200x magnification). (c) In vivo migration assay:
wild type, Vav1 siRNA, and 6-thio-GTP pretreated peritoneal macrophage were treated with oxLDL+CML for 24 h before injected into mice
peritoneally, three hours after LPS injection peritoneal cells were collected and the percentage of macrophages in the lavage was quantified
by flow cytometry; ∗P < 0:05. (d) Peritoneal macrophages were exposed to CML+oxLDL in the presence or absence of Vav1 siRNA, and
6-thio-GTP, CD68, Rac1-GTP, and DAPI were stained. Values are presented as the mean ± SD from three independent experiments. Scale
bars, 10μm.
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Atherosclerosis is a multifactorial chronic inflammatory arterial disease forming the pathological basis of many cardiovascular
diseases such as coronary heart disease, heart failure, and stroke. Numerous studies have implicated inflammation as a key
player in the initiation and progression of atherosclerosis. Galectin-3 (Gal-3) is a 30 kDa β-galactose, highly conserved and
widely distributed intracellularly and extracellularly. Gal-3 has been demonstrated in recent years to be a novel inflammatory
factor participating in the process of intravascular inflammation, lipid endocytosis, macrophage activation, cellular proliferation,
monocyte chemotaxis, and cell adhesion. This review focuses on the role of Gal-3 in atherosclerosis and the mechanism
involved and several classical Gal-3 agonists and antagonists in the current studies.

1. Introduction

Atherosclerosis has become the prelude and the major man-
ifestation of ischemic coronary-cerebrovascular disease such
as ischemic heart disease and stroke. In the cohort of
patients with ischemic stroke, the prevalence of atheroscle-
rosis is increasing worldwide especially in Asian populations
[1]. Atherosclerosis is a chronic inflammatory disease char-
acterized by excessive accumulation of lipoprotein in macro-
phage, monocyte chemoattraction in vascular lesion, and the
infiltration of vascular smooth muscle cells (VSMC) into the
subendothelial space. Accumulating studies have indicated
that inflammation plays an important role in the initiation
and progression of atherosclerosis [2, 3].

Galectin-3 (Gal-3) is currently regarded as a potential car-
diovascular inflammatory biomarker. It is a 29-35kDa highly
conserved β-galactoside-binding lectin and has received wide-
spread interest in cardiovascular disease in recent decades.
Gal-3 has been identified as a proinflammatory molecule that
functions to drive the inflammatory response and oxidative
stress. In addition, Gal-3 has an impact on the progress

of atherosclerosis including endothelial dysfunction, lipid
endocytosis, and VSMC migration. The role of Gal-3 in the
cardiovascular area has been summarized by several review
articles. However, previous reviews mainly focused on the
association between Gal-3 and heart failure [4–6], and the
influence of Gal-3 on atherosclerosis has not been carefully
summarized. Up to now, extensive research has been carried
out in the basic and epidemiological areas investigating the
influence of Gal-3 on atherosclerosis. This review therefore
summarizes the available research evidence on the effect of
Gal-3 on atherosclerosis and the application of Gal-3 agonists
and antagonists, with the aim of providing a better overview of
Gal-3 as a new biomarker and contributor for atherosclerosis.

2. Galectin-3

2.1. Galectin-3 and Its Biochemical Activities. Among the
galectin members, Gal-3 is the only member of vertebrate
chimera-type galectin that contains a C-terminal carbohy-
drate recognition domain (CRD) and an N-terminal peptide
[7]. The N-terminal peptide contains the first 12 amino acids
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and an internal repeating domain. The CRD contains
approximately 130 amino acids and specifically recognizes
and binds to glycoprotein oligosaccharides expressed on the
cell surface, within cells or in the extracellular matrix. Gal-3
proteins usually exist as monomers but can also form penta-
mers via N-terminal domain association when the concen-
tration of Gal-3 monomers is high [8–10]. Gal-3 is coded
by LGALS3 in the human genome and synthesized in the
cytoplasm, then transported to the nucleus, other organelles,
or secreted into the extracellular space. As Gal-3 lacks a sig-
nal sequence for insertion into the endoplasmic reticulum,
Gal-3 can be secreted into the extracellular space via a non-
classical pathway [11, 12]. Gal-3 can be detected in a wide
range of tissues and cells including skin, brain, intestinal
tract, liver, and various cancer cells [13]. In addition, several
studies have suggested that activated macrophage, monocyte,
neutrophil, and mast cell also express Gal-3 [12, 14]. With its
expression significantly and rapidly induced under diseased
conditions, Gal-3 has received great interest over other galec-
tins for its role in a variety of diseases including cancer, dia-
betes, and heart disease. As an important inflammatory
biomarker, Gal-3 can promote the secretion of other proin-
flammatory factors like tumor necrosis factor-α (TNF-α)
and interleukin-6 (IL-6) through activation of macrophages
in a dose-dependent manner [15]. Gal-3 also participates in
the progression of lipid endocytosis, cell apoptosis, cell differ-
entiation, cell adhesion, and tumor metastasis [16–18].

2.2. Gal-3 and Inflammation. Gal-3 is a central regulator of
critical processes under the setting of acute and chronic
inflammation. Gal-3 is involved in the process of acute inflam-
matory response including chemoattraction of monocytes/-
macrophages [19], neutrophil clearance [20], opsonization
of apoptotic neutrophils [21], and mast cell degranulation
[22]. Through interacting with nucleotide oligomerization
domain-like receptor protein 3 (NLRP3), intracellular Gal-3
enhanced the effects of H5N1 infection by promoting host
inflammatory responses and regulating interleukin-1 beta
(IL-1β) production by macrophages. Compared to infected
WT mice, infected Gal-3 knockout mice exhibited less
inflammation in the lungs and reduced IL-1β levels in bron-
choalveolar lavage fluid [23]. Chronic inflammation usually
accompanied with fibrosis, loss of tissue structure, and subse-
quent organ failure is a heavy healthcare burden worldwide.
Fibroblasts that represent key cells in the initiation and per-
petuation of tissue fibrogenesis can promote inflammation
by secreting inflammatory factors such as TNF-α, IL-6, and
chemokines including C-X-C motif chemokine 8 (CXCL8),
C-C chemokine ligand 2 (CCL2), C-C chemokine ligand 3
(CCL3), and C-C chemokine ligand 5 (CCL5) upon the acti-
vation of Gal-3 [24]. The expression of CCL2, CCL5, and
CXCL8 stimulated by Gal-3 can attract monocyte and mac-
rophage to the vascular lesion and plaque, especially in the
core of lipid accumulation [15]. Gal-3 can bind with integrin
in the cell surface to promote the adhesion between neutro-
phil and vascular endothelial cell through modifying cell-
cell interaction [25]. Gal-3 has been identified as a critical
molecule that mediates immunological functions in multiple
immune cells, such as dendritic cells (DCs), B cells, and mac-

rophages. Gal-3 inhibition downregulated expression of IL-6,
IL-1β, and IL-23 p19, while it upregulated IL-10 and IL-12
p35 in toll-like receptor/NOD-like receptor- (TLR/NLR-)
stimulated human monocyte-derived DCs, which inhibited
subsequent Th17 and Th2 development. This finding indi-
cated that intracellular Gal-3 acted as a cytokine hub of
human DCs in responding to innate immunity signals [26].
Moreover, B cells with restrained endogenous Gal-3 expres-
sion skewed the balance toward plasma cell differentiation,
which resulted in increased immunoglobulin production
and parasite clearance during T. cruzi infection, providing
evidence of a novel role for Gal-3 as an intracellular mediator
of B cell survival and differentiation [27]. Disruption of the
Gal-3 expression restrained IL-4/IL-13-induced alternative
macrophage activation in recruited peritoneal macrophages
in vivo without affecting IFN-γ/LPS-induced classical activa-
tion or IL-10-induced deactivation [28].

2.3. Gal-3 and Oxidative Stress. The relationship between
Gal-3 and oxidative stress has been demonstrated in vitro,
such that the treatment of monocytes with phorbol myristate
acetate, a nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase-dependent inducer of reactive oxygen
species, produced an increase in Gal-3 mRNA and protein
expression [29]. Gal-3 stimulated the hyperoxide secretion
from neutrophils through activation of NADPH II [30].
Excess hyperoxide led to an increased expression of cell sur-
face glycoprotein and enhanced the oxidative stress induced
by ischemia or reperfusion damage to further exacerbate vas-
cular lesion [31]. Gal-3 was shown to induce oxidative stress
through the release of O2

- in cultured mast cells, an effect that
was blocked by the antioxidant enzyme superoxide dismut-
ase [32]. A study revealed that plasma Gal-3 concentration
was increased in peripheral artery disease patients and corre-
lated with F2-isoprostanes, the serologic marker of oxidative
stress [33].

3. Gal-3 and Atherosclerosis

3.1. Gal-3 Level Increased in Atherosclerotic Vessels. Athero-
sclerosis is considered to be a complex inflammatory process
that involves various inflammatory markers. In recent years,
the relationship between Gal-3 and atherosclerosis has been
investigated by substantial experimental studies. The level
of Gal-3 was demonstrated to develop in human athero-
sclerosis plaque and some animal models, especially hyper-
cholesterolemic rabbits and Apolipoprotein-E knockout
(ApoE-/-) mice with vascular stenosis. A study compared
the Gal-3 level of aortic tissue between ApoE-/- mice on a
high-fat diet and wild-type control and found that Gal-3
mRNA and protein levels in ApoE-/- mice were elevated
16.3 and 12.2 times than those of wild type, respectively.
Moreover, the expression of Gal-3 increased in unstable pla-
que compared with stable regions from the same patient at
both mRNA and protein levels, and Gal-3-treated human
macrophages induced an 11-fold increase in human mono-
cyte chemotaxis [15]. Endothelial cells, macrophages, and
VSMC are the most important types of cells involved in the
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development of atherosclerosis, and Gal-3 can affect all these
kinds of cells (Figure 1).

3.2. Gal-3 and Endothelial Dysfunction. Endothelial cells
(ECs) play a crucial role in maintaining vascular homeostasis
in response to various stimuli. Under conditions of chronic
inflammation, sustained activation of ECs by inflammatory
stimuli causes alterations in normal endothelial function,
resulting in endothelial dysfunction which has been consid-
ered to be the basis and initial step of atherosclerosis, the
most common cause of cardiovascular diseases [34, 35]. Sev-
eral studies have shown that oxidized low-density lipoprotein
(ox-LDL) induced endothelial cell injury by changing proin-
flammatory gene expression [36, 37]. Accumulating evidence
has demonstrated that Gal-3 aggravated ox-LDL-mediated
endothelial injury by inducing inflammation [38, 39]. Inhi-
bition of Gal-3 abrogated cigarette smoke extract- (CSE-)
induced autophagy and dysfunction of endothelial progeni-
tor cells (EPCs) which have the potential to repair damaged
blood vessels and promote angiogenesis [40]. And it was
indicated that further progression of endothelial dysfunction
increased the atherosclerotic plaque burden and Gal-3 stain-
ing in NADPH oxidase 4/low-density lipoprotein receptor
knockout (Nox4-/-/Ldlr-/-) mice compared with Ldlr-/- mice
[41]. However, Gal-3 deficiency led to exacerbated metabolic
derangement and endothelial dysfunction in diabetic mice.
And coagulation activity was enhanced suggesting a protec-
tive role for Gal-3 against thrombosis [42].

3.3. Gal-3 in Macrophage Differentiation and Foam Cell
Formation. Ox-LDL induces endothelial dysfunction with
focal inflammation which in turn causes increased expres-
sion of atherogenic signaling molecules that promote the
adhesion of monocytes to the arterial endothelium and their
penetration into the intima. Some studies have indicated that
the synthesis and expression of Gal-3 are associated with dif-
ferentiation and activation of macrophage. Liu et al. indi-
cated that Gal-3 can be expressed on the surface of normal
human peripheral blood monocytes. This finding indicated
that Gal-3 levels increased significantly as monocytes differ-
entiated into macrophages in vitro, and the secretion of

Gal-3 by monocytes was regulated by lipopolysaccharide or
interferon-γ [43]. Meanwhile, it has been demonstrated that
human macrophage was the main origin of Gal-3 in both
mRNA and protein levels [15]. Kim et al. indicated that
Gal-3 expression in macrophage was signaled by Ras/MAP
kinase pathway and that it can be upregulated by modified
lipoprotein [44]. Thus, the elevated Gal-3 in atherosclerosis
is associated with macrophage. One study demonstrated that
Gal-3 is mainly distributed in macrophages and foam cells
which are major components of atherosclerosis plaques, but
not in VSMC, and Gal-3 expression increased with the pla-
que severity [45]. Similarly, another study found that the
intraplaque Gal-3 expression levels were proportionally ele-
vated as the degree of plaque extent and inflammation
increased [46]. This finding showed that Gal-3 was heavily
and exclusively accumulated in intimal plaques and that
Gal-3 distribution was colocalized with plaque macro-
phages’ distribution. The process of differentiated macro-
phages absorbing ox-LDL and transforming into foam cells
has a profound association with Gal-3. Zhu et al. demon-
strated that Gal-3 promoted lipoprotein uptake of foam cells
to exacerbate atherosclerosis [47]. Moreover, the effect of
Gal-3 on cardiac metabolic disturbance associated with obe-
sity has been investigated. Marín-Royo et al. found that Gal-3
inhibition attenuated the consequences of cardiac lipotoxi-
city induced by high-fat diet in vivo [16]. Therefore, Gal-3
might exacerbate atherosclerosis plaque through promoting
endocytosis of lipoprotein and disturbing lipid metabolism.

3.4. Gal-3 Stimulates VSMC Proliferation and Migration.
Proliferation and migration of VSMC are important pro-
cesses of atherosclerosis. Although VSMC are not the major
origin of Gal-3 in circulating blood, the influence of Gal-3
on VSMC stimulates atherosclerosis. Tian et al. reported that
Gal-3 expression increased in the phenotypic transformed
VSMC treated with ox-LDL. Small interfering RNA silencing
or knockdown of Gal-3 inhibited the phenotypic transforma-
tion and migration of VSMC [48], and another study of Tian
et al. particularly indicated that exogenous Gal-3 promoted
human VSMC proliferation and migration through the acti-
vation of canonical Wnt/β-catenin signaling pathway [49].

LGALS3 Gal-3 monomer
Gal-3 pentamer

Monocyte Macrophage Foam cell

ox-LDL

Endothelial dysfunction
ox-LDL

VSMC proliferation and migration

Atherosclerosis

CRD N-terminal peptide

Figure 1: Gal-3 and its effect on different types of cells related to atherosclerosis. Gal-3: galectin-3; ox-LDL: oxidized low-density lipoprotein;
VSMC: vascular smooth muscle cells; CRD: C-terminal carbohydrate recognition domain.
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Menini et al. demonstrated that the effect of Gal-3 on VSMC
within atherosclerotic plaque was related to the receptor for
advanced glycation end products (RAGE) [50]. Gal-3 has
been identified as an advanced glycation end product
(AGE) receptor. Extracellular AGEs and its modified protein
can bind with Gal-3 on the cell surface to form a protein
complex and then attenuate the adhesion between VSMC
and matrix glycoprotein. This attenuation of adhesion stim-
ulates the proliferation and migration of VSMC for athero-
sclerosis exacerbation [47, 51]. These studies provide future
directions for research on the treatment of atherosclerosis
targeting on VSMC. Thus, as illustrated in Figure 2, Gal-3
can lead to atherosclerosis through inflammatory activa-
tion, vascular lesion, lipid endocytosis, VSMC migration,
and oxidative stress.

4. Genetic Studies of Gal-3 in Atherosclerosis

Previous genetic studies of Gal-3 and atherosclerosis mainly
focused on the comparison between Apolipoprotein-E/Gal-
3 double knockout (ApoE-/-/gal-3-/-) mice and ApoE-/- mice.
Mackinnon et al. indicated that the atherosclerosis plaque area
of ApoE-/-/gal-3-/- mice with a high-cholesterol diet was signif-
icantly smaller than that of ApoE-/- mice. Compared with
ApoE-/- mice, the aortic plaque bulk of ApoE-/-/gal-3-/- mice
with a 12-week and 20-week high-cholesterol diet reduced by
35% and 40%, respectively [52]. Nachtigal et al. compared
the severity of periaortic vascular adventitia inflammation
between ApoE-/-/gal-3-/- mice and ApoE-/- mice and found
that aortic atherosclerosis plaques increased and vascular
adventitia inflammation was aggravated in ApoE-/- mice as
the age increased, but this phenomenon did not appear in
ApoE-/-/gal-3-/- mice [53]. Hsu et al. also demonstrated that
lymphocyte amounts and macrophage infiltration ability
decreased significantly in Gal-3 knockout mice compared to

wild-type mice stimulated by inflammation [54]. These stud-
ies indicated that Gal-3 may exacerbate atherosclerosis
through the activation of inflammation. In addition, phago-
cytosis of erythrocytes by macrophages has been regarded
as a major pathological change in the progression of athero-
sclerosis. Sano et al. have investigated that the Gal-3-deficient
macrophages reduced phagocytosis of erythrocytes and
apoptotic thymocytes in vitro and in vivo, so Gal-3 may
promote the phagocytosis of erythrocytes to aggravate ath-
erosclerosis [55]. Arar et al. have demonstrated that the
expression of LGALS3 was inactivated in quiescent vascular
smooth muscle cells, but activated significantly in the aortas
of hypercholesterolemic rabbits, balloon-injured rats, and
cultured smooth muscle cells [56].

In recent years, some research has concentrated on ath-
erosclerosis associated with heart failure and the mecha-
nism that involves Gal-3. Yu et al. indicated that collagen
production, processing, cleavage, cross-linking, and deposi-
tion were downregulated in Gal-3 knockout mice compared
to those in wild-type mice. Moreover, cardiac remodeling,
cardiac fibrosis, left ventricular dysfunction, and heart fail-
ure development were also found to be attenuated in Gal-3
knockout mice [57]. In the study by Watson et al., concom-
itant inhibition of renin-angiotensin system (RAS) and
RAGE attenuated the development of atherosclerosis signifi-
cantly. RAGE-/-/ApoE-/- mice had less plaque area and attenu-
ated macrophage infiltration than ApoE-/- mice [58]. Gal-3 is
regarded as a type of RAGE, so the concomitant inhibition
of RAS and Gal-3 may be a potential strategy for the treatment
of atherosclerosis.

However, there are a few studies that demonstrate that
Gal-3 is protective for atherosclerosis. Iacobini et al. indicated
that the atherosclerosis plaque area of Gal-3 knockout mice
was higher than that of wild-type mice, and increased accu-
mulation of oxidized low-density lipoprotein was observed

Gal-3

Fibroblast Macrophage VSMC AGEs NADPH II

Foam cell 
formation

Vascular inflammation Vascular lesion
VSMC proliferation 
and migration Oxidative stress

ox-LDL endocytosis Hyperoxide
TNF-𝛼, IL-6, CXCL8,
CCL2, CCL3, CCL5

Atherosclerosis

Figure 2: Diagram depicting the mechanisms by which Gal-3 promotes formation of atherosclerosis. Gal-3: galectin-3; TNF-α: tumor
necrosis factor-α; IL-6: interleukin-6; CXCL8: C-X-C motif chemokine 8; CCL2: C-C chemokine ligand 2; CCL3: C-C chemokine ligand 3;
CCL5: C-C chemokine ligand 5; ox-LDL: oxidized low-density lipoprotein; VSMC: vascular smooth muscle cells; AGEs: advanced
glycation end products; NADPH II: nicotinamide-adenine dinucleotide phosphate II.
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in Gal-3 knockout mice [59]. A study also found that the
macrophage infiltration and markers of systemic inflamma-
tion increased in LGALS3-/- mice compared with wild type
[60]. Gal-3 may not only have negative effects but also have
some positive effects on atherosclerosis. Hence, the effect of
Gal-3 in atherosclerosis deserves further examination.

5. Epidemiological Studies of Gal-
3 in Atherosclerosis

5.1. Gal-3 and Atherosclerosis. As a new biomarker of cardio-
vascular disease, the role of Gal-3 has been investigated by
substantial epidemiological research. Several studies [61,
62] have suggested that the measurement of plasma Gal-3
concentration may be a good biomarker of diseases related
to atherosclerosis. Nevertheless, the epidemiological studies
associated with Gal-3 and atherosclerosis have primarily
concentrated on heart failure and coronary artery disease in
the last several years. Gal-3 was an independent risk factor
for cardiovascular disease. A 10-year cohort study of 7968
participants indicated that the population with high Gal-3
levels was prone to suffer from cardiovascular disease [63].
Elderly individuals (mean age 69 years) with low Gal-3 had
remarkably low cardiovascular risk over the follow-up period
of 2.7 years [64]. Madrigal-Matute et al. indicated that Gal-3
plasma level was positively associated with carotid intima-
media thickness and Gal-3 level increased in patients with
carotid atherosclerosis compared with healthy controls [29].
Pusuroglu et al. and Ozturk et al. found that Gal-3 increased
as carotid atherosclerosis became heavier in specific popula-
tions including obstructive sleep apnea syndrome and type
2 diabetes mellitus patients [65, 66]. Anyfanti et al. recently
declared that in a cohort of relatively well-controlled rheu-
matoid arthritis (RA) patients with long-standing disease
and low levels of systemic inflammation, serum Gal-3 levels
were positively associated in the univariate analysis with
carotid intima-media thickness, the marker of subclinical ath-
erosclerosis, suggesting the potential utility of Gal-3 as a bio-
marker for subclinical cardiovascular disease in patients with
RA [67]. Gal-3 is also shown to be a significant and indepen-
dent predictor for coronary atherosclerosis [68]. In addition,
Pei et al. investigated the effect of berberine on ox-LDL-
induced macrophage activation and Gal-3 expression in
neoatherosclerosis patients after percutaneous coronary inter-
vention. They indicated that berberine suppressed Gal-3
upregulation and ox-LDL endocytosis through the NF-κB
and AMPK signaling pathways [69]. These studies showed a
potential property of Gal-3 as a biomarker for atherosclerosis.

5.2. Gal-3 and Heart Failure. Chronic heart failure is a series
of complex syndromes associated with disability of cardiac
ventricular ejection caused by organic or functional heart dis-
ease [70–72]. Current clinical biomarkers of chronic heart
failure are brain natriuretic peptide and N-terminal pro-
brain natriuretic peptide that have some limitations includ-
ing age, renal function, and obesity [73–75]. Thus, searching
for a new effective biomarker for heart failure is needed
urgently. In the DEAL-HF study, 232 chronic heart failure
patients were examined and followed up for four years. The

baseline Gal-3 level was significantly associated with the
prognosis and mortality of patients [76]. A study from de
Boer et al., including 592 chronic heart failure patients whose
left ventricular ejection fraction was less than 35%, also
showed a consistent result with the DEAL-HF study. They
indicated that Gal-3 was an independent marker for the
prognosis of heart failure patients [77]. The Gal-3 level in
chronic heart failure patients was higher than that in healthy
controls, and increased Gal-3 was associated with the severity
of heart failure and its complication as discussed by Meijers
et al. [78]. Moreover, a Chinese population study indicated
that the sensitivity and specificity of Gal-3 for heart failure
diagnosis were 94.3% and 65.1%, respectively, as Gal-3 con-
centration reached 17.8 ng/mL [79]. In the CORONA study,
1492 patients with heart failure caused by ischemic myocar-
diosis were randomly divided into a Rosuvastatin treatment
group and a control group: the mortality of the statin group
was lower than that of the control group and Gal-3 decreased
significantly in the statin group [80]. Polat et al. found that
Gal-3 played an important role in prevention, classification,
and personal therapy of heart failure [81]. Aforemen-
tioned studies revealed the clinical significance of Gal-3 in
atherosclerosis-associated heart failure, but the mechanism
of Gal-3 leading to heart failure needs to be further detected.

5.3. Gal-3 and Coronary Heart Disease. Except for heart fail-
ure, a great number of studies found that Gal-3 could also be
regarded as an effective biomarker for coronary heart disease.
Falcone’s study included 125 coronary artery disease patients
which were categorized into two groups with unstable angina
or stable angina. Gal-3 level was significantly higher in unsta-
ble angina than stable angina, and it was higher in patients
with three pieces of coronary artery disease than with one-
two pieces [82]. Higueras et al. also indicated that Gal-3
was a risk factor for unstable angina [83]. Another study
indicated that elevated circulating level of Gal-3 could be
regarded as an independent predictor of the combined 30-
day major adverse clinical outcome in patients with ST-
segment elevation myocardial infarction undergoing primary
percutaneous coronary intervention [84]. In a community
cohort of patients with incident myocardial infarction (MI),
elevated Gal-3 remained associated with increased risk of
mortality and heart failure after adjustment for age, sex,
comorbidities, and troponin, suggesting a role for measuring
Gal-3 levels as a risk evaluation post-MI [85]. Moreover,
Szadkowska et al. indicated that Gal-3 was an independent
risk factor for reinfarction in MI patients after interventional
operation, as Gal-3 reached 18.1 ng/mL [86]. In a prospective
study containing 782 patients with coronary heart disease,
the prognosis of low-Gal-3 patients was better than that
of high-Gal-3 patients [87]. Moreover, the combined detec-
tion of Gal-3 and carotid intima-media thickness has been
verified to be a more effective prediction for coronary artery
disease [88]. Grandin et al. found that the acute coronary
syndrome patients with high Gal-3 levels were more prone
to suffer heart failure than low-Gal-3 patients [89]. Here,
we summarized genetic and epidemiological studies of
Gal-3 associated with atherosclerosis over the past two
decades (Table 1).
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6. Gal-3 Modulation

Gal-3 inhibition might be beneficial for atherosclerosis treat-
ment due to the important role of Gal-3 in atherosclerosis
and atherosclerosis-associated heart failure. As Gal-3 recog-
nizes and binds to glycoprotein oligosaccharides via its car-
bohydrate recognition region, pharmacological inhibition of
Gal-3 has almost exclusively targeted the CRD for inhibiting
activities of this protein. Modified citrus pectin (MCP), a nat-
ural polysaccharide extracted from citrus plants, has been
applied in experimental studies as a classical Gal-3 inhibitor.
Lu et al. found that MCP inhibited the adhesion of leucocytes
to endothelial cells to relieve atherosclerotic lesions through
Gal-3 inhibition [90]. MacKinnon et al. also indicated that
administration of MCP reduced the atherosclerosis plaque
volume in ApoE-/- mice [52]. Gal-3 inhibition induced by

MCP could also reverse the isoproterenol-induced left ven-
tricular dysfunction characterized by reducing myocardial
inflammation and fibrogenesis in heart failure mice [91].
Thiodigalactoside (TDG) derivatives targeting CRD sites
have been approved as antagonists of Gal-3. TD-139, a thio-
digalactoside analogue, has been used as an inhaled powder
for the treatment of idiopathic pulmonary fibrosis and is
speculated to antagonize Gal-3 [92]. Multivalent attachment
of a TDG derivative using the bovine serum albumin has
been identified as one of the most potent Gal-3 inhibitors
so far [93].

At present, the frequently used clinical drug associated
with Gal-3 to treat cardiovascular disease is statin. Cannon
et al. indicated that the acute coronary syndrome patients
with statin drug treatment had a lower level of Gal-3 than
patients with standardized treatment [94]. The CORONA

Table 1: Brief research development of Gal-3 associated with atherosclerosis.

Research type Targets Main findings

Genetic

ApoE-/-/gal-3-/- mice [52] Atherosclerosis plaques were significantly smaller.

ApoE-/-/gal-3-/- mice [53]
Aortic atherosclerosis plaques decreased and vascular adventitia

inflammation reduced.

Gal-3 knockout mice [54] Lymphocyte amounts and macrophage infiltration decreased significantly.

Gal-3-deficient macrophages [55] Phagocytosis of erythrocytes reduced.

Epidemiological

Heart failure patients [76] Gal-3 level was significantly associated with the prognosis and mortality.

Coronary heart disease patients [82] Gal-3 level increased significantly in the unstable angina group.

Myocardial infarction patients [86] Gal-3 was regarded as an independent risk factor for reinfarction.

Carotid atherosclerosis patients [29]
Gal-3 level was positively associated with carotid intima-media thickness

and the prevalence of carotid atherosclerosis.

Heart failure patients [79]
The sensitivity and specificity of Gal-3 for heart failure diagnosis

were 94.3% and 65.1%, respectively.

Patients with coronary artery disease [68] Gal-3 was a significant and independent predictor.

Patients with myocardial infarction [85] Elevated Gal-3 was associated with mortality and heart failure.

Table 2: Classical Gal-3 modulators in the present relative studies.

Modulator Subtype Function Targets Mechanism Authors

MCP — Inhibition

Leukocytes and endothelial cells
Inhibition of the adhesion between
leucocytes and endothelial cells

Lu et al. [90]

ApoE-/- mice — MacKinnon et al. [52]

Heart failure mice
Reducing myocardial inflammation

and fibrogenesis
Vergaro et al. [91]

Statin

Pravastatin

Inhibition

Acute coronary syndrome patients

—

Cannon et al. [94]

Rosuvastatin Heart failure patients Gullestad et al. [80]

Atorvastatin ApoE-/- mice Lee et al. [46]

Quinapril — Inhibition Diabetic RAGE-/-/gal-3-/- mice
Reducing macrophage infiltration
and vascular collagen deposition

Watson et al. [58]

MRAs — Inhibition Myocardial infarction mice Attenuation of cardiac fibrosis,
left ventricular dysfunction, and

heart failure

Lax et al. [95]

LacNac — Inhibition Gal-3-/- mice Yu et al. [57]

Aldosterone — Activation Macrophages — Lin et al. [96]

Doxazosin — Activation Cardiomyocytes — Qian et al. [97]

Abbreviations: Gal-3: galectin-3; MCP: modified citrus pectin; MRAs: mineralocorticoid receptor antagonists; LacNac: N-acetyllactosamine.
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study showed that Gal-3 level and all-cause mortality of
Rosuvastatin-treated heart failure patients decreased signif-
icantly compared to the control group [80]. In addition,
Lee et al. found that Atorvastatin markedly reduced Gal-3
expression within atherosclerotic plaques [46]. Moreover,
some new Gal-3 inhibitors have been discovered in recent
years. Watson et al. indicated that Quinapril treatment
decreased Gal-3 expression, macrophage infiltration, and
vascular collagen deposition within atherosclerosis plaque
[58]. Lax et al. [95] demonstrated that mineralocorticoid
receptor antagonists (MRAs) could inhibit Gal-3 to attenuate
cardiac fibrosis, left ventricular dysfunction, and subsequent
heart failure. Similarly, N-acetyllactosamine (LacNac) had
the same effect with MRAs [57].

Regarding Gal-3 agonists, experimental evidence from
Lin et al. revealed that aldosterone increased Gal-3 secretion
in macrophages [96]. Another study from Qian et al. indi-
cated that doxazosin exacerbated Gal-3 expression in cardio-
myocytes [97]. The application of the aldosterone antagonist
decreased the Gal-3 level and inhibited left ventricular dys-
function in patients with hypertension [98]. These findings
proved that Gal-3 agonist inactivation may be useful for the
clinical treatment of atherosclerosis (shown in Table 2).

7. Perspectives and Conclusions

There is strong evidence that Gal-3 participates in the initia-
tion and progression of atherosclerosis. Numerous studies
have shown that Gal-3 contributes to macrophage differenti-
ation, foam cell formation, endothelial dysfunction, and
VSMC proliferation and migration in atherosclerosis. In this
review, we summarized several mechanisms pivotal to the
development of atherosclerosis that are stimulated by local
or circulating Gal-3. Amplification of cardiovascular inflam-
mation and lipid accumulation in macrophage by Gal-3 are
the most important mechanisms. Up to now, studies on
Gal-3 have been focused on genetics and epidemiology sug-
gesting that Gal-3 is positively related to the occurrence of
atherosclerosis. Thus, Gal-3 can be regarded as a new bio-
marker for the risk evaluation of atherosclerosis and a new
treatment target for atherosclerosis therapy. On the other
hand, the application of Gal-3 inhibitors may be a potential
treatment for atherosclerosis in the future. Moreover, macro-
phage plays a vital role in atherosclerosis, and some studies
have indicated that Gal-3 can activate M2macrophage differ-
entiation, which has an anti-inflammatory property, through
the CD98/phosphoinositide 3-kinase (PI3K) pathway [28,
99]. Activation of M2 macrophage differentiation by Gal-3
may be beneficial to the treatment of atherosclerosis through
suppression of inflammation. As a key protein in autophagy
progression, PI3K can be upregulated by Gal-3. Therefore,
the augmentation of macrophage autophagy in atheroscle-
rotic plaque through the Gal-3/PI3K/Akt/mTOR pathway is
probably an effective therapy for atherosclerosis. To some
extent, the multiple functions of Gal-3 depend on its N-
terminal domain modification by matrix metalloproteinase
(MMP). MMP-7 has been demonstrated to be a Gal-3 activa-
tor to exacerbate inflammation [100]. Hence, MMP can be

regarded as a new target for further research on the connec-
tion between Gal-3 and atherosclerosis.
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Atherosclerosis (AS), a typical chronic inflammatory vascular disease, is the main pathological basis of ischemic
cardio/cerebrovascular disease (CVD). Long-term administration was characterized with low efficacy and serious side effects,
while the macrophages with attractive intrinsic homing target have great potential in the efficient and safe management of AS.
In this review, we focused on the systematical summary of the macrophage-based therapies in AS management, including
macrophage autophagy, polarization, targeted delivery, microenvironment-triggered drug release, and macrophage- or
macrophage membrane-based drug carrier. In conclusion, macrophage-based therapies have great promise to effectively manage
AS in future research and clinic translation.

1. Introduction

Cardio/cerebrovascular disease (CVD) is the leading cause
of morbidity and mortality worldwide. Atherosclerosis
(AS) is considered the main pathological basis of ischemic
CVD, including cerebrovascular disease, coronary heart dis-
ease, and peripheral arterial disease. AS is a typical chronic
inflammatory vascular disease due to the accumulation of a
large amount of lipids in the arterial wall, especially in the
branched and bended arteries [1, 2]. The representative
macrophages play an important role in the pathological
progression in lesions of AS (Figure 1) [3]. The migration,
activation, infiltration, and proliferation of macrophages
lead to inflammation-mediated atherosclerotic plaque for-
mation [4]. Furthermore, macrophages secrete abundant

proteases and tissue factors to promote inflammation, lipid
deposition, and plaque rapture. Thus, macrophages are
regarded as an attractive target for managing AS [5, 6].
Despite the wide clinical use of local anti-inflammatory
drugs, the traditional therapies have low bioavailability
and severe side effects, far from meeting the long-term dos-
ing requirements for the significant AS management in
safety and efficiency [7]. This review discussed recent
research studies on the role of macrophages in the patho-
genesis of AS, especially systematically highlighting the
advanced strategies in macrophage-based therapies for AS
management, such as macrophage autophagy, polarization,
targeted delivery, microenvironment-triggered drug release,
and macrophage- or macrophage membrane-based drug
carrier.
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2. Macrophages in AS

2.1. Macrophages in the Early Stage. In the early stage of AS,
low-density lipoprotein (LDL) accumulates in the intima of
blood vessels, activating the endothelium to express leuko-
cyte adhesion molecules and chemokines and promoting
the recruitment of monocytes and T cells [8, 9]. The macro-
phage colony-stimulating factor (M-CSF) and other differen-
tiation factors accelerate differentiation of monocytes into
macrophages, which upregulate pattern recognition recep-
tors (PRRs), including toll-like receptors (TLRs) and scaven-
ger receptors (SRs) [10]. The activation of the TLR pathway
leads to an inflammatory response, while the SR pathway reg-
ulates the oxidized low-density lipoprotein (ox-LDL) result-
ing in foam cell formation. During the early stage of
inflammation in the AS process, activated monocytes and
lymphocytes absorb ox-LDL by SRs and promote foam cell
transformation, and interaction with foam cell and accumu-
lation of various factors contribute to the pathogenesis of
atherosclerosis [11], while reduction in foam cell formation
or ox-LDL uptake was verified to reduce the atherosclerotic
plaque burden [12, 13]. ATP-binding cassette (ABC) trans-

porters expressed by macrophages are involved in cholesterol
reversal and reducing plasma cholesterol level [14]. ABCA1
and ABCG1 transporters reverse cholesterol transport and
generate HDL, which affect the atherosclerotic progression.
The genes encoding ABCA1 and ABCG1 are transcription-
ally upregulated in response to the elevated cellular choles-
terol levels [15], especially in the early stage. It had been
shown that ABCA1 and ABCG1 gene knockout mice led to
a large amount of lipid accumulation and foam cell forma-
tion in macrophages [16]. Furthermore, ABCA1 and ABCG1
are related to cell apoptosis and release of inflammatory
factors. Studies showed that macrophages express high levels
of ABCG1 and the multiple inflammatory genes in macro-
phages, which is consistent with the intracellular accumu-
lation of multiple factors and promoted the progress of AS
[16]. Deficiency of ABCA1 or ABCG1 in mice increased
the apoptosis in macrophages and the inflammation in
plaque, while apoptosis of macrophages in ABCA1- and
ABCG1-deficient mice was increased, but the atheroscle-
rotic progression was inhibited [17]. ABCA1 and ABCG1,
as the cholesterol efflux transports, promote cholesterol
efflux from cells by transporting phospholipids and
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cholesterol to high-density lipoprotein or free apolipopro-
tein A-I [18]. Therefore, ABCA1 deficiency and ABCG1
deficiency will cause inflammatory activation of macro-
phages leading to AS pathological deterioration [19].

2.2. Macrophages in the Progression Stage.Macrophages play
an important role in promoting plaque formation, diluting
fibrous cap and necrotic core components, which leads to
the increased inflammatory response and apoptotic signals
of smooth muscle cells (SMCs) and leukocytes in atheroscle-
rotic plaques [20, 21]. Moreover, macrophages reduce the
amount of intimal fibroblast-like SMCs and degrade the
collagen by oversecreting matrix metalloproteinase (MMP).
In the site of vascular injury, macrophage apoptosis and
phagocytic clearance of apoptotic cells resulted in increased
necrotic core and decreased plaque stability [8, 22]. The rup-
ture site of plaque is almost always located near the necrotic
core of plaque, which is related to the diluent fiber cap. Thus,
the strength of the fiber cap is an important indicator to
determine the stability of plaque for the potential risk evalu-
ation of plaque rupture [23]. Mhem, a nonfoam protective
macrophage, stabilized plaque by reducing foam cell forma-
tion and enhancing anti-inflammation and tissue regenera-
tion at the advanced stage of AS [24]. Mox, a macrophage
induced by phospholipid oxide, also has a potential to be
used for AS protection [7]. Mox macrophages, rich in
advanced mouse lesions, play an atheroprotective role
because the low-density lipoprotein receptor–deficient mice
would emerge with accelerated atherogenesis which results

from myeloid deficiency of Nrf2 [25]. Additionally, some
inflammatory genes have upregulated expression in Mox
macrophages in keeping with macrophages which respond
to oxidized phospholipids by upregulation of inflammatory
gene expression in wild-type mice [26].

3. Macrophage-Based Therapy Strategies

3.1. Inducing Macrophage Autophagy. Autophagy is a major
catabolic process, which functions in the maintenance of
the cellular homeostasis in eukaryotic cells (Figure 2). It is
activated under stress conditions such as nutrient depriva-
tion, hypoxia, oxidative stress, and DNA damage [27, 28].
Further, autophagy may lead to the occurrence and develop-
ment of various diseases, including malignant tumors, neuro-
degenerative diseases, cardiovascular diseases, and immune
system disorders; thus, autophagy may be served as a poten-
tial strategy for the treatment of AS [27, 28].

Autophagy is a catabolic cellular process that degrades
misfolded and dysfunctional proteins, cytoplasmic compo-
nents, and organelles [28]. The formation of atherosclerotic
plaque is enhanced in the mice lacking the key autophagy-
related gene5 (ATG5). The abundant increase of autophagy
chaperone p62 is a nonautophagic protective response to
AS, suggesting that the autophagy of macrophages and its
related regulators play an important role in AS [30]. During
the whole process of autophagy, many genes related to
autophagy are involved in regulation [31, 32]. mTOR is a
highly conserved serine/threonine protein kinase that acts
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as a growth factor, a central sensor of cellular nutrition and
energy state, and the core of autophagy regulation. mTOR
exists in two different complexes, TORC1 and TORC2,
which can integrate multiple signals from upstream
pathways, inhibit ATG1(ULK1), and block the formation of
autophagosomes [33]. mTORC1 inhibits autophagy by inte-
grating upstream signals through the class I PI3K-PKB (also
known as Akt) pathway when adequate nutrients are present.
Under other stimuli, such as starvation and inflammatory
oxidation, the activated class III PI3K-Beclin1 complex and
the inactivated Beclin1/Bcl-2 complex are capable of
inducing autophagy by promoting the assembly of ATG12-
ATG5-ATG16L complex and ATG8/LC3. AMP-activated
protein kinase (AMPK) inhibits mTORC1 activity and acts
as a positive regulator of autophagy [32, 34]. Basal autophagy
protects cells from environmental stimuli, while excessive
autophagy leads to cell death and plaque instability, which
is important for controlling the progression of AS. Inhibition
of autophagy by silencing ATG5 or other autophagy media-
tors enhances the reductive coenzyme II oxidase-mediated
oxidative stress and promotes the plaque necrosis and the
deterioration of foam cells [35].

Nod-like receptor protein (NLRP3) inflammasome is
closely related to the autophagy of AS and can be activated
by the cholesterol crystals in plaques to promote the secretion
of IL-1β, thus accelerating the development of AS [36].
Further, autophagy plays various roles in negatively regulat-
ing the activation of inflammasome, such as removing
inflammasome-activating endogenous signals and isolating
and degrading inflammasome components [37]. Autophagy
removes the damaged mitochondria, reduces reactive oxygen
species (ROS) production under stress, inhibits the activation
of NLRP3, and even regulates NLRP3 activity by capturing
and degrading the assembly of inflammasome complexes
through the corresponding ubiquitination [38]. Further-
more, autophagy-induced mTOR inhibitors or AMPK
activators reduce the inflammatory response to inhibit the
development of AS plaques [39]. Shi et al. found that macro-
phage autophagy was enhanced and IL-1β secretion was
reduced upon the starvation and mTOR inhibitor rapamycin
treatment [40]. The PI3K/Akt/mTOR signaling pathway was
blocked, while autophagy in macrophages was activated
upon the rapamycin and mTOR-siRNA treatment in the rab-
bit model, which significantly inhibited the inflammatory
response and enhanced the stability of plaques [41].

Autophagy inducers have been identified as an efficient
and promising treatment for AS. Everolimus, a derivative of
rapamycin and an inhibitor of mTOR, showed a significant
therapeutic effect on malignancies including breast cancer
and renal cell carcinoma [42]. Hsu et al. reported that the
mRNA levels of autophagy were significantly increased and
secreted protein expression was decreased by everolimus
[43]. The results suggested that everolimus has great poten-
tial to inhibit AS by diminishing viability of foam cells,
decreasing matrix degradation, and reducing the secretion
of proinflammatory cytokine [43]. Resveratrol, a plant-
derived polyphenolic compound, induces autophagy by inhi-
biting mTOR [42], which plays an important role in anti-AS
and vasodilation [44]. Liu et al. reported that resveratrol

could promote its cellular burial effect on ox-LDL-induced
apoptotic RAW264.7 cells by activating Sirt1-mediated
autophagy [45].

MicroRNAs (miRNA) regulate the autophagy through
posttranscriptional repression of autophagy-related gene or
upstream effectors [46, 47]. Therefore, miRNA regulation
using miRNA inhibitors might be a potential therapeutic
strategy for AS. Ouimet et al. identified miR-33 as a key post-
transcriptional regulator of genes involved in cholesterol and
fatty acid homeostasis [46]. They found that miR-33 inhib-
ited apoptotic cell clearance via an autophagy-dependent
mechanism, and macrophages treated with anti-miR-33
increased the efferocytosis, lysosomal biogenesis, and degra-
dation of apoptotic cells [46].

Catechins (EGCG) activate autophagy by activating
macrophages PI3K III. The anti-AS effect of berberine
may also involve the activation of the AMPK/mTOR sig-
naling pathway to induce autophagy and inhibit macro-
phage inflammatory response [48]. Berberine-induced
autophagy inhibits cell inflammation induced by ox-LDL.
Simvastatin can enhance macrophage autophagy induced
by ox-LDL and reduce lipid aggregation and AS formation
[49]. Ursolic acid, as a natural pentacyclic triterpenoid
carboxylic acid, has the anti-AS potential to effectively
enhance autophagy of macrophages and promote the
cholesterol outflow of macrophages [49]. The anti-
inflammatory effect is also related to the inactivation of
the Akt/mTOR pathway and the inhibition of the secretion
of IL-1β induced by lipopolysaccharide. Therefore, induc-
tion of macrophage autophagy can be a potential therapeu-
tic strategy for AS [50].

3.2. Inducing Macrophage Polarization. Macrophages after
activation included two main phenotypes: M1 type and M2
type. Subtype differentiation and related dysfunction of mac-
rophages are the key steps to determine plaque progression
and stability. Although both the M1 and M2 subtypes appear
at the sclerotic lesion site, they show an opposite effect
[21, 51]. Previous studies demonstrated that miRNA-216a
activates telomerase, induces M1-type differentiation and
aging, and promotes macrophage lipid uptake capacity
and foam cell formation, thus accelerating the progression
of atherosclerotic plaques [52, 53]. M1 macrophages
respond to TLR and interferon-γ signaling, which can be
induced by pathogen-associated molecular complexes
(PAMP), lipopolysaccharide (LPS), and lipoproteins [54].
This type of macrophage can secrete proinflammatory
cytokines such as tumor necrosis factor (TNF-α), interleu-
kin-1β (IL-1β), IL-12, and IL-23 and the chemokines
CXCL9, CXCL10, and CXCL11. High levels of ROS and
nitric oxide (NO) can also be induced by proinflammatory
macrophages, which contribute to further development of
inflammatory responses [55, 56]. M2 macrophages with
anti-inflammatory properties respond to Th2 cytokines
IL-4 and IL-13 and secrete anti-inflammatory factors (such
as IL-1 and IL-10 receptor agonists) [57]. M1 macro-
phages are accumulated in progressive plaques, while M2
in degenerative plaques contributing to tissue repair and
remodeling. M1- and M2-type macrophages, cells with
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proinflammatory and anti-inflammatory functions during
the development of AS, were mutually transformed to
manage the progress of plaque stability [22].

A key feature of macrophages is the high plasticity in
response to various microenvironmental stimuli. Macro-
phages are actively involved in the immune response for
engulfing pathogens and cell debris and secreting proinflam-
matory factors [58]. However, some macrophages such as
M1 type and Mhem play a role in eliminating inflammatory
responses and promoting tissue remodeling [59]. The lesion
site of AS provides a specific microenvironment, enriched
with the activated cells, the modified lipoproteins, the proin-
flammatory factors, and the apoptotic cells [60]. A large
number of proinflammatory M1-type macrophages were
found in AS lesions. In addition, the atherosclerotic progres-
sion is positively correlated with the increased M1 macro-
phages; cells with a high expression of proinflammatory
markers are preferentially located in the friable shoulder of
plaque and the adventitia [61]. After activation of M1 macro-
phages, expression of inducible nitric oxide synthase (iNOS),
CD86, and major histocompatibility complex II (MHC II)
was upregulated, and multiple proinflammatory factors
including tumor necrosis factor-α (TNF-α), interleukin-1
(IL-1), interleukin-12 (IL-12), and proinflammatory medium
NO were secreted [4, 62]. These proinflammatory factors can
lead to endothelial injury, promote oxidative stress, enhance
apoptosis, and accelerate the calcification rate of necrotic
nucleus [63].

Anti-inflammatory M2-type macrophages were identi-
fied in the stable plaque areas with small possibility to
form foam cells. Therefore, the plaque progression can
be reflected by proinflammatory and anti-inflammatory
macrophage subtypes [26]. Transcriptome-based network
analysis is a powerful modern tool for studying macro-
phage activation and function, providing a set of data on
specific genes involved in different stages of macrophage
activation [64]. Macrophage activation was analyzed by
examining the changes in macrophage gene transcription
induced by 28 different stimuli or combinations of stimuli.
The study identified 49 groups of genes with similar tran-
scriptional induction that respond to various stimuli and
regulate specific transcription factors that promote macro-
phage activation [65]. In conclusion, the response of macro-
phages in different individuals to various stimuli is largely
influenced by genetic variation, especially in genomic regula-
tory elements that coordinate macrophage induction and
activation.

In the stage of lesion initiation and progression, mac-
rophage accumulates within the subendothelium or neoin-
tima [18]. The presence of apoB lipoproteins and
expression of endothelial adhesion molecules contribute
to these early macrophages which accumulate in suscepti-
ble regions of arteries. In advanced necrotic lesions, mac-
rophage apoptosis is increased and partly induced by
lipoproteins or oxidized phospholipids. In the advanced
lesion, macrophages could not clear these apoptotic cells,
which results in increasing inflammation and plaque
necrosis because of release of inflammatory mediators
from the residual, postapoptotic necrotic cells. Macrophage

autophagy contributes to protecting against lesion necrosis
[66]. Lesion regression can be achieved in the hyperlipid-
emic mice by reducing the aggressive lipid, and that in
diabetic mice by normalizing the blood glucose. The
regression and resolution in these mice is characterized
by altering relative gene expression and reducing lesion
macrophage content. However, the operative mechanism
in human subjects is as yet to explore [67].

There are some therapies that could be used for the
regulation of macrophage phenotype. Anti-inflammatory
cytokine secreted by macrophages plays an important role
in the occurrence and development of AS. Also, its expres-
sion level is closely related to the process of AS [68, 69].
Studies have found that endothelial injury and increased
aortic stiffness directly accelerate the process of AS, while
anti-TNF-α therapy can reduce aortic stiffness, reduce
inflammation, and slow down the process of AS [15].
CD40 and CD40L are expressed in macrophages, ECs,
VSMCs, and other cells associated with AS lesions, and
the CD40/CD40L system may be a biomarker for clinical
evaluation of AS stability [70]. Regulation of miRNA has
become a research hotspot in recent years; because of the
important role of miRNA in cardiovascular and cerebro-
vascular diseases, it can be expected that miRNA may
become a promising biomarker for clinical diagnosis or
even a drug therapeutic target [71]. Therefore, studying
the role of macrophages and related biological macromol-
ecules in the development of atherosclerosis is of great sig-
nificance for the in-depth understanding of the etiology
and pathogenesis of atherosclerosis, as well as for its diag-
nosis, treatment, and drug development.

3.3. Macrophages for Targeted Delivery. In addition to the sta-
bility of cellular structure, the surface glycoproteins of mac-
rophages play a crucial role in homing function to achieve
targeted delivery to AS lesions. Studies have shown that
about 45.8% known proteins on the surface of macrophages
are membrane proteins annotated by the gene ontology with
different functions, such as CD11b, CD14, CD18, CD40,
CD86, CD44, and CD16 [21, 72, 73]. For example, the inter-
action between CD40 and soluble CD40 ligands regulates the
expression of cytokines, chemokines, adhesion molecules,
and growth factors and promotes the inflammation and
immune response, inducing the atherosclerotic plaque devel-
opment and vulnerability. In addition, C-reactive protein
promotes the expression of VCAM-1, ICAM-1, e-selectin,
and monocyte chemoattractant protein-1 and promotes
inflammation, which is an important inflammatory marker
in atherosclerotic progression [4, 6, 21, 74].

These membrane surface proteins can be used for the
design of targeted drug delivery systems to macrophages.
Yu et al. designed a pH-responsive polymeric micelle with
further mannose modification to achieve CD206 (mannose
receptor)-targeted siRNA delivery [75]. The mannosylated
nanoparticles improve the delivery of siRNA into primary
macrophages by 4-fold relative to the delivery of a nontar-
geted version of the same carrier [75]. Scavenger receptors
(SRs) expressed in the activated macrophages are considered
to be the most promising target biomarkers for targeted drug
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delivery [76–78]. Lewis et al. reported that glycosylated
micelles competitively block macrophages SRs of MSR1 and
CD36 to reduce the assimilation and accumulation of ox-
LDL [79]. Small-molecule folate-targeted conjugates were
found to specifically bind to the folate receptor-expressing
macrophages in vitro and selectively accumulate at sites of
inflammation in vivo [80–82]. A PEG-coated, acetic anhy-
dride-capped, folate-targeted poly(amidoamine) (PAMAM)
dendrimer was designed to deliver more cargo than small-
molecule conjugates [82].

High-density lipoprotein (HDL) is an important plasma
lipoprotein in the lipid transport system, which possesses
several antiatherogenic functions including reverse choles-
terol transport (RCT) and anti-inflammatory, antioxidant,
and vascular protective properties [83–85]. Zhao et al.
designed an atorvastatin calcium- (AT-) loaded dextran
sulfate- (DXS-) coated core-shell reconstituted HDL
(rHDL) [86]. Through the high affinity between DXS and
scavenge receptor class AI (SR-AI), it was developed for
the targeted drug delivery to macrophages and displayed
biofunction of inhibiting ox-LDL uptake and promoting
cholesterol efflux [86].

3.4. Macrophages for Triggering Cargo Release. More than
20% of cells are composed of macrophages in the well-
known atherosclerotic lesions. Excessive ROS released by
the active macrophages leads to oxidative/antioxidative
imbalance [87]. The ROS may affect the conversion of LDL
into ox-LDL, promoting the SMC death and accelerating
the AS process [9, 21, 87]. Therefore, the excessive ROS
might be a desirable target for triggering theranostic release
in AS. Kim et al. designed a macrophage-targeted theranostic
nanoparticle by coupling a photosensitizer with chlorin e6
hyaluronic acid [88]. The obtained nanoparticle MacTNP
can be activated and emit near-infrared fluorescence by
ROS in macrophage cells, which has great potential in selec-
tive NIR fluorescence imaging [88].

3.5. Macrophage- or Macrophage Membrane-Based Carrier.
Compared with freely drug administration, carrier-
mediated targeted drug delivery has been successfully used
for the systemic delivery of a variety of antiatherogenic drugs
with an enhancement in therapeutic efficacy and a reduction
in side effects. However, carrier clearance by the immune sys-
tem before reaching the targeted lesion is one of the major
obstacles to efficient drug delivery due to the rigorous deliv-
ery demands in vivo [89, 90]. Besides, the biocompatibility
and safety of artificially synthesized nanoparticles are much
lower than those of natural materials. Further, the intrinsic
sophisticated biofunctions of natural substances are difficult
to construct due to their exceptional complex structures. Cell
membrane coating carriers or cells have emerged as a prom-
ising therapeutic platform to evade the undesirable clearance
through the biomimetic camouflage [91, 92]. Thus, cell- or
cell membrane-based drug carriers have unique advantages
in target activity, which significantly improve the bioavail-
ability and reduce the side effects [93, 94]. A variety of che-
mokines in AS can be specifically recognized by
macrophage to realize targeted therapy, termed macrophage

homing. Thus, the macrophage membrane has been used to
build a biomimetic drug delivery system for targeting AS
with a good potential for accurate treatment of lesions,
which provides the possibility for the macrophage cell
membrane-based drug carrier with AS homing functions
[95, 96]. In order to combine the reconfigurability of
nanoparticles with the natural functions of cells, a drug
carrier has been creatively combined with macrophage or
macrophage membrane to construct the hybrid biomimetic
drug delivery systemwith the tailorable functions [93, 97, 98].
Besides, the biomimetic carrier has excellent biocompatibility
and low immunogenicity.

In the macrophage drug carrier, the drug loads into
macrophage mainly by in vitro incubation or in vivo direct
injection. The in vitro incubation method is involved in
adequately incubating macrophages with drugs in vitro
and subsequently reinjecting the cargo-loaded macrophage
carrier into the body for therapy. The in vivo direct injec-
tion method refers to a direct injection into the body
using the modified specific ligands or drug delivery sys-
tems with appropriate particle size to harvest the phago-
cytic macrophages as therapeutic medicament [99, 100].
Development of the macrophage targeting can enhance
the targeted cargo (diagnostic imaging and anti-
inflammatory drugs) delivery to atherosclerotic lesions for
diagnosis and therapy [101, 102]. Martinez et al. demon-
strated the ability of rhodamine-labeled lipid films rehy-
drated with macrophage proteins targeting activated
endothelia through CD11a and CD18, which both bind
to ICAM-1 [103]. Due to the increased circulation time
and homing capabilities, the platform may be loaded with
therapeutics with diverse physical properties and hence
show promise for use in magnetic resonance imaging
applications. Nevertheless, the former method of directly
loading drugs into macrophages has some deficiencies in
preparation, such as low loading efficiency, premature
drug release, and undesirable drug inactivation [61, 104,
105]. Therefore, the macrophage membrane-camouflaged
drug carrier has been developed by using the macrophage
membrane to further coat the drug carrier on the surface.
Due to the surface modification of the macrophage mem-
brane, the macrophage membrane carrier inherits the spe-
cific biological functions of the source cells, such as long
circulation and AS-relevant homing. This design strategy
lays the foundation for the development of the advanced cell
membrane-based nanotherapeutics against AS. Based on the
high affinity between α4β1 integrin and VCAM-1 in the
macrophage membrane, Cheng and Li constructed a biomi-
metic “core-shell” structured nanoparticle with PLGA “core”
and macrophage membrane “shell” to target drug delivery in
AS lesions [106]. The results indicated that macrophage
membrane-coated PLGA nanoparticle had a strong affinity
to the target receptor VCAM-1, which could effectively iden-
tify the target cells and target tissues in vivo. With the variety
of small molecules, biological macromolecules and tracer
probe loading, polymeric and inorganic nanoparticles, lipo-
somes, and abundant other bioactive carriers can be coated
using the macrophage membrane to enhance the advanced
theranostic application in AS (Figure 3).
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4. Conclusion and Perspectives

Due to severe chronic inflammation, an extremely long-term
administration has a high requirement for the efficacy and
safety of AS treatment. The novel therapies based on the
intrinsic cells are beneficial to reduce the undesirable
clearance and immune responses. Macrophages play a criti-
cal role in the formation and progression of the atheroscle-
rotic lesion. Artificially regulated or modified macrophages
have been widely used, including regulating macrophage
autophagy, inducing macrophage polarization, enhancing
the active target delivery to macrophages, responding to the
specific macrophage microenvironment for triggering drug
release, and engineering the macrophage- or macrophage
membrane-based drug carrier to efficiently manage AS lesion
using the biomimetic therapy. In future studies, engineered
macrophages with multifunctions will be further identified
to self-adapt the atherosclerotic lesion for satisfying the
advanced precision and personalized therapy. Therefore,
macrophage-based therapy represents a novel platform with
considerable potential for effective and safe AS management
in future research and clinic translation applications.
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Atherosclerosis is the main pathological basis for the occurrence of most cardiovascular diseases, the leading global health threat,
and a great burden for society. It has been well established that atherosclerosis is not only a metabolic disorder but also a chronic,
sterile, andmaladaptive inflammatory process encompassing both innate and adaptive immunity. Macrophages, the major immune
cell population in atherosclerotic lesions, have been shown to play critical roles in all stages of atherosclerosis, including the
initiation and progression of advanced atherosclerosis. Macrophages have emerged as a novel potential target for
antiatherosclerosis therapy. In addition, the macrophage phenotype is greatly influenced by microenvironmental stimuli in the
plaques and presents complex heterogeneity. This article reviews the functions of macrophages in different stages of
atherosclerosis, as well as the phenotypes and functions of macrophage subsets. New treatment strategies based on macrophage-
related inflammation are also discussed.

1. Introduction

Although much progress has been made in the diagnosis and
treatment of cardiovascular disease (CVD) in recent years,
CVD is still the leading cause of global morbidity and
mortality [1]. The pathological cause of most CVD events,
stroke, and peripheral arterial disease is atherosclerosis, thus
motivating a number of researchers to study the pathophys-
iology of atherosclerosis over the past decades. Atherosclero-
sis is a focal vascular disease characterized by intimal
thickening and plaque formation and mostly occurs at sites
notably with endothelial cell injury and disturbed laminar
flow [2]. Currently, it has been well established that athero-
sclerosis is both a component associated with metabolic dis-
order and a chronic inflammatory process in the arterial wall,
which is induced initially by the subendothelial deposition of
apolipoprotein B-containing lipoproteins (apoB-LPs) [3].
Macrophages, the major immune cell population in the arte-
rial plaques, have been suggested to play a central role in the
immune responses and progression of atherosclerosis
(Figure 1) [2, 4]. Macrophages primarily originate from cir-

culating monocytes and resident tissues. They are recruited
to the lesion site by adhering to activated endothelial cells
(ECs) and entering into the subendothelial cell space [5].
Then, macrophage proliferation becomes the predominant
replenishment mechanism in advanced plaques [6]. Within
the plaque, macrophages can take up lipid deposit particles
and transform into foam cells, which is one of the hallmark
events of the early atherosclerotic lesion [7]. These foam
cells further induce a cascade of inflammatory responses
that promote more lipoprotein retention, extracellular
matrix (ECM) modification, and sustained chronic inflam-
mation [8]. In addition, modified low-density lipoprotein
(LDL), such as oxidized LDL (oxLDL), further induces the
necrosis of foam cells, which can form a necrotic core, a
typical feature of the instability of advanced plaques, leading
to the rupture of plaques and further acute life-threatening
clinical cardiovascular events [9]. Studies have concluded
that increased lesional CD68+ macrophages are associated
with a higher risk of CVD and stroke events, while presenting
a weak relationship with stenosis [10, 11]. Therefore, clarify-
ing the macrophage-dependent inflammatory processes in
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atherosclerosis progression and exploring macrophage-
targeted strategies to reduce the residual risk of atheroscle-
rotic CVD have become a hot research topic in recent years.

The macrophage phenotype is shaped greatly by
microenvironment stimuli in the plaque, such as lipids, glu-
cose, cytokines, and hemorrhage, and displays great plasticity
[12]. Because complicated factors in the local milieu change
with disease progression, macrophages are spatiotemporally
heterogeneous. Traditionally, macrophages are classified into
proinflammatory and anti-inflammatory phenotypes, which
are well known as M1 and M2 phenotypes [13]. While in
the plaque, this classification is reported to be an oversimpli-
fication of reality. In addition to M1 and M2, other macro-
phage subsets with distinct functions that do not resemble
the M1/M2 transcriptomes and phenotypes have been
reported [12, 14–17]. In addition, not only lesional macro-
phages but also circulating monocytes as well as their
progenitor cells in the bone marrow are also stimulated by
proatherogenic factors, such as cellular cholesterol content,
and present great plasticity in genetic and epigenetic charac-
teristics [18]. Owing to these functional complexities,
although amply documented preclinical models are reported,

few clinical trials have been developed to therapeutically
target macrophages.

In this review, we will focus on the recent evidence on
macrophage pathophysiology, presenting an overall view of
the critical role of macrophages in different stages of athero-
sclerosis and their functional diversity. Moreover, we will
review and discuss the major clinical strategies to modify
macrophage-dependent chronic inflammation processes in
plaques. Finally, we will highlight macrophages as a potential
therapeutic target in atherosclerosis.

2. Origin of the Plaque Macrophage

Macrophages are considered to mainly originate from circu-
lating monocytes, which are derived from the bone marrow
[19] or spleen [20], which is widely known as the mononu-
clear phagocyte system (MPS). Monocytes in the circulation
are recruited to the specific tissue site by various inducers
such as tissue injury, pathogens, and proinflammatory cyto-
kines and chemokines. Based on thymidine pulse-labeling
animal models, van Furth et al. proposed that macrophage
population replenishment was mainly dependent on
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Figure 1: Roles of macrophages in different stages of atherosclerosis progression. Atherosclerosis is initiated by the subendothelial deposition
of lipids. Circulating monocytes are recruited to the lesion site by adhering to activated endothelial cells (ECs) and entering the subendothelial
cell space. Within the plaque, macrophages take up lipid deposit particles and transform into foam cells, forming early atherosclerotic lesions.
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monocyte recruitment [21]. Recently, this conclusion was
challenged by the results from genetic fate mapping studies
(tracing cell lineages) of tissue-resident macrophages, such
as Langerhans cells, lung alveolar macrophages, Kupffer cells,
and microglia [22–25]. These tissue-resident macrophages
are established during fetal development and mostly main-
tain and replenish themselves by proliferation [24].

Recently, lineage fate mapping studies of vascular smooth
muscle cells (VSMCs) in murine models demonstrated that
VSMC subsets with highly proliferative plasticity can also
transdifferentiate into macrophage foam cells [26]. This is
in accordance with the earlier findings that lesional foam cells
coexpressed VSMC markers [27, 28] and activation of the
transcription factor Kruppel-like factor 4 (KLF4) may be
the critical mechanism [29]. However, in vivo studies found
that these VSMC-derived macrophage-like cells are differ-
ent in transcriptional profiles and functions compared to
classical macrophage [29, 30], such as in phagocytosis or
efferocytosis [31].

In addition to exogenous replenishment, the progression
of advanced atherosclerotic lesions is mainly dependent on
local cell proliferation, which is involved in focal intimal
thickening of the human aorta and further contributes to
the progression of atherosclerosis [6, 32].

3. Macrophages in the
Initiation of Atherosclerosis

3.1. Monocyte-Endothelial Cell Adhesion. Monocyte-endo-
thelial cell adhesion plays a key role in the initiation of ath-
erosclerosis. Complicated signaling pathways are involved
in this process, and among them, the most notable pathway
is the interaction between P-selectin glycoprotein ligand-1
(PSGL-1) and selectins [33]. Activated lesional ECs express
P- and E-selectin [34, 35]. Selectins bind to the properly gly-
cosylated PSGL-1, their predominant ligand that is expressed
on monocytes and leukocytes [34, 35]. Selectin-PSGL-1-
mediated interactions promote the capture of both mono-
cytes and leukocytes onto the endothelium, activate integrins,
and induce monocyte activation [36, 37]. In addition to the
adhesion functions, PSGL-1 interacts with chemokine ligand
(CCL) 21 or CCL19 and efficiently attracts activated CD4+ T
cells to the vulnerable plaques [38, 39]. These CD4+ T cells
produce interferon- (IFN-) γ and tumor necrosis factor-
(TNF-) α and contribute to the proinflammatory environ-
ment. In accordance with these findings, knockout of
PSGL-1 in ApoE−/− mouse models showed less monocyte
and leukocyte infiltration in atherosclerotic lesions and
protection against atherosclerosis [40, 41]. Research based
on double knockout mouse models including P-selectin−/−A-
poE−/− and E-selectin−/−ApoE−/− mice also indicated
decreased atherosclerosis formation [42, 43].

The binding of selectins to their ligands allows mono-
cytes in circulation to be tethered and roll along the endothe-
lium, and the subsequent ligation of monocyte integrins with
vascular cell adhesion molecule 1 (VCAM1) or intercellular
adhesion molecule 1 (ICAM1) on the ECs constructs a firm
adhesion between monocytes or lymphocytes and ECs [33].
The most relevant integrin is very-late antigen 4 (VLA-4),

also known as α4β1 integrin [44], and is widely expressed
on monocytes and lymphocytes and can bind with VCAM1,
which is overexpressed on activated ECs [45]. When mouse
models lacking one of the two VCAM1 ligand binding sites
were double hit by LDL receptor knockout (LDLR−/−), the
mice developed reduced atherosclerotic lesions under a
proatherogenic diet [46]. Utilizing in vitro studies,
researchers found that after blockade of VLA-4 or VCAM1
by monoclonal antibodies, mononuclear cells rolled faster
along the carotid arteries isolated from ApoE−/− mice than
those in the control, and monocyte accumulation onto the
endothelium was reduced by over 70% [47, 48]. Activated
platelets on the inflamed endothelium also contribute to
monocyte-endothelial interactions via augmentation of
adhesion selection expression and secretion of proinflamma-
tory chemokines such as CCL5 [49]. In addition, C-C chemo-
kine receptor type (CCR) 2, CCR5, and CX3C chemokine
receptor 1 (CX3CR1) signals are indicated to contribute to
the migration of monocytes into arterial walls [50–52]. In
the ApoE−/− mouse model, inhibition of three pathways,
including CCL2, CX3CR1, and CCR5, almost abrogates mac-
rophage accumulation and atherosclerosis (90% reduction),
which is significantly more than the 28%, 36%, or 48% reduc-
tion in ApoE−/− CCL2−/−, ApoE−/− CX3CR1−/−, and ApoE−/−

CCL2−/− CX3CR1−/−murine models, respectively [50]. More-
over, IFN-β signaling also enhances macrophage-endothelial
cell adhesion and promotes immune cell infiltration to
atherosclerosis-prone sites in mice, leading to the accelera-
tion of lesion formation [53].

3.2. Macrophages and Foam Cells. After adhering to the ECs,
monocytes penetrate through ECs into the subendothelial
space and stay there because of their decreased migration
ability, hindering the resolution of inflammation. Driven by
prodifferentiation factors such as macrophage colony-
stimulating factor (M-CSF), monocytes give rise to macro-
phage- or dendritic cell- (DC-) like phenotypes. These cells
actively participate in scavenging lipoprotein particles and
turn into foam cells, which present cytoplasmic and
membrane-bound droplets, resulting in more accumulation
of oxLDL in the subendothelial space [54, 55]. Several
mechanisms have been proposed for this uptake process.
Scavenger receptors expressed on the macrophages, espe-
cially the type A scavenger receptor (SR-A) and a member
of the type B family, CD36, have been reported in early stud-
ies to be the main markers on lesional macrophages that
transform into foam cells [8, 56]. Blocking SR-A inhibits
the uptake of lipids and formation of foam cells, further pro-
hibiting the local proliferation of macrophages in the lesion
[6]. However, in triple knockout Apoe−/− CD36−/− Msr1−/−

mouse models, no decrease was observed in the foam cell
transformation compared with that of Apoe−/− mice, indicat-
ing that more mechanisms controlling this process remain to
be clarified [57]. Recently, more novel scavenger receptors
have been identified, such as LDL receptor-related protein 1
(LRP1) and lectin-like oxLDL receptor 1 (LOX1), which also
contribute to lipid uptake [58, 59]. Blocking LRP1 in lesional
macrophages has been proven to reduce the accumulation of
cholesterol in macrophages [59]. In contrast, liver X receptor

3Journal of Immunology Research



(LXR), which is activated by oxLDL, promotes the outflow of
cholesterol and reduces the expression of proinflammatory
factors in macrophages, thus exerting a favorable effect on
atherosclerosis [60]. In addition to oxLDL, Kruth et al. found
that foam cell transformation could also take place via intake
of native LDL independent of receptors [61]. This process is
called fluid-phase endocytosis and relies on the activation of
phorbol 12-myristate 13-acetate (PMA), the activator of
protein kinase C (PKC).

3.3. Macrophages and Proinflammatory Cytokines. Foam
cells secrete abundant proinflammatory cytokines and in
turn promote the accumulation and proliferation of circulat-
ing monocytes. Toll-like receptors (TLRs) have been proven
to play a critical role in inflammatory signaling cascades.
TLRs are essential pattern recognition receptors that mediate
innate immune responses during invading pathogen
invasion, such as viral and bacterial infection [62].
Phospholipid-CD36 binding on the lesional macrophages
induces TLR4/TLR6 heterodimer formation, followed by
activating downstream molecules, including myeloid
differentiation factor 88 (MyD88), interleukin (IL)-1, toll-
like receptor domain-containing adaptor (TRIF), and nuclear
factor of kappa B (NF-κB) [63]. In accordance with these
reports, studies based on the mouse model have demon-
strated that gene deletion of TLR2, TLR4, or MyD88 results
in a reduction in atherosclerosis [64–66]. Endothelial-
targeted blocking of NF-κB signals in the Apoe−/− mouse
model resulted in a reduction in recruitment of macrophages
to lesions [67]. Macrophage inflammasome signaling also
plays a role in atherosclerosis. Crystalline cholesterol
induces IL-1 family cytokines in macrophages by stimulat-
ing the caspase-1-activated nucleotide-binding domain and
leucine-rich repeat pyrin domain containing 3 (NLRP3)
inflammasome [68]. The NLRP3 inflammasome, as the
most well-known inflammasome, is essential for necrotic
core formation in advanced atherogenesis, and its silencing
protects the stabilization of atherosclerotic plaques [69].
Except for B cells, ECs, SMCs, and platelets also express
CD40 when induced by proinflammatory stimuli, such as
IL-1, IL-3, IL-4, TNF-α, and IFN-γ [70]. Gene-targeting
studies utilizing murine knockout models have established
that CD40L participates in lesion progression and throm-
bosis [71]. In vitro studies indicate that ligation of
CD40/CD40L stimulates proinflammatory cytokines and
cell adhesion factors in vascular endothelial cells [72].

4. Macrophages in Advanced Atherosclerosis

4.1. Macrophages and Fibrous Caps. Stable plaques with
intact fibrous caps rarely cause detrimental symptoms
owing to the preservation of the arterial lumen, which relies
on matrix metalloproteinase- (MMP-) mediated vascular
remodeling [73, 74]. A plaque becomes unstable when the
fibrous cap becomes thin and a necrotic core arises,
followed by its breakdown from the endothelia and further
acute, occlusive lumenal thrombosis, leading to thrombo-
embolic events such as heart attack or stroke and high
mortality [9].

Lesional macrophages promote the apoptosis of smooth
muscle cells (SMCs) in the plaque in several ways, including
cell-cell proximity [75] and activation of multiple cytotoxic
signals including Fas-L, nitric oxide (NO), and TNF-α
[76, 77], thus predisposing the plaque to rupture. Collagen
synthesis by intimal SMCs is also reduced due to decreased
macrophage-derived TGF-β [78, 79]. In addition, lesion
macrophages promote extracellular matrix (ECM) remodel-
ing by producing MMPs, especially MMP-2 and MMP-9,
which can induce ECM protein degradation, thinning of
the fibrous cap, and the formation of rupture-prone plaques
[80]. Notably, different MMP members may play divergent
roles during the atherosclerosis process, and MMPs present
a dual role in this progression by promoting the migration
and proliferation of vascular smooth muscle (VSMC) in the
early stage while accelerating plaque instability by matrix
destruction in advanced atherosclerosis [81]. For example,
Gough et al. found that overexpression of an activated
MMP-9 mutant (MMP-9 G100L) contributed to fibrous
cap disruption, thrombus formation, plaque rupture, and
mouse mortality in an Apoe−/− mouse model [82]. However,
Johnson et al. observed a contradictory unfavorable effect on
plaque size and stability when MMP-9 was knocked out in an
Apoe−/− mouse model [83]. Therefore, more studies of MMP
knockout or overexpression are needed to resolve the dispute
that most likely results from differences in sites and stages of
plaque development, assessment of plaque instability, dietary
treatment, and mouse model strains. In addition, limitations
such as utilization of indirect evidence as an endpoint for pla-
que rupture and a lack of acute lumenal thrombosis similar to
that in human lesions in previous mouse model studies also
restrain the application of these findings for clinical trials.

4.2. Macrophages and Necrotic Cores. The second feature of
advanced plaques is the formation of necrotic cores. Gener-
ally, the necrotic core of a plaque is a hallmark of plaque vul-
nerability and contributes to nonresolving inflammation,
thrombosis, fibrous cap breakdown, and plaque rupture [9].
The necrotic core is mainly composed of apoptotic lesional
macrophages and defective phagocytic clearance [84]. A
number of signals participate in necrotic core formation,
including growth factor deprivation, oxidative stress, and
death receptor activation by ligands [2]. In Apoe−/− mice,
IFN-β not only induces the recruitment of macrophages to
the lesion but also contributes to cell apoptosis and further
necrotic core formation [53]. Similarly, oxLDL-CD36
complex-triggered TLR2-dependent signaling promotes the
initial proinflammatory environment and further induces
apoptosis of endoplasmic reticulum- (ER-) stressed macro-
phages [56].

ER stress, primarily the unfolded protein response
(UPR), is a novel apoptotic mechanism discovered in recent
years and has been proven to play critical roles in proathero-
sclerotic inflammation, necrotic core formation, and athero-
sclerosis plaque progression [85]. Factors associated with
cardiovascular diseases are reported to be potent inducers
of prolonged ER stress, including insulin resistance and obe-
sity [86–88]. The expression of the UPR effector, C/EBP
homologous protein (CHOP), shows a strong correlation
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with the progression of human coronary artery lesions [89],
and knockdown of CHOP expression in vitro decreases ER
stress-dependent cell death [90, 91]. In addition, considerable
studies have highlighted that ER stress is involved in the
inflammation processes within the lesion through manipu-
lating a variety of regulators, such as suppressing NF-κB
signaling and activating activator protein-1 (AP-1), Jun
amino-terminal kinases (JNK), spliced X-box binding pro-
tein 1 (XBP1), and reactive oxygen species (ROS) [92–95].
In addition, prolonged ER stress and abnormally activated
UPR are also related to overactive autophagy, causing SMC
and EC death and finally leading to a thinner fibrous cap
[96]. In vitro studies indicated that nitric oxide (NO) donors,
such as Molsidomine, spermine NONOate, or S-nitroso-N-
acetylpenicillamine (SNAP), can preferentially eliminate
macrophages in an ER stress-dependent manner and favor
the stability of plaques [95].

In advanced lesions, macrophage apoptosis is followed by
defective efferocytosis, which is the key driver for necrotic
core formation [97]. Compared with the normal tonsil tissue
in which each of the apoptotic cells was associated with a
phagocyte, there were many free apoptotic cells in the
advanced lesion [97]. Several mechanisms are proposed to
contribute to this efferocytosis failure, including changes in
the phenotypes of plaque cells that express markers such as
CD47 and are poorly internalized by lesional efferocytes
[98], reduced “eat me” signal calreticulin on the apoptotic
cells [99], competition between the apoptotic cells and
oxLDLs in binding to efferocytosis receptors [100], oxidative
stress-induced efferocyte death [101], and the deficient
expression and function of efferocytosis receptors as well as
their bridging molecules such as MerTK-Gas6 [102]. Block-
ing CD47 and protecting MerTK on apoptotic macrophages
to enhance efficient efferocytosis are potential strategies to
ameliorate atherosclerosis in multiple mouse models [98].
Although the above studies give us some suggestions, the spe-
cific mechanisms of efferocytosis failures remain unknown
and require careful assessment with in vivo and in vitro
genetic causation testing in the future.

5. Macrophage Functional
Diversity in Atherosclerosis

5.1. M1 and M2 Macrophages. As with the well-established
T cell polarization system that is based on transcriptome,
phenotype, and function, lesional macrophages are greatly
influenced by the microenvironment signals and are
polarized into different classes with diverse phenotypes
and functions (Figure 2) [12]. Accurate research on
macrophage differentiation and heterogeneity is limited
by macrophage instability during the isolation process
and phenotype differences between animal models and
humans.

In the simplified dichotomy, immune-activated proin-
flammatory macrophages (M1) and immunomodulatory
alternatively activated macrophages (M2) are the most classi-
cal classification, mirroring the two types of T helper cells
(Th1 and Th2), and represent the extreme phenotypes of
the complicated activation states [103]. M1 macrophages

are typically polarized by Th1 cytokines, such as interferon
(IFN-γ) and TNF and pathogen-associated molecular
complexes (PAMPs), including lipopolysaccharides and lipo-
proteins [12]. Granulocyte macrophage colony-stimulating
factor (GM-CSF) also promotes a proinflammatory M1 state
through interferon regulatory factor 5 (IRF5) [104]. M1 mac-
rophages produce high levels of proinflammatory cytokines,
such as IL-6, IL-12, IL-23, TNF-α, and IL-1β, and Th1
recruitment-associated chemokines, such as CXCL-9,
CXCL-10, and CXCL-11, and low levels of IL-10 [105, 106].
However, chronic M1 macrophage activation can also induce
the NADPH oxidase system and subsequently generate ROS
and NO, inducing chronic tissue damage and impairing
wound healing [107]. At this point, M2macrophages are nec-
essary to counterbalance the proinflammatory response and
function to modulate inflammation, scavenge apoptotic cells,
accelerate angiogenesis and fibrosis, and promote tissue
repair [108]. M2 macrophages are mainly induced in
response to Th2-related cytokines, including IL-4, IL-33,
and IL-13 [108]. Activated M2 macrophages are immuno-
modulatory and characterized by low levels of IL-12 and high
levels of anti-inflammatory cytokines such as IL-10 and
TGF-β and chemokines CCL17, CCL22, and CCL24 [14].
In fact, according to the differences in activation cues and
gene expression profiles, M2 macrophages can be further
divided into four subgroups, M2a, M2b, M2c, and M2d
[14, 109]. M2a macrophages are induced by IL‐4 and IL‐13
and are characterized by high levels of CD206 and IL-1
receptor antagonist; M2b macrophages are an exception
and are induced by immune complexes, IL‐1β and PAMPs,
and produce both proinflammatory cytokines IL-1, IL-6,
and TNF-α and the anti-inflammatory cytokine IL-10; M2c
macrophages are the most prominent anti-inflammatory
subtype and are induced by IL‐10, TGF‐β, and glucocorti-
coids and produce IL‐10, TGF‐β and pentraxin 3 (PTX3);
last, M2d macrophages are induced by TLR signals and char-
acterized by angiogenic properties, playing a role both in pla-
que growth and tumor progression. Activation of the
peroxisome proliferator-activated receptor γ (PPAR-γ) and
signal transducer and activator of transcription 6 (STAT6)
pathways is the main signal for M2 polarization [109, 110].
M1 and M2 macrophages present at different regions of the
plaque: M1 macrophage marker staining is mostly confined
to the shoulder of rupture-prone plaques, one of the most
unstable areas within the plaque, while M2 macrophage
markers are mainly present in the vascular adventitia or
regions of stable plaques [111]. M1 macrophages are also
more abundant in the lesions of infarction and CAD patients
than M2 macrophages [112, 113].

5.2. Other Macrophage Phenotypes. Along with a deep under-
standing of the phenotypes and functions of lesional macro-
phages, it has been clearly proven that the M1-M2 dichotomy
does not actually reflect the complicated subsets of macro-
phages in atherosclerosis (Figure 2) [4, 12, 111]. Stimuli vary
spatiotemporally and drive malleable macrophages into a
broad spectrum of activation states, rather than a stable
analogous polarization, which might be the reason for the
difficulty in keeping phenotypes of isolated macrophages
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stable. A novel way to classify macrophages is by stimulus:
e.g., M(IFN-γ), M(IL-4), and M(IL-10). Recently, Piccolo
et al. induced macrophages by dual stimulation with IFN-γ
and IL-4, which are the inducers for M1 and M2 phenotype
macrophages, respectively, and found that costimulation
with two opposite stimuli drove macrophages to an interme-
diate state that we could call M(IFN-γ-IL-4) and displayed
both M1- and M2-type specific gene transcriptome signa-
tures [114]. In addition to M1-M2, oxidized phospholipids
can induce macrophages to a Mox phenotype via activation
of the transcription factor Nrf2 in mouse models [15]. Mox
macrophages constitute approximately 30% of the total mac-
rophages in advanced atherosclerotic lesions, and these cells
express proinflammatory markers, such as IL‐1β and cyclo-
oxygenase 2, and display defective phagocytic and chemotac-
tic capacities [15]. Rupture of microvessels within the lesion
releases erythrocytes, which can be phagocytosed by macro-

phages and then induce them into M(Hb) and Mhem pheno-
types [16, 17]. M(Hb) macrophages can be induced in vitro
by hemoglobin-haptoglobin complexes and present a
CD206+ CD163+ phenotype. M(Hb) macrophages have
increased activity of LXR‐α, which results in increased cho-
lesterol efflux and reduced lipid accumulation, increased fer-
roportin expression, which leads to reduced intracellular iron
accumulation, and increased secretion of anti-inflammatory
factors such as IL-10. The Mhem phenotype is polarized by
heme and is characterized by increased expression of cyclic
AMP‐dependent transcription factor- (ATF-) 1 and heme
oxygenase 1 (HO‐1) and suppressed oxidative stress or lipid
accumulation, sharing similar properties with H(Hb) macro-
phages. Both M(Hb) and Mhem cells are hemorrhage-
associated phenotypes that are generally resistant to transfor-
mation to foam cells, suppressing oxidative stress and poten-
tially serving atheroprotective roles. C‐X‐C motif chemokine

Macrophages

M1 macrophages

M2 macrophages

Mhem macrophages

M(Hb) macrophages

Th1 cytokines (IFN-𝛾, TNF) and PAMPs
GM-CSF→IRF5/STAT5 Pro-inflammatory

Haem

Th2 cytokines (IL4, IL33 and IL13)
PPAR-𝛾/STAT6

Anti-inflammatory

Resistant to lipid uptake
Suppressing oxidative stress

Hb

Mox macrophages

 Oxidized phospholipids

M4 macrophages

Pro-atherosclerosis
Pro-inflammatory

CXCL4

Reduced phagocytosis 
Pro-inflammatory

Figure 2: Macrophage subsets in the atherosclerotic lesion. M1 proinflammatory and M2 anti-inflammatory macrophages are polarized by
Th1 and Th2 cytokines, respectively. Haem-induced phenotypes including M(Hb) and Mhem are M2-like and show anti-inflammatory
effects such as resistant to lipid uptake and suppressing oxidative stress. Intermediate phenotypes Mox and M4 display reduced capacity
for phagocytosis and are potentially proinflammatory by expressing proatherogenic markers. Abbreviations: CXCL4: C-X-C motif
chemokine 4; GM-CSF: granulocyte macrophage colony-stimulating factor; IFN-γ: interferon-γ; IL: interleukin; IRF: interferon regulatory
factor 5; PAMPs: pathogen-associated molecular complexes; STAT: signal transducer and activator of transcription; TNF: tumor necrosis
factor.
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4 (CXCL-4) chemokine induces M4 phenotype macrophages
in human atherosclerotic plaques, which are CD163− and
characterized by expression of MMP-7 and the calcium-
binding protein S100A8 and presentation of proinflamma-
tory and proatherogenic properties [115]. Interestingly, M1,
M2, and hemorrhage-associated phenotypes can switch
between one another, while the M4 macrophage phenotype
seems to be irreversible [115].

6. Monocyte Phenotypes in Atherosclerosis

Similar to macrophages, their precursor cells, monocytes, are
also induced into distinct phenotypes in the circulation
before recruitment to the artery [18]. Three subsets are
reported based on the expression of CD14 and CD16: classi-
cal, nonclassical, and intermediate monocytes. Classical
monocytes are CD14++ CD16- in humans and Ly6C++

CCR2+ CX3CR1+ in mice [116]. Classical monocytes are
the majority of total monocytes, have proinflammatory fea-
tures, and differentiate into macrophages and DCs [117].
Nonclassical monocytes are CD14+ CD16++ in humans and
Ly6C- CCR2- CX3CR1++ in mice, circulate longer in the
blood, present more M2-like properties, and may counterbal-
ance the classical subsets [116]. Intermediate monocytes are
the remaining CD14++ CD16+ subset and account for
approximately 5% of the total monocyte population.
Although the intermediate phenotype is the smallest subset
population, most studies find positive relationships between
this subtype and CVD events and plaque thinning [118]. This
may be due to their CD11c integrin expression and stronger
capacity to adhere to endothelium than the other two subsets
[119]. Consistent with these results, a recent study utilized a
novel experimental technique, time-of-flight mass cytometry,
to analyze the phenotypes human monocyte subsets in
CVD lesions and found that the percentage of intermedi-
ate and nonclassical monocytes was increased in the high
CVD risk group [120]. It is reasonable to assume that dif-
ferent monocyte subsets might differentiate into distinct
macrophages and further contribute to the formation of
corresponding plaques with different vulnerabilities. How-
ever, thus far, no corresponding evidence is available to
validate this hypothesis.

7. Therapeutic Strategies Targeting
Macrophage-Dependent Inflammation

7.1. Antiatherosclerotic Biomarker Strategies. The traditional
strategy to reduce CVD risk mostly focuses on the control
of blood lipids, such as traditional drug statins, and antiplate-
let therapy. Lowering blood lipids results in a decrease in
both apoB-LP deposition and subsequent monocyte/ma-
crophage infiltration [121, 122]. Recently, novel targeted
drugs inhibiting proprotein convertase subtilisin-kexin type
9 (PCSK9), Evolocumab [123] and Alirocumab [124, 125],
emerge as an add-on therapy for lowering LDL levels, both
of which could prevent LDL receptor degradation, promote
LDL clearance, and further reduce the risk of CAD events.
Another cholesterol modulation agent, inhibition of the cho-
lesteryl ester transfer protein (CETP), such as anacetrapib,

reduces the risk of CAD in statin-treated patients [126] by
raising high-density lipoprotein (HDL) and lowering LDL
level [127].

With a deep understanding of the nature of atherosclero-
sis as chronic inflammation and the fact that macrophages
are involved throughout the entire process of atherosclerosis,
including lesion initiation, progression, advanced lesion
necrosis, and plaque breakdown (Figure 1), strategies to
modulate the proinflammatory environment in the lesion,
macrophage-related responses in particular, have emerged
as promising additive therapies. Notably, in addition to
the LDL downregulating effect, PCSK9 inhibitors also
show anti-inflammatory effects via both LDL receptor-
dependent and independent pathways [128]. PCSK9 is
normally expressed on atherosclerotic cells, including
monocytes/macrophages, ECs, and VSMCs, and promotes
the proinflammatory environment [129–131]. In PCSK9
knockout or overexpression mouse models, inflammatory
cytokines such as TNF-α, IL-6, and monocyte chemoat-
tractant protein-1 (MCP-1) are negatively correlated with
PCSK9 expression [129, 130, 132].

Studies in vitro and in mice models have explored an
abundance of plausible antibodies or inhibitory molecules
targeted on proatherosclerotic biomarkers, such as adhe-
sion molecules, scavenger receptors, efferocytosis-related
receptors, ER stress signaling, oxidants, and macrophage
inflammation. However, most strategies are far from being
translated into therapeutic drugs. Several clinical trials
have been undergoing targeting critical cytokines and che-
mokines involved in macrophage inflammation, such as
CCR2, CX3CR1, TNF-α, IL-1β, and IL-6 [133]. CCR2
blockade MLN1202 [134], IL-6 receptor antagonist toci-
lizumab [135] (NCT02659150), IL-1β inhibitor Canakinu-
mab (NCT01327846 [136]), and IL-1 blocker anakinra
[137] are all demonstrated to lower blood C-reactive protein
(hsCRP) levels, which is a reliable marker of proatherogenic
inflammation. Canakinumab was indicated to reduce the
CAD risk with a dose-dependent feature [136], and patients
treated with Canakinumab who achieved hsCRP concentra-
tions less than 2mg/L benefited a 25% reduction of CVD risk
[138]. Treatment with TNF-α blockers etanercept or inflix-
imab and methotrexate is associated with nearly 30%
lower CVD risk among patients with rheumatoid arthritis
[139]. Antioxidant therapy such as febuxostat, an inhibitor
of xanthine oxidase, also functions partly through effects
on macrophages [140]. Antioxidant therapy could modify
the process of atherogenesis by preventing oxidation of
LDL, formation of ROS, and subsequent release of inflam-
matory cytokines in macrophages [141]. Clinical trials tar-
geting other molecules, including CX3CR1, IL-12, LXR,
IRF5, and PPAR-γ, are still on the way and have not
reached any conclusion.

Notably, macrophage-related proatherosclerotic inflam-
matory responses are not easily distinguished from host
defense, so therapeutic measures are likely to cause increased
susceptibility to infections. The local target-based delivery
systems would possibly lessen this problem by improving
the drug efficacy. Anti-inflammatory biomarker drugs such
as antibodies and siRNA carried by nanoparticles (NPs)
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[142] or stents [143, 144] have been applied in animal models
and in vitro studies to electively clear macrophage-related
inflammation.

7.2. Strategies Targeting Macrophages. Antiatherosclerotic
biomarkers or lipid modulation strategies are nonspecific
measures that suppress the functions of macrophages and
other cells in the plaque, such as SMCs and ECs. However,
therapies directly and specifically targeting macrophages are
scarce, and studies have thus far been preclinical work, possi-
bly owing to the complicated phenotypical and functional
heterogeneity of lesional macrophages.

Currently, novel drug delivery systems such as NPs,
stents, liposomes, glucan shell microparticles, oligopeptide
complexes, and monoclonal antibodies make it possible to
selectively modify macrophages. Macrophage surface
markers such as F4/80, CD11b, CD68, CD206, and scavenger
receptors provide unique targets for all macrophages or dif-
ferent subsets [145]. Coupled with surface coating receptors
or depending on their chemical properties, these systems
could deliver drugs or RNAi to local atherosclerotic plaques
or specific macrophage subsets and exert modifications with
minimal off-target effects and toxicity [146]. Once in proxim-
ity to or inside of the macrophages, diverse approaches could
be applied to modulate macrophages, including inducing cell
apoptosis [147], inhibiting cell proliferation [148], and intro-
ducing anti-inflammatory agents [149]. Verheye et al. found
that the rapamycin inhibitor everolimus delivered to plaques
in a stent-based rabbit model led to autophagy in macro-
phages without affecting the number of SMCs [143]. In a
high-fat diet mouse model, clodronate liposome injection
effectively depleted visceral adipose tissue macrophages and
blocked high-fat diet-induced weight gain and metabolic dis-
orders [150]. Stoneman et al. explored the effect of total mac-
rophage- and blood monocyte-targeted ablation by building
a CD11b-diphtheria toxin (DT) receptor (DTR) transgenic
mouse model via administration of DT [151]. Plaques were
remarkedly reduced when DT was given at the initiation time
of atherogenesis, while established plaques were not affected
by DT, even though macrophages were reduced to a similar
level, which suggests that the atherogenesis process is more
sensitive to reduced monocytes/macrophages than stable pla-
ques [50]. Unfortunately, although promising, all evidence
has been developed in vitro or in animal models, and further
studies are needed for more novel drugs and clinical
translation.

In addition to the removal of macrophages, influenc-
ing macrophage polarization to an anti-inflammatory
phenotype, M2 macrophages, rather than the M1 pheno-
type, is another option [152]. Any factor affecting M2
polarization signals might be a potential target. For exam-
ple, inhibitors of dipeptidyl peptidase (DPP), such as glip-
tins and sitagliptin, are suggested to be able to promote
M2 polarization in vitro via SDF-1/CXCR4 signaling
[153]. Thiazolidinediones (TZDs), such as rosiglitazone
and pioglitazone, activators of PPAR-γ, can promote
monocytes to polarize to the M2 phenotype by modifying
the expression of M2 markers, such as mannose receptor
(MR) and CD163 [110].

8. Conclusions and Perspectives

Macrophages, the major immune cell population in arterial
plaques, have been proven to play critical roles in the initia-
tion and progression of atherosclerosis. Lesion-derived sig-
nals induce macrophages into complicated subsets with
distinct gene expression profiles, phenotypes, and functions.
Based on these results, several strategies are suggested,
including blocking proinflammatory cytokines and chemo-
kines, activating anti-inflammatory macrophages, depolariz-
ing macrophages, and enhancing efferocytosis.

Although a number of studies have confirmed the critical
functions of macrophages in atherosclerosis, many impor-
tant problems remain unsolved. For example, the origins of
macrophages from different organs or systems differ greatly,
yet little is known about the proportions of proliferating res-
ident macrophages or macrophages derived from circulating
monocytes. This has important implications for the effective-
ness of targeted drug therapy. In addition, the exact reason
for the relation between intermediate monocytes and prog-
nosis in CVD patients also needs to be clarified, as well as
the functions of classical and nonclassical monocytes. In
addition, more advanced techniques such as mass cytometry
and single cell sequencing are needed to fully and more accu-
rately characterize macrophage subsets and exploit novel
therapeutic targets. Finally, much research is still needed
before translating preclinical strategies directly targeting
macrophages into clinical practice, including specific
macrophage-targeted drugs and other targets, such as genetic
modification.
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Aims. To date, the ROS-generating capacities of macrophages in different activation states have not been thoroughly compared.
This study is aimed at determining the nature and levels of ROS generated following stimulation with common activators of M1
and M2 macrophages and investigating the potential for this to impact fibrosis. Results. Human primary and THP-1
macrophages were treated with IFN-γ+LPS or IL-4-activating stimuli, and mRNA expression of established M1 (CXCL11,
CCR7, IL-1β) and M2 (MRC-1, CCL18, CCL22) markers was used to confirm activation. Superoxide generation was assessed by
L-012-enhanced chemiluminescence and was increased in both M(IFN-γ+LPS) and M(IL-4) macrophages, as compared to
unpolarised macrophages (MΦ). This signal was attenuated with NOX2 siRNA. Increased expression of the p47phox and
p67phox subunits of the NOX2 oxidase complex was evident in M(IFN-γ+LPS) and M(IL-4) macrophages, respectively. Amplex
Red and DCF fluorescence assays detected increased hydrogen peroxide generation following stimulation with IL-4, but not
IFN-γ+LPS. Coculture with human aortic adventitial fibroblasts revealed that M(IL-4), but not M(IFN-γ+LPS), enhanced
fibroblast collagen 1 protein expression. Macrophage pretreatment with the hydrogen peroxide scavenger, PEG-catalase,
attenuated this effect. Conclusion. We show that superoxide generation is not only enhanced with stimuli associated with M1
macrophage activation but also with the M2 stimulus IL-4. Macrophages activated with IL-4 also exhibited enhanced hydrogen
peroxide generation which in turn increased aortic fibroblast collagen production. Thus, M2 macrophage-derived ROS is
identified as a potentially important contributor to aortic fibrosis.

1. Introduction

Macrophages are key cells of the innate immune system and
their activation and function is important in tissue homeo-
stasis, disease pathogenesis, and immune regulation [1].
Macrophages exist as a heterogeneous population, continu-
ally responding to local microenvironment cues [2]. Over
recent years, research has explored the generally opposing
roles of two broad populations of macrophage, the “classi-
cally activated” proinflammatory M1 macrophage and the
“alternatively activated” M2 macrophage. Representing
either ends of a spectrum of activation or “polarisation,”
M1 and M2 macrophages are thought to play predominant
roles in inflammation and tissue repair, respectively,

although this paradigm is now considered overly simplified
[1–3]. It is now recognized that the precise stimuli for activa-
tion are important in determining the characteristics and
expression profiles of activated macrophages, which can vary
greatly across different in vitro and in vivo contexts [3].
Nonetheless, understanding how macrophages respond to
different cytokines and factors in the microenvironment
can inform on their contribution to various disease states
and identify new therapeutic targets. To date, the reactive oxy-
gen species (ROS)-generating capacities of macrophages in
different activation states have not been thoroughly compared.

The initial infiltration of macrophages to a site of
injury leads to the generation of proinflammatory cyto-
kines and ROS. Whilst this defense mechanism contributes
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to microbial killing, it also exacerbates inflammatory dis-
ease. M1 macrophages which are activated by these proin-
flammatory cytokines (e.g., IFN-γ) play a predominant
role in this setting, and a contribution of ROS to these
processes is evident [4]. Thus, M1 macrophage-derived
superoxide, together with inducible nitric oxide synthase
(iNOS)-derived nitric oxide (NO), can lead to the genera-
tion of the powerful oxidant, peroxynitrite. Whilst peroxy-
nitrite is central to pathogen killing, it can also cause
oxidation and nitration of proteins and lipids. Importantly,
the ROS-generating capacity of M1 macrophages is reliant
predominantly on the activity of the NOX2 isoform of the
NADPH oxidase (NOX) family of enzymes which is highly
expressed in macrophages. Inflammatory stimuli increase
the expression and activity of NOX2 oxidase as an impor-
tant mechanism of microbial killing [5–7]. Given their
well-recognized ROS-generating capacity [8, 9], M1 macro-
phages have been shown to contribute to inflammation-
associated organ damage [10], observed in diseases such
as hypertension, diabetes, and kidney disease [11–13].

In the later phases of the disease process, macrophages
release anti-inflammatory molecules and growth factors
and promote healing and regeneration. Whilst initially bene-
ficial, the healing process becomes pathological when it is
continuous, leading to remodeling of the extracellular matrix.
Macrophages recruited for these processes, termed “M2” or
“alternatively activated” macrophages, are commonly acti-
vated by Th2 cytokines, anti-inflammatory cytokines, and
growth factors [1]. This is of particular relevance in the set-
ting of hypertension in which we have demonstrated the
accumulation of M2macrophages, as indicated by expression
of the marker CD206 (also known as MRC-1), in the vessel
wall associated with aortic stiffening and increased collagen
deposition [14]. The profibrotic effects of M2 macrophages
are generally attributed to their ability to generate transform-
ing growth factor-β (TGF-β) and platelet-derived growth
factor (PDGF) [1, 15], thereby promoting differentiation of
fibroblasts to collagen-generating myofibroblasts [16, 17].
Of note, M2 macrophages also express NOX2 oxidase and
have the capacity to generate ROS [18]. As such, it is possible
that their generation of ROS, particularly hydrogen peroxide,
may also contribute to this profibrotic response. Evidence in
support of this concept comes from the observation that
NOX-derived superoxide can be rapidly converted to hydro-
gen peroxide, which has been shown to directly stimulate
collagen production and myofibroblast differentiation of
fibroblasts in vitro [19]. Furthermore, the profibrotic effect
of coculturing pulmonary fibroblasts with macrophages was
shown to be reduced in the presence of the NOX inhibitor
apocynin [20]. Thus, ROS may represent a novel mediator
of the remodelling actions of M2 macrophages observed in
fibrotic diseases, such as lung fibrosis, muscular dystrophy
[21, 22] and the aortic stiffening associated with hyperten-
sion [14].

To date, it has been generally assumed that M1 macro-
phages have an enhanced oxidative capacity [2, 8, 9], con-
tributing to their proinflammatory properties and tissue
damaging effects. Hence, ROS generation is considered an
“M1” function. However, no studies have directly compared

the oxidative capacity, NOX2 activity, and the nature of the
ROS generated by M1 and M2 macrophages. Whether the
amount and type of ROS generated impacts on their func-
tions in disease, particularly with regard to fibrosis, remains
to be determined. Inconsistency in the terminology and def-
inition of macrophage subsets and limitations in translation
between in vitro and in vivo macrophages has recently been
acknowledged [3]. This study is aimed at elucidating whether
macrophages stimulated with commonly used Th1 (IFN-γ
and LPS) versus Th2 (IL-4) stimuli exhibit a differential
capacity to generate ROS. We also aim to compare the nature
of the ROS generated and investigate whether this may, in
turn, influence their profibrotic capacity. These macrophages
will be referred to as M(IFN-γ+LPS) and M(IL-4) according
to the recommendations from Murray et al. [3].

2. Materials and Methods

2.1. Primary Human Monocyte Isolation. Primary human
monocytes were isolated from healthy blood donor buffy
coats (Australian Red Cross Blood Service, Melbourne, Aus-
tralia). Buffy coats were mixed with phosphate-buffered
saline (PBS; without Ca2+or Mg2+; Sigma-Aldrich) supple-
mented with 0.5% fetal bovine serum (FBS; Sigma-Aldrich)
and 2mM ethylenediaminetetraacetic acid (EDTA; Sigma-
Aldrich) and layered onto Ficoll-Paque PLUS (GE Health-
care no. 17-144) for density gradient centrifugation (400 g,
40 minutes, acceleration = 1, deceleration = 0). The periph-
eral blood mononuclear cell (PBMC) layer was collected
and monocytes isolated using a human pan monocyte isola-
tion kit (Miltenyi Biotec no. 130-096-537), according to the
manufacturer’s instructions. The purity of the monocyte
population was confirmed to be at least 85% as determined
by flow cytometry using CD14+/CD16+ expression.

2.2. Monocyte to Macrophage Differentiation and
Macrophage Activation. The THP-1 human monocytic cell
line was supplied by Dr. Meritxell Canals (Monash Insti-
tute of Pharmaceutical Sciences, Parkville, Australia).
THP-1 cells were cultured in high-glucose RPMI 1640
medium (Gibco Life Technologies), supplemented with
10% heat-inactivated FBS and grown in T75 tissue culture
flasks in a humidified incubator maintained at 37°C with 5%
CO2 (Sanyo MCO-18AIC CO2 incubator, Quantum Scien-
tific). THP-1 monocytes were passaged every 3-4 days and
seeded on 6-well plates (1 × 106 cells/well) for RNA and pro-
tein extraction or 96-well plates (5 × 104 cells/well) for super-
oxide and hydrogen peroxide detection. THP-1 monocytes
were differentiated to macrophages (MΦ) via the addition
of 100nM phorbol-12,13-dibutyrate (PDBu, Calbiochem)
for 24 hours. THP-1 macrophages were subsequently left
untreated (MΦ) or treated with either a combination of
5 ng/ml interferon-γ (IFN-γ; Sigma-Aldrich no. I3265) and
10ng/ml lipopolysaccharide (LPS; Sigma-Aldrich no.
L2630, E. coli 0111:B4 strain) or with 25 ng/ml interleukin-
4 (IL-4; Sigma-Aldrich no. I4269), for 24, 48, or 72 hours
for PCR, western blotting, and ROS detection. A subset of
macrophages were treated in the presence of 100 nM NOX2
siRNA (Santa-Cruz no. sc-35503) or missense siRNA
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(control siRNA-A; Santa-Cruz no. sc-37007). These cells
were transfected using Lipofectamine RNAiMAX (Gibco Life
Technologies) in opti-minimum essential medium (Opti-
MEM, Gibco Life Technologies) for 6 hours prior to polarisa-
tion in complete RPMI 1640 culture medium.

Isolated donor blood-derived primary monocytes
(1 × 106 cells/ml) were differentiated into macrophages by
culturing for 7 days in RPMI 1640 GlutaMAX medium
(Gibco Life Technologies), supplemented with 10% FBS, 1×
antibiotic/antimyotic (Gibco Life Technologies, USA),
1mM sodium pyruvate (Sigma-Aldrich), 1× nonessential
amino acids (NEAA; Gibco Life Technologies), and 50ng/ml
macrophage colony-stimulating factor (M-CSF; Miltenyi
Biotec no. 130-096-491). Following a 7-day macrophage dif-
ferentiation, human primary macrophages were either left
untreated (MΦ), treated with 100 ng/ml LPS and 20ng/ml
IFN-γ, or treated with 25ng/ml IL-4 in the absence of
M-CSF. Cells were treated for either 3, 6, or 24 hours
for real-time PCR or for 24 hours for western blotting and
L-012-enhanced chemiluminescence.

2.3. Aortic Fibroblast Coculture with M(IFN-γ+LPS) or
M(IL-4) Macrophages. Primary human aortic adventitial
fibroblasts (AoAF; Lonza no. CC-7014; Lonza) were grown
in Stromal Cell Growth Medium (SCGM; Lonza no. CC-
3205), containing 5% FBS and used from passages 2 to
8. Fibroblasts were maintained in T-75 flasks in a humid-
ified incubator at 37°C with 5% CO2. Once confluent,
AoAFs were passaged in SCGM using Trypsin-EDTA solu-
tion (Lonza no. CC-5012) for cell detachment. For coculture
experiments, THP-1 macrophages were first stimulated with
IFN-γ/LPS or IL-4 for 72 hours in complete RPMI 1640
medium in 24-well cell culture inserts (0.4μm pore,
<0:85 × 108 pores/cm2, 5 × 104 cells/insert; Thermo Fisher
Scientific). The THP-1 medium was replaced with serum-
free RPMI 1640 medium, and the inserts were transferred
to wells with AoAF (5 × 104 cells/well) in serum-free SCGM.
THP-1 macrophages were stimulated with 10μM PDBu in
the presence or absence of 1000U/ml PEG-catalase
(Sigma-Aldrich no. C4963), and the cultures incubated for
further 24 hours before lysates were harvested for western
blotting.

2.4. RNA Extraction and Real-Time PCR. Total RNA was
extracted from macrophages using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions.
RNase-free DNase (Qiagen) was used to remove any con-
taminating DNA. The amount of RNA in each sample was
quantified using the NanoDrop 1000D spectrophotometer
(Thermo Scientific), which measures absorbance at 260nm
and 280 nm. An A260 : A280 ratio of 2 or more was considered
sufficiently pure. 1μg of RNA from each sample was reverse
transcribed into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) with the
reaction run in a thermal cycler (Bio-Rad MyCycler, Bio-
Rad Laboratories). The resultant cDNA was used as a tem-
plate for real-time PCR with TaqMan® primers and probes
for IL-1β, CXCL11, CCR7, MRC-1, CCL22, CCL18, CYBA
(p22phox), CYBB (NOX2), NCF1 (p47phox), NCF2

(p67phox), NCF4 (p40phox), NOX1, NOX4, NOX5, SOD1,
SOD2, and SOD3 (Applied Biosystems). β-Actin and 18S
were used as housekeeping genes. Real-time PCR was run
in triplicate on the CFX96 Touch™ Real-Time PCR Detec-
tion Machine (Bio-Rad Laboratories). Gene expression was
normalised to β-actin or 18S and quantified relative to the
average MΦ value using the comparative cycle threshold
(Ct) method with the formula: fold change = 2−ΔΔCt [23].

2.5. Protein Extraction and Western Blotting. Total protein
from macrophage and fibroblast cell lysates was collected in
1.5× Laemmli buffer (7.5% glycerol; 3.75% β-mercaptoetha-
nol; 2.25% SDS; 75mM Tris-HCl pH 6.8; 0.004% bromophe-
nol blue) and 1× RIPA lysis and extraction buffer (Cell
Signaling Technology, USA), respectively. Cell debris was
cleared by centrifugation (13000 rpm, 10min, 4°C) and
supernatants collected. Protein concentrations were deter-
mined using either a modified Lowry protocol (RCDC color-
imetric protein assay kit; Bio-Rad Laboratories) or
bicinchoninic acid- (BCA-) based colorimetric quantification
(PierceTM BCA Protein Assay, Thermo Scientific). Equiva-
lent volumes of protein in 1.5× Laemmli buffer were loaded
into 7.5% or 10% polyacrylamide gels. Proteins were sepa-
rated by SDS-PAGE and transferred onto low fluorescence
polyvinylidene fluoride (LF PVDF) membranes using the
Bio-Rad Trans Blot Turbo transfer system (Bio-Rad Labora-
tories). Membranes were blocked with 5% skim milk in Tris-
buffered saline (TBS; 200mM Tris, 150mM NaCl, pH 7.5)
with 0.1% Tween-20 for 1 hour and subsequently probed
with primary antibodies against NOX2 (1 : 500; Santa-Cruz
no. sc-130549 (CL5)), p47phox (1 : 1000; BD Transduction
Laboratories no. 610354), p67phox (1 : 2000; EMD Millipore
no. 07-002), SOD2 (1 : 1000; EMD Millipore no. 06-984),
SOD3 (1 : 1000; EMD Millipore no. 07-704), αSMA
(1 : 2500; Abcam no. ab5694) or collagen 1 (1 : 1000; Abcam
no. ab34710), and the housekeeping protein GAPDH
(1 : 20000; Abcam no. ab8245) overnight at 4°C. 1 hour incu-
bation with horseradish peroxidase- (HRP-) conjugated anti-
rabbit (1 : 10000; Dako) or anti-mouse (1 : 10000; Jackson
ImmunoResearch Laboratories) secondary antibody was
then performed and protein bands visualised using Clarity
ECL substrate (Bio-Rad Laboratories) and the ChemiDoc
MP system (Bio-Rad Laboratories). Densitometries of pro-
tein bands were quantified using Image Lab Software (Bio-
Rad Laboratories) and normalised to the housekeeping
protein, GAPDH.

2.6. Superoxide Detection via L-012-Enhanced
Chemiluminescence. THP-1 or human primary macrophages
were seeded and activated on white 96-well tissue culture
plates (PerkinElmer) at 5 × 104 and 2 × 105 cells/well, respec-
tively. Groups were set up in quintuplicate with a cell-free
control group, comprising media alone, included to provide
a background reference. On the day of experimentation, cul-
ture medium was removed and cells were washed and incu-
bated in warmed Krebs-HEPES buffer (118mM NaCl,
4.7mM KCl, 1.2mM KH2PO4, 1.2mM MgSO4·7H2O,
2.5mM CaCl2, 25mM NaHCO3, 11.7mM glucose, 20mM
HEPES; pH 7.4) and background chemiluminescence
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measured for 30 minutes. Chemiluminescence was measured
using a Chameleon Luminescence Plate Reader (Hidex Ltd.,
Turku, Finland) and data acquired using the MicroWin
(Mikrotek, Overath, Germany) data acquisition system.
100μM L-012 (Wako Pure Chemical Industries) was then
added to each well, and basal superoxide levels were moni-
tored for 30 minutes. Finally, the protein kinase C (PKC)
activator PDBu (10μM) was added to each well and superox-
ide production was then measured for a further 30 minutes.
PDBu-stimulated superoxide production was quantified as
the average signal over 5 minutes at its peak. The basal signal
from each signal was subtracted (average over final 5
minutes). In a subset of experiments, cells were treated with
superoxide dismutase (SOD; 1000U/ml; human recombi-
nant, expressed in E. coli; Sigma-Aldrich S9076) just prior
to the beginning of the assay, to confirm signal specificity
for superoxide.

2.7. Hydrogen Peroxide Detection via Amplex Red. THP-1
macrophages were seeded and activated on black 96-well
tissue culture plates (PerkinElmer) at 5 × 104 cells/well in
quintuplicate. On the day of experimentation, the media
was removed, cells rinsed with Krebs-HEPES solution, and
Krebs-HEPES added to each well in the absence or presence
of 1000U/ml SOD or PEG-Catalase. Working Amplex Red
solution (Invitrogen), comprising of Amplex Red (5μM)
and HRP (0.2U/μl), was then added to sample wells and
fluorescence detected over 90 minutes using a Hidex
Chameleon Plate Reader at 37°C (520nm excitation filter,
590 nm emission filter). Cells were either left unstimulated
or stimulated with 10μM PDBu immediately prior to read-
ing. The final fluorescence measurement from each group
was fitted to a hydrogen peroxide standard curve (0-5μM).
Fold changes in hydrogen peroxide concentration were
calculated relative to the MΦ value recorded on the
same day.

2.8. Intracellular ROS Detection via DCF. THP-1 macro-
phages were stimulated with IFN-γ/LPS or IL-4 for 72 hours
in complete RPMI 1640 medium on 6-well plates at 1 × 106
cells/well. Adherent cells were washed with warmed PBS
prior to incubation with a cell permeable ROS-sensitive
dye, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluores-
cein diacetate, acetyl ester (CM-H2DCFDA; DCF; 1μM,
Sigma-Aldrich no. D6883) for 30 minutes at 37°C. Cells were
then left unstimulated or stimulated with 10μM PDBu for a
further 30 minutes. In a subset of experiments, macrophages
were incubated with 1000U/ml PEG-Catalase for 15 minutes
prior to PDBu stimulation. Following stimulation, cells were
detached with Accutase® solution (Sigma-Aldrich), centri-
fuged at 1500 rpm for 5min and resuspended in PBS. Cells
were then analysed on a LSR II flow cytometer (BD Biosci-
ences). Fold changes in DCF fluorescence were calculated
relative to the MΦ value recorded on the same day.

2.9. Statistical Analysis. All data are expressed as mean ±
SEM. Comparisons of multiple treatment groups were made
using an ordinary or repeated measures one-way analysis of
variance (ANOVA) with a Dunnett’s or Sidak’s post hoc test,

respectively. When comparing two groups, a Student’s
unpaired t-test was used. P < 0:05was considered to be statis-
tically significant, and data were graphed and analysed using
GraphPad Prism 7.02 software.

3. Results

3.1. M(IFN-γ+LPS) and M(IL-4) Macrophages Express M1
and M2 Markers, Respectively, and Both Phenotypes
Demonstrate Enhanced Superoxide Generation. Treatment
of both PDBu-differentiated THP-1 macrophages and M-
CSF-differentiated human primary monocyte-derived mac-
rophages, with the combination of IFN-γ and LPS, leads to
marked increases in the expression of M1 genes (CXCL11,
CCR7, and IL-1β). In THP-1 cells, CXCL11 (Figure 1(a))
and CCR7 (Figure 1(b)) increased by up to 1000-fold, with
the greatest change observed following 24 hours of treatment.
IL-1β expression increased between 5- and 10-fold through-
out the 72-hour treatment period (Figure 1(c)). The magni-
tude of increase in M1 genes was larger in primary
macrophages, with increases of ~5000-fold for CXCL11
(Figure 1(d)), ~2000-fold for CCR7 (Figure 1(e)), and
~200-fold for IL-1β apparent at 6 hours (Figure 1(f)). Treat-
ment with IL-4 resulted in an increase in the M2 marker
MRC-1 (CD206) by approximately 5-fold throughout the
treatment period in both THP-1 and primary macrophages
(Figures 1(g) and 1(j)). A time-dependent increase in the
M2 markers CCL18 and CCL22 was observed with CCL18
elevated 15- and 800-fold (Figures 1(h) and 1(k)) and
CCL22 20- and 5-fold (Figures 1(i) and 1(l)), in THP-1 and
primary macrophages, respectively.

Having demonstrated differential activation of macro-
phages, we next assessed basal and PDBu-stimulated super-
oxide generation in M(IFN-γ+LPS) and M(IL-4) after 72
hours and 24 hours, for THP-1 and human primary macro-
phages, respectively. In THP-1 cells, whilst basal superoxide
levels did not differ significantly between macrophages in dif-
ferent activation states, PDBu-stimulated superoxide genera-
tion was increased by ~219% and ~115% in M(IFN-γ+LPS)
and M(IL-4) macrophages, respectively, as compared to
untreated macrophages (Figures 2(a) and 2(b)). Of note, both
the basal and PDBu-stimulated superoxide signals were
much larger in primary macrophages as compared to THP-
1 (Figures 2(c) and 2(d)). Peak superoxide generation in
response to PDBu in untreated primary macrophages
(30560 ± 7162 counts/sec) was ~30-fold greater than that in
untreated THP-1 macrophages (797 ± 112 counts/sec).
Nonetheless, PDBu-stimulated superoxide generation was
similar in primary M(IFN-γ+LPS) and M(IL-4) macro-
phages and up to 91% greater than that observed in MΦ
(Figure 2(d)). The L-012 chemiluminescence signal was con-
firmed to be specific for superoxide via treatment with super-
oxide dismutase (Supplementary Figure 1a-d).

3.2. Differential Regulation of NOX2 Oxidase Subunit
Expression following IFN-γ+LPS vs. IL-4 Stimulation. To
examine the mechanisms contributing to increased superox-
ide generation in both M(IFN-γ+LPS) and M(IL-4) macro-
phages, NOX isoform and subunit expression were
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Figure 1: Time course of M1 and M2 marker mRNA expression in human macrophages. PDBu-differentiated THP-1 macrophages or M-
CSF-differentiated human primary macrophages were left untreated (MΦ) or treated with IFN-γ and LPS (THP-1: 5/10 ng/ml; primary:
20/100 ng/ml; IFN-γ+LPS) or IL-4 (25 ng/ml) for 3-72 hours. mRNA expression of M1 (CXCL11 (a, d); CCR7 (b, e), and IL-1β (c, f)) and
M2 (MRC-1 (g, j); CCL18 (h, k); CCL22 (i, l)) markers were determined by RT-qPCR and expressed relative to untreated macrophages
(MΦ). Results presented as mean ± SEM, n = 4‐8. ∗P < 0:05, ∗∗P < 0:01 vs. MΦ (1-way ANOVA followed by Dunnett’s post hoc test).
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assessed. Thus, NOX2 oxidase comprises the membrane-
bound catalytic subunits, NOX2 and p22phox, together with
the cytosolic regulatory subunits, p47phox, p67phox, and
p40phox. In THP-1 macrophages, NOX2 mRNA was
increased approximately 2-fold following IFN-γ+LPS activa-
tion, yet remained unchanged in macrophages activated with
IL-4 (Figure 3(a)). Interestingly, mRNA expression of the
p47phox subunit was upregulated in M(IFN-γ+LPS) macro-
phages (20-fold at 24 hours; 6-fold at 48 and 72 hours,
Figure 3(b)), while the p67phox subunit was upregulated in
M(IL-4) macrophages (up to 6-fold at 48 and 72 hours,
Figure 3(c)). p22phox and p40phox subunits were
unchanged (Supplementary Figure 2a and b). NOX2

protein expression did not appear to differ between
macrophages in different activation states (Figure 3(d));
however, the observed changes in p47phox and p67phox
mRNA were found to translate to increases in protein
expression. p47phox protein was increased approximately
2.5-fold in M(IFN-γ+LPS) macrophages (Figure 3(e))
whilst p67phox protein was increased approximately 2-fold
in M(IL-4) macrophages (Figure 3(f)). In contrast to
THP-1 macrophages, IFN-γ+LPS stimulation of human
primary macrophages was not associated with a change in
NOX2 subunit mRNA expression. Although a decrease in
NOX2 mRNA was observed in M(IL-4) macrophages at 24
hours (Figure 3(g)), NOX2 was unchanged at the level of
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Figure 2: PDBu-stimulated superoxide generation in activated human macrophages. PDBu-differentiated THP-1 macrophages (a, b) or M-
CSF-differentiated human primary macrophages (c, d) were left untreated (MΦ) or treated with IFN-γ+LPS (M1) or IL-4 (M2) for 24
(THP-1) or 72 hours (primary macrophages), and superoxide generation was detected via L-012-enhanced chemiluminescence. Left
hand side (LHS): average recordings demonstrating initial background readings (1-30min), basal superoxide as detected following
the addition of L-012 (100 μM; 31-60min) and PDBu (10 μM)-stimulated superoxide generation (61-90min) measured as luminescence
intensity in arbitrary units (a.u) in (a) THP-1 and (c) primary macrophages. Right hand side (RHS): peak PDBu-stimulated (basal signal
subtracted) superoxide generation in (b) THP-1 and (d) primary macrophages. All results presented as mean ± SEM, n = 7. ∗P < 0:05,
∗∗P < 0:01 vs. MΦ (1-way repeated measures ANOVA followed by Dunnett’s post hoc test).
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Figure 3: NOX2 oxidase subunit expression in activated human macrophages. PDBu-differentiated THP-1 macrophages or M-CSF-
differentiated human primary macrophages were left untreated (MΦ) or treated with IFN-γ+LPS (M1) or IL-4 (M2) for 3 to 72 hours.
Time course of NOX2 (a, g), p47phox (b, h), and p67phox (c, i) mRNA expression determined by RT-qPCR and expressed relative to the
average MΦ (untreated) value. Protein expression of NOX2 (d, j), p47phox (e, k), and p67phox (f, l) after 24 (primary macrophages) or 72
hours (THP-1 macrophages), determined via western blotting. Representative blots, depicting n = 3, are shown below each graph with
GAPDH used as a loading control. All results presented as mean ± SEM, n = 5‐8. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001 vs. MΦ (1-way
ANOVA followed by Dunnett’s post hoc test).
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the protein (Figure 3(j)). Whilst a time-dependent increase
in p47phox mRNA (6 hours, Figure 3(h)) and p67phox
mRNA (24 hours, Figure 3(i)) was also associated with
M(IFN-γ+LPS) and M(IL-4) stimulation, respectively, in
human primary macrophages, such changes were not
observed at the level of the protein (Figures 3(k) and 3(l)).
Furthermore, no significant differences were observed for
p22phox mRNA expression. The p40phox subunit was
decreased at the mRNA level in primary M(IFN-γ+LPS)
macrophages (Supplementary Figure 2d and e), yet whether
this translated to a reduction in p40phox protein was not
confirmed. NOX1 and NOX4 mRNA could not be
detected in either THP-1 or primary macrophages, in any
of the activation states (Ct values > 40). NOX5 mRNA
expression however was observed in both cell lines and
was increased in THP-1 macrophages when activated with
IL-4 (Supplementary Figure 2c and f).

To confirm that the superoxide signal in THP-1 mac-
rophages was indeed NOX2 oxidase-derived, NOX2 siRNA

was utilised to knock down its expression in all macro-
phage phenotypes. In M(IFN-γ+LPS) and M(IL-4) macro-
phages, NOX2 mRNA expression was reduced by 74%
(Figure 4(a)) and 79% (Figure 4(d)), respectively, following
NOX2 siRNA treatment as compared to macrophages
treated with missense siRNA. In both phenotypes of mac-
rophages, there was a trend for missense siRNA to
increase the PDBu-stimulated superoxide signal to levels
above the vehicle-treated cells (Figures 4(c) and 4(f)).
Nonetheless, the marked reduction in NOX2 expression
in M(IFN-γ+LPS) and M(IL-4) macrophages attenuated
the superoxide signal to levels similar to those observed
in untreated macrophages. Specifically, treatment with
NOX2 siRNA reduced the peak PDBu-stimulated superox-
ide signal in M(IFN-γ+LPS) and M(IL-4) by 71%
(Figure 4(c)) and 78% (Figure 4(f)), respectively.

3.3. M(IL-4) Macrophage Activation Is Associated with
Increased Hydrogen Peroxide Generation. In addition to
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Figure 4: Effect of NOX2 siRNA on M1 and M2 macrophage-derived superoxide. Knockdown of NOX2 mRNA expression in THP-1
macrophages using NOX2 siRNA was confirmed in macrophages treated with both IFN-γ+LPS (a) and IL-4 (d) macrophages for 72 hours
via RT-qPCR and expressed relative to the average MΦ (untreated) value. Effect of NOX2 siRNA and missense siRNA on the PDBu-
stimulated superoxide signal in M(IFN-γ/LPS) and M(IL-4) macrophages detected via L-012-enhanced chemiluminescence. (b, e) Average
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repeated measures ANOVA followed by Dunnett’s post hoc test).

8 Journal of Immunology Research



superoxide, hydrogen peroxide generation was assessed in
polarised THP-1 macrophages using two methods, Amplex
Red for extracellular and H2DCFDA (DCF) for intracellular
detection. Of note, a robust basal hydrogen peroxide signal
was detected, by both Amplex Red and DCF, in all macro-
phage phenotypes and was not further modulated by PDBu
stimulation (Supplementary Figure 1e and f). Nevertheless,
subsequent experiments comparing hydrogen peroxide
generation between macrophages in different activation
states incorporated PDBu. Amplex Red fluorescence,
following PDBu stimulation for 90 minutes, showed a
mean hydrogen peroxide concentration of approximately
2μM for M(IL-4) macrophages, compared to 1μM in both
M(IFN-γ+LPS) and MΦ (Figure 5(b)). When calculated
relative to the MΦ signal, there was a 1.5-fold increase in
hydrogen peroxide generation following M(IL-4) activation
with no change in M(IFN-γ+LPS) macrophages (Figure 5(c)).
The hydrogen peroxide signal was abolished in the
presence of the hydrogen peroxide scavenger, PEG-
catalase, and amplified with superoxide dismutase,
demonstrating that the assay was specific for hydrogen
peroxide (Supplementary Figure 1g and h). To further
demonstrate increased hydrogen peroxide production in
M(IL-4) macrophages, the intracellular ROS indicator
DCF was used and fluorescence detected via flow
cytometry (Figures 5(d) and 5(e)). As with the Amplex
Red assay, hydrogen peroxide levels were significantly
greater in M(IL-4), as compared to M(IFN-γ+LPS)
macrophages (Figure 5(e)). As shown in the representative
histogram (Figure 5(d)), PEG-catalase reduced the signal
in M(IL-4) macrophages, suggesting that it was primarily
hydrogen peroxide being detected.

To elucidate the potential mechanisms underlying the
increased hydrogen peroxide generation following IL-4
activation, we assessed the mRNA expression of different
superoxide dismutase isoforms. While SOD1 (cytoplasmic)
expression was not altered (Figure 5(f)), SOD2 (mitochon-
drial) mRNA expression was increased in IFN-γ+LPS-acti-
vated macrophages by 25-fold at 24 hours and 10-fold at 48
and 72 hours (Figure 5(g)). This change was reflected at the
protein level, with a 3-fold increase in SOD2 expression in
M(IFN-γ+LPS) macrophages at 72 hours (Figure 5(i)).
SOD3 (extracellular) mRNA expression was unchanged in
response to IFN-γ+LPS activation but increased by 4-fold
in IL-4-activated macrophages at 72 hours (Figure 5(h)).
However, no change in SOD3 protein expression was
observed (Figure 5(j)).

3.4. Hydrogen Peroxide Generation Contributes to the
Profibrotic Activity of M(IL-4) Macrophages. To investigate
whether M(IL-4) macrophage-derived hydrogen peroxide
may contribute to the profibrotic actions of M2 macrophages
in the vessel wall, macrophages were cocultured with human
aortic adventitial fibroblasts and markers of fibrosis (collagen
1, αSMA) measured. Coculture of aortic fibroblasts with
M(IL-4) macrophages increased fibroblast collagen 1 expres-
sion, as compared to coculture with untreated (MΦ) macro-
phages (Figure 6(a)). PEG-catalase treatment significantly
attenuated this effect (Figure 6(a)). Aortic fibroblast αSMA

expression did not differ in response to coculture with mac-
rophages in distinct activation states (Figure 6(b)), suggesting
a lack of effect of macrophage-derived hydrogen peroxide on
myofibroblast differentiation.

4. Discussion

M1 macrophage infiltration into tissues is a hallmark of
inflammatory diseases, and NOX2 oxidase activity has long
been associated with M1 function [2]. In this study, we chal-
lenge the idea that ROS generation is solely a function of M1
macrophages. Specifically, we demonstrate that activation of
macrophages with IL-4 enhances superoxide generation to
an equivalent degree as activation of macrophages with
IFN-γ and LPS and increases hydrogen peroxide production.
Of particular relevance to aortic stiffening, an important pro-
cess involved in the development and clinical consequences
of hypertension [24, 25], we reveal a potential role for M2
macrophage-derived hydrogen peroxide in promoting profi-
brotic responses in aortic adventitial fibroblasts.

Upregulation of NOX2 oxidase activity is observed in
macrophages stimulated with the Th1 cytokine IFN-γ or bac-
terial component LPS as part of the response to microbial
infection [5, 7]. This has been generally assumed to be a spe-
cific M1 macrophage function [15]. Although IL-4 has been
shown to inhibit LPS-stimulated, but enhance IFN-γ-stimu-
lated, ROS production in macrophages [26], we are the first
to demonstrate that it can drive an increase in macrophage
superoxide production alone. Importantly, the superoxide
signal in both populations of activated macrophages was at
least 2-fold higher than in untreated macrophages and was
confirmed to be NOX2-derived using NOX2 siRNA. Our
findings that stimulation of macrophages with the Th2 cyto-
kine IL-4 results in increased NOX2-derived ROS further
support a contribution of NOX2 to the activation of macro-
phages towards the M2 phenotype, as suggested in previous
studies [27, 28]. It should be noted that our findings are not
consistent with a study by Kraaij et al. (2013), who reported
a reduction in ROS when macrophage differentiation
occurred in the presence of IL-4. However, distinct method-
ological approaches may account for these apparent differ-
ences. Thus, Kraaij et al. (2013) treated human primary
monocytes with IL-4 during the 7-day M-CSF differentiation
period [18], rather than postdifferentiation, as is the more
commonly accepted method of M2 macrophage activation
[29–31]. As such, this previous study may be indicative of
the effects of IL-4 on monocyte to macrophage differentia-
tion rather than on macrophage ROS generation per se.

Although contrary to the generally accepted dogma that
M1 macrophages are the major ROS-generating macrophage
phenotype [2, 9], our observation that M(IL-4) macrophage
function may also involve ROS is perhaps not unexpected.
M2 macrophages phagocytose cell debris as part of their tis-
sue repair function [32] and roles for ROS in phagocytosis
are well documented [33]. Indeed, ROS have been shown to
play a critical signalling role in the activation of macrophages
towards the M2 phenotype in both humans and mice
[27, 28] and M2 macrophage accumulation and wound
healing responses in vivo are impaired in the absence of
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NOX1 and NOX2 in mice [27]. In addition to potential
roles in wound healing, a contribution of NOX2-derived
ROS to the resolution of inflammation has also emerged
[34, 35] and M(IL-10) macrophage-derived ROS have
been shown to induce the activation of T-regulatory cells
[36]. Collectively, these previous studies support our findings
for the involvement of NOX2 oxidase, not only in the func-
tion of proinflammatory M1 macrophages but also in other
activation states, suggesting roles for NOX2 in immunoregu-
latory and profibrotic responses in addition to well-known
roles in inflammation and microbial killing.

To further investigate the role of NOX2 oxidase in
M(IL-4) macrophage ROS generation, we examined the
expression of individual NOX2 oxidase subunits. Our find-
ings with regard to NOX2 subunit expression suggest that
the mechanism by which each macrophage phenotype
increases superoxide differs. Upregulation of the p47phox
and, to a lesser extent, the NOX2 catalytic subunit appeared
to drive the increase in M(IFN-γ+LPS) macrophage superox-
ide generation. Roles for each of these subunits in promoting
NOX2 activity have been shown previously [37, 38]. Further-
more, our results in THP-1 macrophages are consistent with
a previous study of human monocytes (MonoMac1 cell line)
in which the proinflammatory cytokine, TNFα, enhanced
p47phox, p67phox, and NOX2 expression with the rank
order of expression being p47phox (up to 20-fold) > p67phox
(up to 5-fold) > NOX2 (up to 2.5-fold) [37]. NOX2 and
p47phox expression are downstream of proinflammatory
signalling pathways involving transcription factors associ-
ated with M1 macrophage activation such as nuclear factor
light chain enhancer of activated B cells (NFκB) [39], signal
transducer and activator of transcription (STAT) 1 [40],
and interferon regulator factor- (IRF-) 1 [40, 41]. These
increases in NOX2 subunit expression in M(IFN-γ+LPS)

were hence expected. By contrast, IL-4 treatment was associ-
ated with upregulation of the p67phox subunit alone.
Although yet to be investigated, this may be via the induction
of STAT3 [42, 43] and p38 mitogen-activated protein kinase
(MAPK) [44–46], signalling pathways utilised by IL-4. It
should be acknowledged that a limitation of the current study
was that our findings of enhanced p47phox and p67phox
expression in M(IFN-γ+LPS) and M(IL-4) macrophages
were not observed at the protein level in human primary
macrophages. This may be due to the heterogeneity of donor
blood monocytes as compared to the immortalised THP-1
line, but does question the relevance of these findings and
highlights the importance of confirming observations in
primary cells.

Collectively, our data support a predominant role of
NOX2 oxidase in the generation of superoxide from activated
macrophages. However, in agreement with recent reports
[47, 48], we also observed NOX5 expression, at least at the
mRNA level, in all macrophage phenotypes. Moreover,
NOX5 mRNA expression was upregulated by IL-4 in THP-
1 cells. Although NOX2 siRNA treatment revealed that the
superoxide signal was predominantly NOX2-derived, a con-
tribution of NOX5 to the signal cannot be excluded, particu-
larly considering that it too can be activated via PKC
(induced by PDBu stimulation) [49, 50]. Nonetheless, we
show for the first time that the superoxide generating capac-
ity of M(IFN-γ+LPS) andM(IL-4) macrophages is equivalent
and driven predominantly via NOX2 oxidase.

Following generation, superoxide can interact with nitric
oxide to form the powerful oxidant, peroxynitrite, or be
dismutated to form hydrogen peroxide. Considering the
proinflammatory and reparative properties of M1 and M2
macrophages, respectively, we suggest that whilst both phe-
notypes generate similar levels of superoxide, the final
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oxidative end product may differ. Importantly, we demon-
strated increases in both extracellular and intracellular
hydrogen peroxide following activation towards the M2 phe-
notype with IL-4, an effect which was not evident with M1
activation with IFN-γ and LPS. In agreement with this find-
ing for IL-4 stimulation, a previous study reported that aug-
mented macrophage-derived hydrogen peroxide and
Cu,Zn-SOD (SOD1) expression were associated with M2
polarisation in the setting of pulmonary fibrosis [51]. Whilst
we did not detect a change in SOD1 mRNA, a modest
increase in extracellular SOD (SOD3) mRNA was observed
following IL-4 treatment, although this did not translate to
enhanced SOD3 protein in the macrophage lysates. It should
be acknowledged that our investigations of M2 macrophage
hydrogen peroxide generation require further exploration
to determine the precise mechanisms involved. It remains
to be determined if the regulation of catalase or antioxidant
enzymes such as glutathionine peroxidase (GPx) and thiore-
doxin reductase (TrxR) expression may also influence hydro-
gen peroxide levels in these cells. Furthermore, dismutation
of NOX2-derived superoxide may not necessarily be the
major source of the hydrogen peroxide signal observed.
Given the lack of effect of PDBu stimulation per se on hydro-
gen peroxide generation, a constitutively active hydrogen
peroxide-producing enzyme, such as NOX4, could be
involved. Whilst we did not detect NOX4 mRNA in any of
our macrophage samples, NOX4 mRNA and protein expres-
sions have been observed in two recent studies of human pri-
mary macrophages [52, 53]. Further investigation of NOX4
protein expression and theuseofNOX2andNOX4siRNAwill
aid in the identification of the source of M2 macrophage-
derived hydrogen peroxide. Future studies should address
these limitations in addition to in vivo experiments character-
ising M2 macrophage hydrogen peroxide production in tis-
sues, such as within the vessel wall, during hypertension.

Somewhat surprisingly, M(IFN-γ+LPS) macrophages did
not demonstrate increased hydrogen peroxide production,
despite the increase in superoxide production observed and
expression of SOD in these cells. Although not investigated
in this study, iNOS is commonly used as a marker of M1
macrophages [2]. Potentially, the iNOS in these cells is out-
competing SOD, and thus, the superoxide generated is
rapidly reacting with nitric oxide to produce peroxynitrite,
rather than being dismutated to form hydrogen peroxide.
This remains to be fully investigated. Interestingly, potential
for increased mitochondrial hydrogen peroxide generation
in M1 macrophages was observed in our study with robust
upregulation of the mitochondrial SOD isoform, SOD2,
following combined IFN-γ/LPS stimulation. This is consis-
tent with findings following TLR receptor activation and
LPS stimulation of macrophages [54, 55]. Although increased
SOD2 expression was not associated with increased hydrogen
peroxide generation in M(IFN-γ+LPS) macrophages in our
study, we did not specifically investigate mitochondrial
ROS, which would not be released from the cell. It remains
likely that SOD2 upregulation may be a mechanism by which
M1macrophages are protected against oxidative stress during
infection and could be linked with mitochondrial dysfunc-
tion, as M1 activation shifts cells from oxidative to glycolytic

metabolism [56, 57], compared to M2 activation which is
shown to increase mitochondrial content and oxidative phos-
phorylation [57]. Hence, macrophage phenotype may influ-
ence mitochondrial ROS production and mitochondrial
dysfunction could contribute to the overall oxidative capac-
ity of M1 macrophages. Intriguingly, increased macrophage
thiol oxidative stress, associated with metabolic stress, has
been shown to enhance chemotaxis leading to enhanced
macrophage recruitment in the setting of atherosclerosis
[58]. It would be interesting to investigate whether our
activated macrophage cultures also demonstrate alterations
in the glutathione (GSH)/glutathione disulphide (GSSG)
ratio and chemotactic responses and whether this may also
be linked to differences in the bioenergetics of these cells.

Although further investigation of the discussed mecha-
nisms will be important, hydrogen peroxide generation
appears to be a function of M(IL-4) macrophages and may
be implicated in fibrotic diseases. ROS have been shown to
contribute to a multitude of profibrotic and remodelling
actions in the vessel wall [59–62]. Thus hydrogen peroxide
enhances ROS production in vascular and cardiac cells
in vitro [19, 63] and promotes remodelling in the intact vas-
culature [59]. We next sought to determine if M(IL-4)
macrophage-derived hydrogen peroxide can promote vascu-
lar fibrosis. Indeed, coculture of IL-4-stimulated macro-
phages with aortic fibroblasts led to increased fibroblast
collagen 1 expression, an effect which was negated by the
hydrogen peroxide scavenger, PEG-catalase, and was not evi-
dent with M(IFN-γ+LPS) macrophage coculture. Of note,
macrophage-derived hydrogen peroxide, whether it be gen-
erated from MΦ, M(IFN-γ+LPS), or M(IL-4) macrophages,
did not appear to contribute to myofibroblast differentiation
(detected by αSMA expression). Nonetheless, the greater
capacity for M(IL-4) macrophages to generate hydrogen per-
oxide and promote collagen production could contribute to
the aortic remodelling and stiffening response observed as a
consequence of M2 macrophage accumulation in the vessel
wall of hypertensive mice [14]. Future studies should investi-
gate whether a profibrotic effect of M2-derived hydrogen
peroxide is also observed in other cells involved in aortic stiff-
ening such as vascular smooth muscle cells and validate the
findings in mouse models of hypertension to shed further
light on these mechanisms.

5. Conclusions

This study compared the ROS-generating capacities of M1
and M2 macrophages and revealed a previously unrecog-
nised role of ROS inM2macrophage function. Although pre-
viously considered a key mediator of M1 macrophage
activity, we have shown that increased NOX2-derived super-
oxide generation also occurs following IL-4-stimulated M2
activation. Furthermore, we show that IL-4 increased macro-
phage hydrogen peroxide, which promoted enhanced aortic
fibroblast collagen synthesis highlighting a potential role in
aortic fibrosis. Given the role of M2 macrophages in the
development of aortic stiffening during hypertension, our
findings may be of particular importance in this setting and
we reveal M2-derived ROS as a potential therapeutic target.
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Supplementary Materials

Superoxide and hydrogen peroxide generation in M(IFN-
γ+LPS) and M(IL-4) macrophages. Basal and PDBu-
stimulated superoxide generation in M(IFN-γ+LPS) and
M(IL-4) after 72 hours and 24 hours, for THP-1 and human
primary macrophages, respectively, was assessed using L-012
chemiluminescence. The L-012 chemiluminescence signal
was confirmed to be specific for superoxide via treatment
with superoxide dismutase (Supplementary Figure 1a-d). In
addition to superoxide, hydrogen peroxide generation was
assessed in polarised THP-1 macrophages using two
methods, Amplex Red for extracellular and H2DCFDA
(DCF) for intracellular detection. Of note, a robust basal
hydrogen peroxide signal was detected, by both Amplex
Red and DCF, in all macrophage phenotypes and was not
further modulated by PDBu stimulation (Supplementary
Figure 1e and f). The hydrogen peroxide signal was abolished
in the presence of the hydrogen peroxide scavenger, PEG-
catalase, and amplified with superoxide dismutase, demon-
strating that the assay was specific for hydrogen peroxide
(Supplementary Figure 1 g and h). Differential regulation of
NOX2 oxidase subunit expression following IFN-γ+LPS vs.
IL-4 stimulation. To examine the mechanisms contributing
to increased superoxide generation in both M(IFN-γ+LPS)
and M(IL-4) macrophages, NOX isoform and subunit
expression were assessed. Thus, NOX2 oxidase comprises
the membrane-bound catalytic subunits, NOX2 and
p22phox, together with the cytosolic regulatory subunits,
p47phox, p67phox, and p40phox. No significant differences
were observed for p22phox mRNA expression in THP-1
and primary M(IFN-γ+LPS) and M(IL-4) macrophages
(Supplementary Figure 2a and d). The p40phox subunit
was decreased at the mRNA level in primary M(IFN-
γ+LPS) macrophages (Supplementary Figure 2d and e), yet
whether this translated to a reduction in p40phox protein
was not confirmed. NOX1 and NOX4 mRNA could not be

detected in either THP-1 or primary macrophages, in any
of the activation states (Ct values > 40). NOX5 mRNA
expression however was observed in both cell lines and was
increased in THP-1 macrophages when activated with IL-4
(Supplementary Figure 2c and f). (Supplementary Materials)
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Objectives. As a screening index of diabetic kidney disease (DKD), urinary albumin/creatine ratio (UACR) is commonly used.
However, approximately 23.3%-56.6% of DKD patients with estimated glomerular filtration rate eGFR < 60ml/min per 1.73m2

are normoalbuminuric. Thus, urinary biomarkers of nonalbuminuric renal insufficiency in type 2 diabetes mellitus (T2DM)
patients are urgently needed. Methods. This cross-sectional study enrolled 209 T2DM patients with normoalbuminuria whose
diabetes duration was more than 5 years. The patients were classified into two groups, NO-CKD (eGFR ≥ 60ml/min per
1.73m2, n = 165) and NA-DKD (eGFR < 60ml/min per 1.73m2, n = 44). Levels of urinary neutrophil gelatinase-associated
lipocalin (NGAL), retinol-binding protein (RBP), plasminogen activator inhibitor-1 (PAI-1), vascular cell adhesion molecule-1
(VCAM-1), and E-cadherin were detected, and their correlations with eGFR, plasma TNF-α, IL-6, endothelin-1 (ET-1),
and 8-hydroxydeoxyguanosine (8-OHdG) were assessed. Results. Among patients with renal insufficiency, 26.0% was
normoalbuminuric. Compared to the NO-CKD group, the NA-DKD group was older with lower hemoglobin (HB) levels and
higher systolic blood pressure (SBP), plasma TNF-α, IL-6, and 8-OHdG levels. Logistic regression analysis suggested that age,
TNF-α, and 8-OHdG were independent risk factors for nonalbuminuric renal insufficiency. Compared to the NO-CKD group,
the NA-DKD group exhibited significant increases in urinary NGAL and RBP levels but not PAI-1, VCAM-1, and E-cadherin.
Urinary NGAL and RBP both correlated negatively with eGFR and positively with plasma IL-6 and 8-OHdG. Multiple linear
regression indicated NGAL (β = −0 287, p = 0 008) and RBP (β = −44 545, p < 0 001) were independently correlated with
eGFR. Conclusion. Age, plasma TNF-α, and 8-OHdG are independent risk factors for renal insufficiency in T2DM patients
with normoalbuminuria. Urinary NGAL and RBP can serve as noninvasive biomarkers of normoalbuminuric renal
insufficiency in T2DM.

1. Introduction

Renal insufficiency, one of the main microvascular compli-
cations of diabetes, is characterized by chronic inflammation
and is associated with a substantially increased risk of mor-
tality [1]. Due to the rising incidence of diabetes, diabetic
kidney disease (DKD) has become the primary cause of
chronic kidney disease (CKD) among the elderly population
in China [2].

DKD is defined as albuminuria (urinary albumin/-
creatine ratio UACR > 30mg/g), an impaired glomerular
filtration rate (GFR) (GFR ≤ 60ml/min per 1.73m2), or both

[3]. As the noninvasive of urine test, elevated urinary albu-
min level is considered an early index of DKD. However,
approximately 23.3%-56.6% of patients with T2DM and
kidney function decline have normal albuminuria [4–8].
It has been reported that among T2DM patients with
renal insufficiency, all-cause mortality in the normoalbu-
minuric group is not significantly lower than that in the
proteinuric group [9]. Moreover, normoalbuminuric renal
insufficiency is a strong predictor of mortality in individ-
uals with T2DM [10]. However, there is no sensitive uri-
nary biomarker for normoalbuminuric renal insufficiency
in T2DM.
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Compared to T2DM patients with albuminuria, patients
with a decreased GFR and normoalbuminuria are more likely
to be older and have lower HbA1c and diabetic retinopathy
prevalence and higher prevalence of coronary heart disease
[6, 11, 12]. The classical pathological changes in diabetic
nephropathy include thickening of the glomerular basement
membrane, mesangial expansion, nodular sclerosis, global
glomerular sclerosis, arteriolar hyalinosis, and interstitial
fibrosis [13, 14]. However, a study conducted by Ekinci
et al. [15] found that in T2DM patients with reduced eGFR,
compared with 22 of 23 patients with albuminuria, only 3
of 8 patients with normoalbuminuria had typical glomerular
changes. Nonetheless, compared with only 1 of 23 patients
with albuminuria, 3 of 8 patients with normoalbuminuria
had predominantly interstitial or vascular changes. More-
over, varying degrees of arteriosclerosis are observed in
7/8 subjects with normoalbuminuria. These findings sug-
gest that tubulointerstitial damage and macroangiopathy
may be involved in the development of normoalbuminuric
renal insufficiency.

Numerous risk factors are known to contribute to
the pathogenesis of DKD, including inflammation, endothe-
lial dysfunction, oxidative stress, and epigenetic regulations
[16–18], while the pathogenesis of normoalbuminuric renal
insufficiency remains unclear. Studies have supported ele-
vated TNF-α and IL-6 levels participated in kidney damage
of DM [19, 20]. Expression of endothelin-1 (ET-1) was ele-
vated in the kidney of STZ-treated rat diabetic model [21].
Meanwhile, high level of plasma 8-hydroxydeoxyguanosine
(8-OHdG) was associated with increased risk of kidney
disease in DM patients [19, 20, 22–24]. In the current
study, we analyzed the relationship between plasma TNF-α,
IL-6, ET-1, and 8-OHdG with eGFR in T2DM patients with
normoalbuminuria and evaluated the role of indicators of
tubulointerstitial damage (neutrophil gelatinase-associated
lipocalin (NGAL), retinol-binding protein (RBP), plasmino-
gen activator inhibitor-1 (PAI-1), vascular cell adhesion
molecule-1 (VCAM-1), and E-cadherin) in the urine as
potential biomarkers for normoalbuminuric renal insuffi-
ciency in T2DM.

2. Methods

2.1. Study Participants. We recruited 432 Chinese T2DM
patients (diagnosed according to the 1999 World Health
Organization (WHO) criteria), including 169 patients with
declined kidney function (eGFR < 60ml/min per 1.73m2),
from the Department of Nephrology and Endocrinology of
the Third Xiangya Hospital of Central South University
between September 2016 and December 2018. All patients
involved in this study fulfilled the following inclusion cri-
teria: age > 18 years old; initial diagnosis of diabetes ≥ 5 years
ago; no fever, infection, or trauma; not undergoing surgery
or dialysis; no acute diabetic complications (such as dia-
betic ketoacidosis or nonketone hypertonic coma); and no
severe cardiovascular or cerebrovascular diseases in the 3-
6 months before recruitment. Patients with normoalbumi-
nuria (UACR < 30mg/g, n = 209) were divided into NO-
CKD (eGFR > 60ml/min per 1.73m2, n = 165) group and

NA-DKD (eGFR < 60ml/min per 1.73m2, n = 44) group.
eGFR was calculated based on the CKD-EPI-combined
creatinine-cystatin C equation which appears to be the
optimal GFR estimate method [25]. Informed consent was
obtained from all participants before they participated in
the study. This study adhered to the Declaration of Helsinki
and was approved by the Ethics Committee of the Third
Xiangya Hospital of Central South University.

2.2. Laboratory Measurements. All urine and blood samples
were obtained from the patients in the morning after 12 h
of fasting on the first day of their hospitalization. Patient
medical history and anthropometric measurements were
recorded on the same day. The urine samples were stored
at -80°C after being centrifuged for 15min at 2000×g. The
blood samples, which were collected in tubes with K2EDTA,
were used for hemoglobin A1c (HbA1c) analysis. The serum
was separated, aliquoted, and used for routine chemical tests.
Hemoglobin (HB) was measured using an automatic blood
cell analyzer (Sysmex, Japan). Total cholesterol (TC), triglyc-
eride (TG), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), serum albumin (ALB), fasting blood sugar
(FBS), plasma creatinine (CR), blood urea nitrogen (BUN),
uric acid (UA), cystatin C (CYSC), urinary creatinine, uri-
nary microalbumin, and urinary RBP levels were measured
by an automatic biochemistry analyzer (Hitachi, Japan).
HbA1c levels were measured by an automatic glycosylated
hemoglobin analyzer (Bio-Rad, USA). Urinary NGAL,
PAI-1, and VCAM-1 levels were measured by magnetic
Luminex assays using human premixed multianalyte kits
(R&D Systems, USA), and urinary E-cadherin and plasma
ET-1, TNF-α, IL-6, and 8-OHdG levels were measured by
enzyme-linked immunosorbent assays (ELISAs) using com-
mercially available standard kits (R&D Systems, Abcam,
CUSABIO, USA).

2.3. Statistical Analyses. SPSS version 16.0 (Chicago, IL, USA)
and RStudio (Boston, MA, USA) were used for statistical
analyses. Data are expressed as the mean ± SD for normally
distributed values or the median (25-75th percentiles) for
nonparametric values, and categorical variables are expressed
as ratios. PAI-1, E-cadherin, TNF-α, and 8-OHdG values
were logarithmically transformed. All urinary biomarkers
were normalized to urinary creatinine, and the square root
was then calculated for analyses. UACR values were
Napierian logarithmically transformed. Pearson’s or Spear-
man’s correlation coefficients were calculated to assess the
associations between biomarkers and eGFR. Multiple linear
regression was used to analyze relationships among clinical
parameters, urinary biomarkers, and eGFR. Logistic regres-
sion analysis was performed to identify risk factors for eGFR.
Differences between groups were analyzed by ANOVA,
followed by LSD’s test for normally distributed values, the
Kruskal-Wallis test for nonparametric values, or the chi-
square test for categorical variables. Receiver operating char-
acteristic (ROC) curves were drawn to calculate the area
under the ROC curve (AUC). A very good test would have
an AUC > 0 9, a good test would have an AUC of 0.7-0.9,
a sufficient test would have an AUC of 0.5-0.7, and a faulty
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test would have an AUC ≤ 0 5. All reported p values are two-
tailed, a p value < 0 05 was considered statistically signifi-
cant, and a p value < 0 01 was considered highly significant.

3. Results

3.1. Patients’ Baseline Characteristics. Among the 432 T2DM
patients, 209 patients were normoalbuminuric, and 223 were
albuminuric. Their clinical characteristics are presented in
Table S1. Compared with patients with normoalbuminuria,
the levels of urinary NGAL, RBP, PAI-1, VCAM-1, and
E-cadherin were increased in patients with albuminuria,
and all correlated positively with UACR (Figure S1). Our
results were consistent with previous studies [26–30].
Because nonalbuminuric renal insufficiency in T2DM
patients may be ignored clinically and there is no sensitive
urinary biomarker, we focused on T2DM patients with
nonalbuminuria in this study.

Among the 209 T2DM patients with normoalbumi-
nuria, there were 165 patients without renal insufficiency
(eGFR > 60ml/min per 1.73m2, NO-CKD group) and 44
patients with renal insufficiency (eGFR < 60ml/min per
1.73m2, NA-DKD group). 26.0% (44/169) of patients with
renal insufficiency was normoalbuminuric. Compared to
the NO-CKD group, the NA-DKD group had higher age,
SBP, BUN, CR, UA, and CYSC levels and lower HB level
(Table 1).

3.2. Correlations between Plasma TNF-α, IL-6, 8-OHdG, and
ET-1 with eGFR in T2DM Patients with Normoalbuminuria.
Inflammation, endothelial dysfunction, and oxidative stress
are known to contribute to the pathogenesis of DKD
[16, 17]. To explore the roles of inflammation, endothelial

dysfunction, and oxidative stress in normoalbuminuric renal
insufficiency, we examined levels of plasma TNF-α, IL-6, ET-
1, and 8-OHdG in 209 T2DM patients with normoalbumi-
nuria. The plasma TNF-α, IL-6, and 8-OHdG levels were
higher in the NA-DKD group than in the NO-CKD group,
while the plasma ET-1 level was not different between these
two groups (Figure 1(a)). Single linear regression analysis
showed that plasma TNF-α, IL-6, and 8-OHdG levels were
each negatively correlated with eGFR (r = −0 150, p = 0 03;
r = −0 317, p < 0 001; and r = −0 629, p < 0 001, respectively)
(Figure 1(b)). After adjusting for potential confounding
factors (age, SBP, and HB), logistic regression analyses
revealed that age (odds ratio OR = 1 041, 95% CI 1.000-
1.084, p < 0 001), TNF-α (OR = 131 481, 95% CI 9.289-
1,861, p = 0 048), and 8-OHdG (OR = 4 593, 95% CI
274.062-76,980, p < 0 001) were independent risk factors
for renal insufficiency in T2DM patients with normoalbumi-
nuria (Figure 1(c)).

3.3. Correlations between Urinary NGAL, RBP, PAI-1,
VCAM-1, and E-Cadherin with eGFR in T2DM Patients
with Normoalbuminuria. Compared to NO-CKD group,
levels of urinary NGAL and RBP but not PAI-1, VCAM-1,
or E-cadherin were significantly elevated in NA-DKD group
(Figure 2(a)). Single linear regression analysis revealed that
urinary NGAL and RBP had negative correlations with eGFR
(r = −0 291, p = 0 001 and r = −0 345, p < 0 001, respectively)
in the study patients (Figure 2(b)). Moreover, multiple lin-
ear regression analyses showed that after adjusting for
potential confounding factors (age, SBP, and HB), either
NGAL or RBP and age were independently associated with
eGFR (YeGFR = 175 544 − 0 287NGAL − 1 303 age; YeGFR =
177 730 − 44 545 RBP − 1 334 age) (Figure 2(c)).

Table 1: Clinical characteristics of T2DM patients with normoalbuminuria.

NO-CKD (N = 165) NA-DKD (N = 44) p value

Age (years) 57 4 ± 12 1 66 4 ± 11 7 <0.001
Gender (male/female) 107/58 28/16 0.861

Diabetes duration (years) 9 9 ± 5 4 10 9 ± 6 2 0.269

BMI (kg/m2) 24 15 ± 3 76 23 25 ± 3 07 0.147

SBP (mmHg) 129 8 ± 17 7 136 8 ± 20 9 0.028

DBP (mmHg) 79 9 ± 11 3 82 2 ± 13 2 0.253

HB (g) 132 7 ± 21 3 121 2 ± 26 7 0.003

HbA1C (%) 8.20 (6.85-10.0) 8.00 (7.33-9.00) 0.834

FBS (mmol/l) 8 18 ± 3 12 7 98 ± 3 28 0.714

TC (mmol/l) 4 33 ± 1 35 4 10 ± 1 33 0.310

TG (mmol/l) 1.43 (0.92-2.47) 1.67 (0.98-2.50) 0.654

HDL (mmol/l) 1 10 ± 0 33 1 06 ± 0 32 0.389

LDL (mmol/l) 2 07 ± 0 77 2 04 ± 0 79 0.828

ALB (g/l) 38 1 ± 6 6 37 7 ± 6 3 0.717

BUN (mmol/l) 5.17 (4.39-6.64) 8.21 (6.72-10.61) <0.001
CR (mmol/l) 72.0 (60.0-84.0) 121.0 (86.0-169.5) <0.001
UA (μmol/l) 313 4 ± 103 6 393 1 ± 139 6 <0.001
CYSC (mg/l) 0.76 (0.61-0.92) 1.40 (1.26-1.67) <0.001
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3.4. Correlations between Plasma TNF-α, IL-6, ET-1, and 8-
OHdG with Urinary NGAL and RBP. To identify the possible
reason for the increase in NGAL and RBP levels in T2DM
patients with normoalbuminuric renal insufficiency, we per-
formed single linear regression analysis on the relationships
between plasma TNF-α, IL-6, ET-1, and 8-OHdG with uri-
nary NGAL and RBP in T2DM patients with normoalbumi-
nuria. As shown in Figure 3(a), positive associations were
found between NGAL and IL-6 (r = 0 186, p = 0 007) and
NGAL and 8-OHdG (r = 0 200, p = 0 004). In addition,
RBP was positively associated with IL-6 (r = 0 157, p =
0 023) and 8-OHdG (r = 0 283, p < 0 001) (Figure 3(b)),
while there were no significant associations between NGAL
or RBP and TNF-α or ET-1.

3.5. ROC Analyses of Urinary NGAL and RBP for Renal
Insufficiency in T2DM Patients with Normoalbuminuria.
Next, we analyzed the diagnostic accuracy of urinary
NGAL and RBP for renal insufficiency in T2DM patients
with normoalbuminuria via ROC curves. The results indi-
cated that urinary NGAL had sufficient diagnostic accuracy
(sensitivity = 0 773, specificity = 0 545, AUC = 0 674) and
that RBP had good diagnostic accuracy (sensitivity = 0 591,
specificity = 0 788, AUC = 0 723) for eGFR < 60ml/min
per 1.73m2 in T2DM patients, but the difference between
urinary NGAL and RBP was not significant (p = 0 32)
(Figure 4(a)). Next, we analyzed the diagnostic accuracy
of combined detection of NGAL and RBP. The ROC curve
showed that combined detection had good diagnostic
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Figure 1: Correlations between plasma TNF-α, IL-6, 8-OHdG, and ET-1 with eGFR in T2DM patients with normoalbuminuria. (a)
Differences in the plasma TNF-α, IL-6, 8-OHdG, and ET-1 levels in patients with normoalbuminuria with/without renal insufficiency. (b)
Relationships of plasma TNF-α, IL-6, and 8-OHdG with the eGFR in T2DM patients with normoalbuminuria. (c) Logistic regression
analyses between clinical parameters, plasma TNF-α, IL-6, and 8-OHdG and eGFR. 8-OHdG: 8-hydroxydeoxyguanosine; ET-1:
endothelin-1; NO-CKD: normoalbuminuric T2DM patients without renal insufficiency; NA-DKD: normoalbuminuric T2DM patients
with renal insufficiency; eGFR: estimated glomerular filtration rate. ∗∗p < 0 01 vs. the NO-CKD group. NS: no significant.
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accuracy (sensitivity = 0 614, specificity = 0 752, AUC =
0 731) (Figure 4(b)), but there was no significant difference
between combined detection and NGAL alone (p = 0 13) or
RBP alone (p = 0 66).

3.6. Characteristics of Propensity Score-Matched Cohorts.
Because age was independently associated with eGFR in

T2DM patients with normoalbuminuric renal insufficiency,
to better control for confounding factors, we used propensity
score matching to compare urinary biomarkers between
the NO-CKD and NA-DKD groups. Following the 2-to-1
matching by propensity score, 88 patients in the NO-CKD
group were matched to 44 patients in the NA-DKD group.
Among the matched patients, compared to the NO-CKD
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Figure 2: Correlations between urinary NGAL, RBP, PAI-1, VCAM-1, and E-cadherin with eGFR in T2DM patients with
normoalbuminuria. (a) Levels of urinary NGAL, RBP, PAI-1, VCAM-1, and E-cadherin in patients with normoalbuminuria with/without
renal insufficiency. (b) Single linear regression analysis of urinary NGAL, RBP, and eGFR in T2DM patients with normoalbuminuria. (c)
Multiple linear regression analysis of urinary NGAL or RBP, clinical parameters, and eGFR. NGAL: neutrophil gelatinase-associated
lipocalin; RBP: retinol-binding protein; PAI-1: plasminogen activator inhibitor-1; VCAM-1: vascular cell adhesion molecule-1. ∗∗p < 0 01
vs. NO-CKD group. NS: no significant.
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group, the NA-DKD group had higher SBP, BUN, CR, UA,
and CYSC, but no difference in age and HB (Table 2). Com-
pared to the NO-CKD group, in age-matched patients, the
levels of urinary NGAL and RBP but not PAI-1, VCAM-1,
or E-cadherin were significantly elevated in the NA-DKD
group (Figure 5(a)). Similar to unmatched data, urinary
NGAL and RBP showed negative correlations with eGFR
(r = −0 256, p = 0 003 and r = −0 403, p < 0 001, respectively)
(Figure 5(b)). These results indicate that urinary NGAL and
RBP can serve as biomarkers in age-matched T2DM patients
with normoalbuminuric renal insufficiency.

4. Discussion

In this study, we found that age, plasma TNF-α, and 8-OHdG
were independent risk factors for renal insufficiency in
T2DM patients with normoalbuminuria. In addition, levels

of urinary NGAL and RBP were elevated in patients with
renal insufficiency and negatively related to eGFR in T2DM
patients with normoalbuminuria. Furthermore, urinary
NGAL and RBP were independently associated with eGFR,
suggesting that urinary NGAL and RBP are biomarkers for
T2DM patients with normoalbuminuric renal insufficiency.

Diabetic kidney disease is the most common cause of
ESRD, the primary clinical characteristics of which are pro-
gressive proteinuria and renal failure [31]. However, a por-
tion of patients with T2DM follows a nonalbuminuric
pathway to renal impairment that may be misdiagnosed. A
previous cross-sectional survey including 301 T2DM patients
showed that the prevalence of GFR< 60ml/min per 1.73m2

and normoalbuminuria was 23.3% [6], which is highly con-
sistent with the prevalence in our study. Studies have
reported that aging, rising blood pressure, and intrarenal vas-
cular disease may play pathogenic roles in nonalbuminuric
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Figure 3: Correlations between plasma TNF-α, IL-6, ET-1, and 8-OHdG with urinary NGAL and RBP. (a) Single linear regression analysis of
plasma TNF-α, IL-6, ET-1, and 8-OHdG and urinary NGAL. (b) Single linear regression analysis of plasma TNF-α, IL-6, ET-1, and 8-OHdG
and urinary RBP.
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renal insufficiency [6] [15], which might explain why the
patients with nonalbuminuric renal insufficiency in our study
had higher age and SBP values than others.

Inflammation appears to associated with renal function
decline in normoalbuminuric renal insufficiency [32]. Our
previous study confirmed that the level of TNF-α was
increased in T2DM patients [33], and the current study
showed levels of plasma TNF-α and IL-6 were elevated in
T2DM patients with renal insufficiency and were inversely
related to the eGFR. Generally, diabetic nephropathy is

believed to be a microvascular complication of DM, while
studies have indicated that macroangiopathy was more prev-
alent in patients with normoalbuminuric renal insufficiency,
which was usually accompanied by significant cardiovascular
disease burden [8, 11, 12]. As a sensitive biomarker of intra-
cellular oxidative stress, 8-OHdG was shown to be more
highly expressed in a high intima media thickness (IMT)
group than in a normal IMT group, and 8-OHdG was also
correlated positively with coronary heart disease risk scores
[34], suggesting that 8-OHdG is a useful biomarker of
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Figure 4: ROC analyses of urinary NGAL and RBP for renal insufficiency in T2DM patients with normoalbuminuria. (a) ROC curve for the
ability of NGAL and RBP to identify cases with eGFR < 60ml/min per 1.73m2 among patients with normoalbuminuria. (b) ROC curve for the
combined detection of urinary NGAL and RBP (N+R) to identify cases with eGFR < 60ml/min per 1.73m2 among patients with
normoalbuminuria. ROC: receiver operating characteristic; AUC: area under the ROC curve; N+R: combined detection of urinary NGAL
and RBP.

Table 2: Clinical characteristics of the matched patients.

NO-CKD (N = 88) NA-DKD (N = 44) p values

Age (years) 63 5 ± 10 5 66 4 ± 11 7 0.141

Gender (male/female) 56/32 28/16 0.578

Diabetes duration (years) 10 9 ± 6 1 10 9 ± 6 2 0.968

BMI (kg/m2) 23 10 ± 3 51 23 25 ± 3 07 0.803

SBP (mmHg) 129 4 ± 17 0 136 8 ± 20 9 0.033

DBP (mmHg) 78 8 ± 10 6 82 2 ± 13 2 0.108

HB (g) 129 9 ± 15 8 121 2 ± 26 7 0.051

HbA1C (%) 8.15 (6.90-10.0) 8.00 (7.33-9.00) 0.839

FBS (mmol/l) 8 24 ± 3 25 7 98 ± 3 28 0.667

TC (mmol/l) 4 21 ± 1 10 4 10 ± 1 33 0.621

TG (mmol/l) 1.36 (0.85-2.48) 1.67 (0.98-2.50) 0.447

HDL (mmol/l) 1 06 ± 0 27 1 06 ± 0 32 0.902

LDL (mmol/l) 2 05 ± 0 82 2 04 ± 0 79 0.944

ALB (g/l) 37 5 ± 5 5 37 7 ± 6 3 0.868

BUN (mmol/l) 5.55 (4.62-7.02) 8.21 (6.72-10.61) <0.001
CR (mmol/l) 72.5 (60.0-84.0) 121.0 (86.0-169.5) <0.001
UA (μmol/l) 310 2 ± 105 0 393 1 ± 139 6 <0.001
CYSC (mg/l) 0.81 (0.64-0.93) 1.40 (1.26-1.67) <0.001
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macrovascular complications in patients with T2DM. Our
results showed that 8-OHdG was an independent risk factor
for renal insufficiency in T2DM patients with normoalbumi-
nuria. ET-1 is a potent vasoconstrictor mainly produced by
mesangial cells in the kidneys, and renal microcirculation is
particularly susceptible to ET-1 [35], which may explain
why plasma ET-1 levels were found to be elevated in diabetic
patients with microalbuminuria [36], but not elevated in our
patients with normoalbuminuric renal insufficiency. These
results indicate that inflammation and oxidative stress may
be factors contributing to the pathogenesis of normoalbumi-
nuric renal insufficiency, which seems more relevant to
macroangiopathy of T2DM.

In diabetic patients with proteinuria, the increase in
interstitial fibrosis correlates with renal function decline,
and this decline is independent of albuminuria, indicating
that interstitial injury partly contributes to the declining
eGFR in DM [37]. In patients with normoalbuminuric renal
insufficiency, interstitial or vascular changes are observed
more frequently than the renal structural change typical of
diabetic nephropathy [15], which suggests that tubulointer-

stitial damage may be involved in the development of nor-
moalbuminuric renal insufficiency. NGAL and RBP, tubular
damage biomarkers, have low molecular weights which are
filtered by glomeruli and reabsorbed by proximal tubules
[38]. Injured tubules reduce reabsorption and thus increase
their urinary excretion in T2DM patients with normoalbu-
minuric renal insufficiency. In previous studies, NGAL
expression increased in patients with T1DM before the diag-
nosis of microalbuminuria [39] and increased progressively
from UACR< 10mg/g to 10-30mg/g to >30mg/g in T2DM
patients [40]. Urinary RBP had been identified as a bio-
marker of proximal tubular dysfunction and had good diag-
nostic value in diabetic patients with macroalbuminuria
[41]. Our present study showed that levels of NGAL and
RBP were increased in T2DM patients with normoalbuminu-
ric renal insufficiency and weakly but significantly correlated
with eGFR, which may be caused by inflammation and oxi-
dative stress, which can cause tubular damage [42]. Both uri-
nary NGAL and RBP are correlated positively with plasma
IL-6 and 8-OHdG in our study. Although tubulointerstitial
damage is common with older age [43], our study showed
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Figure 5: Correlations between urinary NGAL, RBP, PAI-1, VCAM-1, and E-cadherin with eGFR in matched T2DM patients with
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urinary NGAL and RBP were elevated in patients with
declined kidney function and correlated negatively with
eGFR in age-matched patients.

Our study has some limitations. First of all, this cross-
sectional study only provided the basis for associations,
and a longitudinal study is needed to confirm the value of
these biomarkers. Besides, eGFR was calculated based on
CKD-EPI-combined creatinine-cystatin C equation, which
is not the “gold standards.” In addition, further mechanism
research is necessary to verify the roles of NGAL and RBP
in normoalbuminuric renal insufficiency.

Taken together, our results reveal that urinary NGAL and
RBP are biomarkers for normoalbuminuric renal insuffi-
ciency in T2DM, which may be caused by inflammation
and oxidative stress. It is necessary to detect urinary NGAL
and RBP in T2DM patients, especially elderly individuals.
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Monocytes are a heterogeneous cell population distinguished into three subsets with distinctive phenotypic and functional
properties: “classical” (CD14++CD16-), “intermediate” (CD14++CD16+), and “nonclassical” (CD14+CD16++). Monocyte
subsets play a pivotal role in many inflammatory systemic diseases including atherosclerosis (ATS). Only a low number of
studies evaluated monocyte behavior in patients affected by cardiovascular diseases, and data about their role in acute
aortic dissection (AAD) are lacking. Thus, the aim of this study was to investigate CD14++CD16-, CD14++CD16+, and
CD14+CD16++ cells in patients with Stanford-A AAD and in patients with carotid artery stenosis (CAS). Methods. 20
patients with carotid artery stenosis (CAS group), 17 patients with Stanford-A AAD (AAD group), and 17 subjects with
traditional cardiovascular risk factors (RF group) were enrolled. Monocyte subset frequency was determined by flow
cytometry. Results. Classical monocytes were significantly increased in the AAD group versus CAS and RF groups, whereas
intermediate monocytes were significantly decreased in the AAD group versus CAS and RF groups. Conclusions. Results of
this study identify in AAD patients a peculiar monocyte array that can partly explain depletion of T CD4+ lymphocyte
subpopulations observed in patients affected by AAD.

1. Introduction

Atherosclerosis (ATS) is amultifactorial disease [1] character-
ized by an inflammatory remodeling of the arterial wall.
Depending on size and site of vessels involved, ATS leads to a
wide range of cardiovascular diseases (CVDs) [2], including
ischemic heart disease, cerebrovascular disease, carotid artery
stenosis (CAS), abdominal aortic aneurism (AAA), acute aor-
tic dissection (AAD), and other conditions [3, 4]. Immune

response strongly affects the outcome of intraparietal inflam-
mation: Thelper (Th) 1 lymphocytes have beenmainly associ-
ated with plaque formation and Th2 lymphocytes with AAA,
whereas macrophages have been related to AAD [1, 5, 6].

Monocytes represent the circulating precursor of tissue
macrophages [7] and play an important role in atherogenesis,
being rapidly attracted by activated endothelial cells [8].
During an atherosclerotic process, their differentiation into
macrophages is associated with upregulation of phagocytic
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activity leading to lipid accumulation and formation of
typical foam cells [1]. Monocytes are a heterogeneous cell
population distinguished by the expression of the surface
markers CD14 (coreceptor for LPS) and CD16 (receptor for
FcγRIII) [9] into three subsets: “classical” (CD14++CD16-),
“intermediate” (CD14++CD16+), and “nonclassical” (CD14+
CD16++) [10]. Each monocyte subset possesses distinctive
phenotypic and functional properties and displays different
immune functions, distinguished by cytokine profiles and
phagocytic activity [11]. A low number of studies evaluated
monocyte behavior in patients affected by CVDs. Classical
monocytes have been independently associated with car-
diovascular events including death, myocardial infarction,
and stroke [12, 13]. Furthermore, experimental evidences
support the role of intermediate monocytes in atherooc-
clusive diseases [14], such as coronary artery disease
(CAD) [15, 16], cardioembolic stroke [17], CAS [18],
unstable angina [12, 18], and AAA [19]. However, to
our knowledge, data about the role of monocyte subsets
in AAD are still lacking.

Therefore, we evaluated CD14++CD16-, CD14++CD16+,
and CD14+CD16++ cells in patients with Stanford-A AAD
and in patients with CAS.

2. Materials and Methods

This was an observational retrospective study.
The population included in this study was composed

of 17 patients undergoing Stanford-A AAD surgical repair
at the Attilio Reale Heart and Great Vessels Department,
Policlinico Umberto I, “Sapienza” University of Rome
(AAD group). Patients were selected on the basis of the fol-
lowing inclusion criteria: (i) Stanford-A AAD; (ii) no history
of neoplasm or autoimmune, infectious, or inflammatory
systemic diseases; (iii) no presence of genetic syndromes
known to be responsible for aortic disease; and (iv) no family
history of aortic dissection or aneurysm.

A group of 20 patients with critical CAS (CAS group)
was selected among those undergoing carotid thrombo-
endo-arteriectomy (TEA) at the Department of Vascular
Surgery, Sant’Andrea Hospital, “Sapienza” University of
Rome. Patients were enrolled on the basis of the following
inclusion criteria: (i) critical carotid stenosis, defined as a
narrowing of the carotid lumen ≥ 70% [20, 21]; (ii) no car-
diac causes of stroke; (iii) no history of neoplasm or autoim-
mune or inflammatory systemic diseases; and (iv) no familiar
or personal history of aneurysms/dissection. All patients
underwent physical and neurological examinations, carotid
artery ultrasound, and angiography by magnetic resonance
imaging (MRI) or contrast tomography (CT).

Seventeen patients with traditional cardiovascular risk
factors attending the Department of Atherosclerosis and
Dyslipidemia, Sant’Andrea Hospital, “Sapienza” University
of Rome, were used as the control group (RF group). Patients
were selected on the basis of the following criteria: (i) no
acute cerebrovascular symptoms or history of cardiovascular
disease, (ii) no carotid stenosis > 20%, and (iii) no familiar or
personal history of aneurysms/dissection.

No significant differences regarding age (mean age ±
SD: 68 83 ± 4 11 years, 59 85 ± 11 01 years, and 62 59 ±
11 08 years for CAS, RF, and AAD, respectively), sex,
diabetes, hypertension, dyslipidemia, and body mass index
(BMI) were observed between CAS and RF groups.

AAD patients were matched with CAS and RF patients
for age, sex, diabetes, and BMI but not for hypertension
and dyslipidemia.

A venous blood sample was withdrawn from each patient
(just before surgery) and from each control, in order to iso-
late peripheral blood mononuclear cells (PBMCs) by density
gradient centrifugation (Lympholyte, Cedarlane, Hornby,
CA). (Since Attilio Reale Heart and great Vessels Department
is an hub reference center for AAD, all patients underwent to
surgery within 6 hours from the onset of the symptoms and
blood samples were collected within this time).

Monocyte subsets were analyzed by flow cytometry as
previously described [22–24] using the following antibodies:
CD14 FITC (BD Biosciences, San Jose, CA, USA), CD16
APC (BD Biosciences, San Jose, CA, USA), and HLA-DR
PE (BD Biosciences, San Jose, CA, USA). Briefly, cells were
first visualized on FSC vs. SSC, and an ample gate was drawn
around the monocyte cloud to exclude the majority of debris
and lymphocytes. These cells were then viewed on a CD14 vs.
CD16 plot. Moreover, the presence of natural killer (NK)
cells, most of which are CD16-positive and could interfere
with CD16+ monocyte count, was checked by HLA-DR
antibody; accordingly, HLA-DR-negative NK cells were
excluded. Monocyte subsets CD14+CD16−, CD14+CD16+,
and CD14+CD16++ were, therefore, defined according to
the surface expression of CD14 and CD16 [23, 9] (Figure 1).

On the basis of the number of PBMC available, it was
possible to test also CD4+ T lymphocytes in 6 patients of
the CAS group, in 6 with RF, and in 10 with AAD. In the
10 AAD patients, immunohistochemistry of aortic speci-
mens collected during surgery was performed as previously
described [25].

FACS analysis was performed using a FACSCalibur
cytometer (Becton-Dickinson) equipped with Cell Quest
software. Isotype controls were used as compensation
controls and to confirm antibody specificity.

All the statistical procedures were performed by Graph-
Pad Prism 4 software (GraphPad Software Inc.).

The study was performed according to the principles of
the Declaration of Helsinki and was approved by the ethics
committee of the Faculty of Medicine.

Written informed consent was obtained from each
patient or from an authorized family member.

3. Results and Discussion

3.1. Results

3.1.1. Monocytes. Classical monocytes were significantly
increased in the AAD group versus CAS and RF groups
(p = 0 0342 and p = 0 0422, respectively), whereas intermedi-
ate monocytes were significantly decreased in the AAD
group versus CAS and RF groups (p = 0 0494 and p =
0 0211, respectively). In particular, both intermediate and
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nonclassical monocytes progressively increased from AAD to
RF, although any significant difference was observed regard-
ing the nonclassical subset (Table 1, Figure 2). No significant
differences were observed between CAS and RF groups for all
monocyte subsets.

3.1.2. Lymphocyte Subpopulations. A significant decrease of
CD4+ T lymphocyte percentage (p = 0 05) was observed
in AAD (mean ± SD: 31 04 ± 17 92; median: 30.00) versus
CAS (mean ± SD: 50 63 ± 19 34; median: 55.35). No signif-

icant differences were observed between CAS and RF
(mean ± SD38 43 ± 14 36; median 39.00) and between
AAD and RF.

3.1.3. Immunohistochemistry. Data regarding immunohisto-
chemistry are reported in Table 2. In 8/10 AAD samples, an
inflammatory infiltrate was observed within the aortic wall.
In 7/8 samples, macrophages were the main population
infiltrating the arterial wall, whereas only in one patient was
observed a low infiltrate of T CD4+ lymphocytes.
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Figure 1: Representative flow cytometry strategy. Cells are visualized on FSC vs. SSC, and gate R1 is drawn around the monocyte
cloud (a). These cells are then viewed on a CD14 (FITC, FL1-H) vs. CD16 (APC, FL4-H) plot, and gate R2 is drawn around the
monocyte cloud (b). Gate R2 cells are viewed on a CD16 (APC, FL4-H) vs. HLA-DR (PE, FL2-H) plot, and HLA-DR-negative NK cells
were excluded drawing R3 gate (c). Then, R3 monocyte population is viewed again on a CD14 (FITC, FL1-H) vs. CD16 (APC, FL4-H)
plot, and CD14++CD16- (gate R4), CD14++CD16+ (gate R5), and CD14+CD16++ (gate R6) cells are defined according to the surface
expression of CD14 and CD16 (d).

Table 1: Percentage of monocyte subsets in CAS, AAD, and RF groups.

Group CAS (n = 20)
Mean ± SD M

Group AAD (n = 17)
Mean ± SD M

Group RF (n = 17)
Mean ± SD M

Classical monocytes 93 05 ± 4 21 93.74 95 37 ± 4 04 97.11 91 11 ± 7 68 92.67

Intermediate monocytes 5 78 ± 3 59 5.45 3 69 ± 3 23 2.89 6 99 ± 4 96 7.25

Nonclassical monocytes 1 17 ± 1 20 0.65 0 94 ± 1 19 0.45 1 90 ± 3 84 0.54
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3.2. Discussion. Our results demonstrated that patients
affected by AAD show a peculiar monocyte pattern charac-
terized by elevated classic and reduced intermediate cell sub-
sets, which predispose them to a prevalent natural immune
response. Moreover, we observed that CAS and AAD
patients displayed an opposite monocyte array, confirming
that immune response plays a pivotal role in driving athero-
sclerotic parietal remodeling toward occlusion or rupture. In
this field, it has been demonstrated that a prevalent CD4+

immune response directs subintimal inflammation toward
plaque formation, whereas a prevalent innate macrophage
activation underlies medial degeneration and aortic rupture
in Stanford-A AAD patients with no genetic predisposition
[1, 6].

We, indeed, considered AAD and asymptomatic critical
CAS as the opposite sides of the same ATS diseases, in which
immune response drives parietal remodeling toward rupture
or stable occlusion.
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Figure 2: FACS analysis of monocyte subsets in CAS, RF, and AAD groups. Data were expressed as the percentage of cells (a) and the
number of events (b). The 25 and 75 percentiles, median, minimal, and maximal are shown. Statistical analysis: Mann–Whitney
nonparametric test. ∗p < 0 05.
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Monocytes represent a systemic reservoir of myeloid
precursors for renewal of tissue macrophages and dendritic
cells, but they also exert effector/antigen-presenting cell
and regulatory functions. Macrophages are the main cells
involved in the innate immune response and play a crucial
role in the inflammatory process underlying ATS [26].
These cells, indeed, express an array of inflammatory fac-
tors, as well as matrix metalloproteinases (MMPs), which
are responsible for maintaining intraparietal inflammation
and degrading extracellular matrix [27]. Their activation
has been related to myocardial infarction, stroke, and
CAS [28]. Moreover, several studies indicated, both in
mice and in humans, that macrophage recall and their
activation represent key events in the early phases of
AAD [6].

Interestingly, monocytes are able to trigger and polarize
T cell-mediated immune response [29–31]. In particular,
intermediate monocytes exert proinflammatory actions
[10, 32] and have been reported to favor T cell differenti-
ation toward Th1 and Th17 [33].

Experimental evidences support the role of intermediate
monocytes in atheroocclusive diseases [22–24], such as
symptomatic and asymptomatic CAS, cardioembolic stroke,
and unstable angina [12, 17, 18]. Our results confirmed a
high percentage of intermediate monocytes in CAS patients,
whereas such subset was decreased in the AAD group versus
both CAS and RF. This suggests that such depletion is specif-
ically related to aortic rupture and can at least in part explain
the lack of T CD4+ subpopulations which characterizes
Stanford-A AAD [6, 34]. We, indeed, confirm that CD4+ T
lymphocytes are significantly reduced in peripheral blood
of AAD patients in comparison with CAS [6]. Moreover, a
prevalent macrophage infiltrate was found within the tunica
media in aortic samples, whereas T CD4+ lymphocytes were
poorly represented.

In the AAD group, a significant increase of classic mono-
cytes was documented versus both CAS and RF. Monocyte
CD14++CD16- are mainly involved in natural response
against pathogens. Furthermore, this subset has been related
to the inflammatory process occurring in ATS [35]. The
increase of such pattern in Stanford-A AAD patients strongly
confirms that inflammation underlies also ascending aortic

wall rupture in patients with no genetic predisposition
and supports the hypothesis of a microbial contribution
to AAD [36].

4. Conclusion

This study seems of particular interest, since to our knowl-
edge, it is the first report about monocyte subsets in AAD.
We found that Stanford-A AAD patients with no genetic
predisposition display a peculiar monocyte pattern, which
strongly differs from that observed in the CAS group.
We, therefore, can speculate that monocytes, particularly
CD14++CD16+ cells, can represent the link between innate
and adaptive immunity and can contribute to drive immune
response toward a matrix degrading natural response.
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Background. Age-related macular degeneration (AMD), the most common cause of blindness in the developed world, usually
affects individuals older than 60 years of age. The majority of visual loss in this disease is attributable to the development of
choroidal neovascularization (CNV). Mononuclear phagocytes, including monocytes and their tissue descendants, macrophages,
have long been implicated in the pathogenesis of neovascular AMD (nvAMD). Current therapies for nvAMD are based on
targeting vascular endothelial growth factor (VEGF). This study is aimed at assessing if perturbation of chemokine signaling and
mononuclear cell recruitment may serve as novel complementary therapeutic targets for nvAMD. Methods. A promiscuous
chemokine antagonist (BKT130), aflibercept treatment, or combined BKT130+aflibercept treatment was tested in an in vivo
laser-induced model of choroidal neovascularization (LI-CNV) and in an ex vivo choroidal sprouting assay (CSA).
Quantification of CD11b+ cell in the CNV area was performed, and mRNA levels of genes implicated in CNV growth were
measured in the retina and RPE-choroid. Results. BKT130 reduced the CNV area and recruitment of CD11b+ cells by 30-35%.
No effect of BKT130 on macrophages’ proangiogenic phenotype was demonstrated ex vivo, but a lower VEGFA and CCR2
expression was found in the RPE-choroid and a lower expression of TNFα and NOS1 was found in both RPE-choroid and
retinal tissues in the LI-CNV model under treatment with BKT130. Conclusions. Targeting monocyte recruitment via
perturbation of chemokine signaling can reduce the size of experimental CNV and should be evaluated as a potential novel
therapeutic modality for nvAMD.

1. Introduction

Dysregulation of the complement and systemic immune sys-
tems has been associated with the pathogenesis of age-
related macular degeneration (AMD). Genetic, histological,
and biochemical studies have associated the alternative com-
plement pathway with the disease [1–8]. Lymphocytes,
mononuclear cells, and particularly monocytes and macro-
phages were also implicated in AMD [3, 9–23]. In fact, infil-
tration of monocytes to the retina was found to be essential
for the development of choroidal neovascularization (CNV)

[18, 24]. Increased numbers of CD56+ T cells have been
detected in the blood of AMD patients when compared to
age-matched controls [25], and the interaction of T cells and
M1 macrophages was reported during the stages of AMD
[23]. Once recruited to the eye, monocytes differentiate to
macrophages that can exert a proangiogenic effect in the con-
text of neovascular AMD (nvAMD), an effect that may be
exacerbated in aging [17, 18, 22, 26–31]. Activated macro-
phages from nvAMD patients might exert a more significant
proangiogenic effect compared with macrophages from age-
matched controls [22]. Several macrophage-derived cytokines,
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in addition to VEGF, can mediate CNV growth [32, 33].
Accordingly, perturbation of monocyte recruitment and/or
function may potentially result in suppression of CNV growth
that may potentially complement anti-VEGF-based therapies.

Chemokines and their receptors play a critical role in the
progression of autoimmune and inflammatory diseases such
as AMD. Multiple chemokines were found to be involved in
the development of this pathology [34–38]. For example, a
transcriptome-wide analysis of the AMD donor retinas sug-
gested that CCL2, IP-10, MIG, and I-TAC are upregulated
in all forms of the disease [39]. CXCR3 is one of the mamma-
lian chemokine receptors, promoting chemotaxis and cell
proliferation. This receptor binds to three major chemokine
ligands: IP-10, MIG, and I-TAC. CXCR3 expression and
IP-10 were elevated in the RPE-choroid fractions of the
laser-induced CNV eyes compared with nontreated fellow
eyes [40]. Our group has reported an increased expression
of other chemokine receptors, namely, CCR1 and CCR2, in
the CD14+CD16+ subset of monocytes from neovascular
AMD (nvAMD) patients [41]. CCR2 is a major chemokine
receptor that is also potentially involved in macrophage acti-
vation and recruitment in AMD [32]. In accordance with the
high levels of MCP-1, the ligand for CCR2 was detected in
the aqueous humor of patients with AMD [42, 43], and mac-
rophages have been found in the vicinity of drusen areas of
retinal pigment epithelium (RPE) atrophy, Bruch’s mem-
brane rupture, and choroidal neovascularization (CNV) in
histological sections from AMD eyes [44–49].

Targeting a single chemokine, or its receptor, in an
attempt to reduce macrophage recruitment to the retina
was contemplated as a potential treatment for AMD. This
approach is limited by the redundancy of the chemokine sig-
naling system and by the nonexclusive nature of ligand-
receptor interactions which characterizes it [50–52]. Here,
we suggest an alternative approach involving antagonizing
multiple chemokine signaling pathways simultaneously.
Accordingly, a recent study demonstrated the efficiency of a
broad-spectrum chemokine inhibitor (NR58-3.14.3) in mod-
ulating macrophage-mediated inflammation in light-induced
retina injury [53].

BKT130 is a novel promiscuous chemokine-binding
peptibody which has the ability to bind and inhibit multi-
ple inflammatory chemokines, such as CCL2 (ligand for
CCR2), CCL5 (binding CCR5), IP-10, MIG, and I-TAC
(binding to CXCR3) [54]. This novel peptibody was already
proven to have a therapeutic effect in autoimmune and
inflammatory pathologies by inhibition of the recruitment
of immune cells, inflammation, and disease progression in
rodent models for rheumatoid arthritis (RA) and multiple
sclerosis (MS) [54]. BKT130 was also found to inhibit mela-
noma and pancreatic tumor cell growth in mice [54]. In this
study, we assessed the effect of this chemokine antagonist in a
rodent model for laser injury-induced CNV and in comple-
mentary in vitro experiments.

2. Materials and Methods

2.1. Laser-Induced Model of CNV (LI-CNV) and Experimental
Groups. LI-CNV was generated in adult Long-Evans rats

(8-12 weeks old). Animals were treated in accordance with
the guidelines of the Association for Research in Vision and
Ophthalmology (ARVO). Experiments were conducted
with the approval of the institutional animal care ethics
committee. Before each procedure, rats were anesthetized
by intraperitoneal injections of a mixture of 85% ketamine
(Bedford Laboratories, Bedford, OH) and 15% xylazine
(VMD, Arendonk, Belgium). Local anesthesia using oxy-
buprocaine HCL 0.4% (Localin) drops (Fisher Pharmaceu-
ticals, Tel-Aviv, Israel) was applied to each eye 10 minutes
before intravitreal injections or laser photocoagulation.

Laser burns (5-7 burns per eye) were generated as
previously described [55]. Intravitreal injections were per-
formed using a PLI-100 Pico-Injector (Medical System
Corp., Greenvale, NY) as we have previously described
[22]. Intravitreal injections of either 4μl of 5mg/ml
BKT130 (Biokine, Ness Ziona, Israel) (n = 9 eyes), 1μl of
40mg/ml aflibercept (Bayer Pharma AG, Berlin, Germany)
(n = 8), a combination of 4μl BKT130 and 1μl of afliber-
cept (n = 8), or 4μl of PBS solution (n = 10) were provided.
BKT130 dosage was according to a previous study which
tested dose response and kinetic analysis in vivo [54], and
aflibercept dosage was according to that used in human eyes
which was adjusted according to the size of the rat eye. All
intravitreal injections were performed at the time of the
laser burn injury and 5 days later. Antibiotic ointment
(5% Synthomycine) was applied after the injection. RPE-
choroid flat mounts were dissected and processed for isolec-
tin staining 10 days following the laser injury as we have
previously described [22]. The contralateral retina of the
same rat was homogenized and frozen at -80 for RNA extrac-
tion using TRI-Reagent (Sigma-Aldrich, Munich, Germany).

2.2. CNV Quantification. RPE-choroid flat mounts were
fixated for one hour in 4% PFA and suspended overnight
in isolectin solution (GS-Ib4 Alexa 594 staining solution,
Molecular Probes, Eugene, Oregon) containing 200mM
NaN3 and 1mM CaCl2. Flat mounts were then washed
6 times for 20 minutes in PBS and embedded on a slide
with a mounting medium. Isolectin images of the RPE-
choroid flat mounts were viewed using a fluorescent micro-
scope (Olympus BX41, Tokyo, Japan). Background was con-
trolled by setting the exposure parameters as such so that
they provided no detectable signal for the control nonim-
mune serum-stained rat flat mount. These same parameters
were maintained while capturing all images from the test sec-
tions. Images were photographed with an Olympus DP70
digital camera.

The CNV area around each laser injury was measured
using the ImageJ software [56]. The optic disc was removed
to avoid autofluorescence from background counts. The scale
was set to translate pixels into mm2, threshold was set on an
unstained negative control, and these settings were used as
background for all images. In order to calculate the average
area of each CNV, we calculated the stained area of particles
above the size of 60 pixels and divided it by the number of
laser burns in the eye. The average CNV area of each eye
was then calculated, and the mean CNV area of the four
groups was compared.
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2.3. Immunohistochemistry. Immunohistochemistry of the
fixed retinas was performed for mononuclear phagocyte
(CD11b+) cell count. In brief, mouse monoclonal anti-
CD11b (Abcam, ab78457, 1 : 100) was used as the primary
antibody for the rat mononuclear phagocytes. A donkey
anti-mouse (Abcam, ab150110, 1 : 100) was used as the sec-
ondary antibody. Retinal flat mounts were first permeabilized
and blocked for 3 hours at room temperature (RT) with
blocking solution containing 0.1% Triton-X, 10% Normal
Donkey Serum (NDS, Millipore S30, Temecula, CA, USA),
3% albumin bovine (BSA; Amresco Inc., Solon, OH, USA)
in PBS. Primary antibody was added overnight in 4°C on
shaker. Samples were then washed for 20 minutes six times
in PBS at RT, and secondary antibodies were added for 2
hours on a shaker at RT. Samples were placed on slides with
mounting medium after 4′,6′-diamidino-2-phénylindole
(DAPI) (Enzo LifeScience Exeter, UK) staining, for cell
nucleus identification. Flat mounts of eyes with LI-CNV
and without primary antibodies served as negative controls,
which defined our background for the microscopy.

Immunofluorescence analysis was performed using a
Zeiss LSM 710 confocal laser scanning system (Carl Zeiss
MicroImaging GmbH, Jena, Germany) with 25X oil objective
and a tile scan. Background was controlled by setting the
exposure parameters as described above. These same param-
eters were maintained while capturing images from the test
sections. CD11b+ cells which were found in the laser injury
site, at the sub retinal space, were counted by a masked
observer, using ImageJ software. The perimeter of the laser
injury site was determined based on the absence of nearby
photoreceptor cells as identified via DAPI staining, sur-
rounding the laser injury (Figure 1(a)). Results are presented
as the mean number of cells per laser-treated area of each
experimental group ± SEM.

2.4. Quantitative Real-Time PCR (QPCR). Total RNA was
extracted from the flash-frozen retinas using TRI Reagent
(Sigma-Aldrich), according to the manufacturer’s instruc-
tions, and treated with DNase (TURBO DNA-free, Ambion,
Austin, TX). Reverse transcriptase polymerase chain reaction
was performed using the High Capacity cDNA Reverse Tran-
scription Kits (Applied Biosystems, Foster City, CA) and
anchored oligo dT primers on 1 μg total RNA in a volume
of 20μl.

Quantitative real-time PCR (QPCR) was performed
using the SYBR Green technique to measure mRNA levels
of genes involved in angiogenesis, inflammation, mononu-
clear cell marker, macrophage polarization, and monocyte
recruitment. Oligonucleotide primers for genes of interest
[CCL2, CCR2, CCL5, VEGFA, IL1β, TNFα, NAP-2, MIP-2,
CD11b, CD163, MRC1 (CD206), and N0S1] and for an
endogenous control gene (β-actin) were designed for QPCR
using Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). These genes were selected as they are related
with chemokine signaling or with proangiogenic function
of macrophages. All primers were purchased from Sigma-
Aldrich (primer sequences are presented in Supplement
Table 1). Measurement of the mRNA levels was performed
on the retinas and RPE-choroid tissues, separately, 10 days

after injections, in each experimental group (n = 9 eye
samples in each group: PBS, BKT130, aflibercept, and,
BKT130+aflibercept). Measurement of β-actin mRNA levels
served as endogenous controls. All reactions were carried
out in triplicate, using 384-well plates, at a total volume of
10 μl. Wells contained 20 ng (for CCL2, CCR2, CCL5,
MRC1, CD163, VEGFA, CD11b, NOS1, and IL1β) or 100 ng
(for TNFα, NAP-2, and MIP-2) cDNA template, 5μl of
SYBR Green FastMix (Quanta Biosciences), and 0.5μl
forward and reverse primers (10mM) for each gene. Signal
amplification was measured throughout 38 cycles of 60°C
for 20 seconds, followed by 95°C for 20 seconds. To
confirm the amplification of a specific cDNA, the
dissociation temperature was examined and compared with
the calculated melting temperature for each amplified
product. The amplified products were also examined by
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Figure 1: BKT130 reduces CD11b+ cell migration to the laser-
treated area. Rat retinal flat mounts were prepared 10 days
following laser injury and intravitreal injections. Flat mounts were
observed using a confocal laser scanning system. CD11b-positive
cells were observed in the center of the laser-treated areas (a).
Each laser-treated area was observed in a 40x lens, and the
macrophages (magenta) were counted (b–e). The eyes injected
with BKT130, aflibercept, or BKT130+aflibercept demonstrated
less CD11b-positive cells ((d) and (e), respectively) compared
with PBS-injected eyes (b). A comparison between the amounts
of cells found in laser-treated areas in each group is provided in
(f). The Y-axis presents the mean (±SEM) number of CD11b+
cells found in each laser-treated area, in either BKT130 (number
of laser burns = 19), aflibercept (n = 25 laser injury areas),
BKT130+aflibercept (n = 41), or control PBS-injected group
(n = 24). ∗P < 0 05 and ∗∗P < 0 005.
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agarose gel electrophoresis. Fluorescent signals were measured
by the CFX384, C1000 touch thermal cycler (Bio-Rad) and
analyzed using the spreadsheet software (Excel; Microsoft,
Redmond, WA). Expression levels of each gene were
compared across the samples by using the expression levels
of the endogenous control according to the standard 2(-ΔΔCT)

calculation [57], giving results as relative quantification and
fold change ± standard error of themean (SEM).

2.5. Choroid Sprouting Assay (CSA). Blood samples (20ml)
were collected from 6 nvAMD patients (3 females, 3 males,
mean age ± SEM: 70 8 ± 2 3 years, range: 64-81) in EDTA
tubes (BD Bioscience). Patients were recruited from the ret-
ina clinic of the Department of Ophthalmology at the
Hadassah-Hebrew University Medical Center. The criteria
for the inclusion of nvAMD patients included the following:
age over 55 years, diagnosis of AMD according to the AREDS
criteria [58], and diagnosis of CNV according to fluorescein
angiogram and optical coherence tomography. All patients
signed an informed consent form, and the study was
approved by the institutional ethics committee (see Ethical
Approval). Monocytes were isolated from the whole blood,
differentiated into macrophages (M0), and activated into
M1- and M2a-like phenotypes, as we and others have previ-
ously described [22, 59, 60].

An ex vivo angiogenesis assay was performed as previ-
ously described [22, 61], to evaluate the effect of BKT130
on the macrophages’ proangiogenic phenotype. Briefly, the
supernatant from human-activated and human-polarized
macrophages that were treated with 50 μg/ml BKT130 or
untreated control macrophages was collected at day 7 of
monocyte cell culture and kept in -20°C until use. Treatment
with BKT130 took place at the day of macrophage polariza-
tion or at day 5 for the nonactivated macrophages (M0).

Adult C57BL6J mice, which were treated in accordance
with the guidelines of the Association for Research in Vision
and Ophthalmology (ARVO), were utilized for CSA experi-
ments. Experiments were conducted with the approval of
the institutional animal care ethics committee (see Ethical
Approval). Mice were anesthetized with ketamine, checked
for responses, and euthanized by cervical dislocation. The
eyes were immediately enucleated and kept in ice-cold ECGS
medium containing 1/100 penicillin-streptomycin and 1/100
glutamine before dissection. A choroid-sclera complex from
the mice was gently dissected along with retinal pigment
epithelium (RPE). The complex was cut into 5-6 1mm long
pieces. Fragments were embedded in 30 μl of growth
factor-reduced Matrigel™ (BD Biosciences, Cat. 354230) in
24-well plates. The thickness of the Matrigel™ was approxi-
mately 0.4mm. Plates were then incubated for 10 minutes
in 37°C, in a 5% CO2 cell culture incubator without medium
to solidify the Matrigel™. Medium (250 μl) containing
ECGM (C-22010, PromoCell, Germany), 2.5% supplement
mix (C-9215, PromoCell, Germany), 5% FCS, 1/100 penicil-
lin-streptomycin, and 1/100 glutamine was added to each
well. 250μl of the macrophages’ supernatant or 250μl of
medium only was added to each well in duplicates. In addi-
tion, BKT130 was added directly to another group of CSA
wells with the supernatant of untreated polarized M0 and

M1 macrophages from 5 other nvAMD patients (4 female,
1 male, mean age ± SEM: 77 8 ± 3 9 years, range: 64-87), to
assess the effect of BKT130 directly on the supernatant with-
out its potential effect on the macrophages’ phenotype.
Medium was changed every 3 days, and the cultures were
fixed with 4% PFA after 8 days. Cultures were viewed with
an inverted phase-contrast CKX41 Olympus microscope,
and images were photographed with an Olympus DP70 dig-
ital camera (Olympus, Tokyo, Japan).

ImageJ software was used to quantify the sprouting area.
The scale was set to convert pixels to mm2. Each image was
converted to an 8-bit format to obtain a binary image.
Sprouting area quantification and analysis were performed
in duplicates for each sample.

2.6. Statistical Analysis. Data was processed using the biosta-
tistical package InStat (GraphPad, San Diego, CA). P < 0 05
was considered to indicate the statistical significance. Values
over two standard deviations from the average were excluded
from the statistical analysis. Appropriate statistical tests were
applied according to the results of a normalcy test, sample
distribution, and nature of the parameters.

3. Results

3.1. BKT130 Suppresses Laser-Induced Model of CNV (LI-
CNV). The LI-CNV rat was utilized to evaluate the in vivo
effect of BKT130 on CNV growth (Figure 2). The CNV area
was measured 10 days after the induction of LI-CNV and
commencement of intravitreal therapy in the rat eyes.
BKT130 treatment (n = 9 eyes) was associated with a 36.8%
reduction in the CNV area [mean area mm2 ± SEM] as
compared with control (n = 10) PBS-injected eyes (0 036 ±
0 005 vs. 0 057 ± 0 004, respectively; P = 0 005, ANOVA).
Aflibercept treatment (n = 8) was associated with a 68.4%
reduction of the CNV area as compared with controls
(0 018 ± 0 001, P = 0 0001). Injection of both aflibercept
and BKT130 (n = 8) resulted in a 70.2% smaller CNV area
(0 017 ± 0 001, P = 0 0001). CNV was 50% smaller in
aflibercept-treated eyes compared with BKT130-treated eyes
(P = 0 0003) and 52.8% smaller in aflibercept+BKT130-
treated eyes (P = 0 0003).

3.2. BKT130 Inhibits Mononuclear Phagocyte Recruitment to
a LI-CNV. Immunostaining for CD11b+ cells was performed
on the photoreceptor side of the retina flat mounts to assess
their recruitment to the LI-CNV (Figure 1). CD11b+ cells
were found beneath the photoreceptors (between retinal
and RPE cells) overlying the laser injury site (Figure 1(a)).
Laser injury sites were of similar size across the experi-
mental groups, while the number of CD11b+ cells was asso-
ciated with the specific treatment provided (Figure 1(a)). The
lowest CD11b+ cell count (43% reduction) was found in the
aflibercept+BKT130 (number of laser-treated areas = 41;
mean cell count in each laser-treated area ± SEM: 18 51 ±
1 26) as compared with the control PBS-treated eyes
(n = 24 laser injury areas, mean cell count = 32 63 ± 2 23;
P < 0 001; ANOVA). A reduction in the number of CD11b+
cells was also found in BKT130-treated eyes (n = 19, cell
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count = 21 89 ± 1 85; P < 0 01; ANOVA) and in aflibercept-
treated eyes (n = 25, 21 36 ± 1 78; P < 0 001; ANOVA) as
compared to PBS-treated eyes. No difference in the mean cell
number was found among BKT130, aflibercept, and com-
bined aflibercept+BKT130-treated eyes.

3.3. BKT130 Treatment Affects Gene Expression Profile in the
Eyes with LI-CNV. The mRNA expression profile of several
genes evaluated with QPCR was associated with the specific
treatments provided, as well as the tissue tested (retina and
RPE-choroid; Figure 3).

Mean RPE-choroid CCR2 expression (RQ ± SEM) was 2-
fold lower in the BKT130-treated eyes (n = 9 eyes, 1 3 ± 0 26)
as compared with PBS (n = 9, 2 56 ± 0 37, P = 0 02, t-test)
and 1.8-fold lower from aflibercept+BKT130-treated eyes
(n = 9, 2 35 ± 0 37, P = 0 05, t-test) (Figure 3(a)). Multivari-
ate analysis for CCR2 mRNA levels in the RPE-choroid
across the four groups did not disclose a difference (P = 0 2,
Kruskal-Wallis test).

CCL5mRNA levels in the RPE-choroid was 2-fold higher
in BKT130-treated eyes (0 9 ± 0 14, P = 0 03, t-test) and 3-
fold higher in aflibercept-treated eyes (n = 9, 1 37 ± 0 36,
P = 0 04, t-test), as compared to the eyes injected with PBS
(0 45 ± 0 09; Figure 3(b)). Multivariate analysis for CCL5
mRNA levels across the four groups in the RPE-choroid
did not disclose a difference (P = 0 15, Kruskal-Wallis test).

CCR2 and CCL5 expression in the retinal tissue was sim-
ilar among the experimental groups.

TNFα expression was 2.25-fold lower in RPE-choroid
(0 8 ± 0 17) and 2.7-fold lower in retinal (1 05 ± 0 28) tissues
of BKT130-treated eyes as compared to the PBS-treated eyes
(1 8 ± 0 28, P = 0 03, Mann–Whitney test; 2 83 ± 0 67, P =
0 05, t-test, respectively) (Figures 3(c)–3(e)). A multivariate
test for retinal TNFα expression across the four groups con-

firmed variable expression levels among the groups
(P = 0 04, Kruskal-Wallis test). A multivariate test for RPE-
choroid TNFα expression across the four groups did not dis-
close a difference (P = 0 1, Kruskal-Wallis test), yet when we
pooled the two groups that were treated with BKT130
(BKT130 and aflibercept+BKT130), the multivariate test for
RPE-choroid TNFα expression across the three groups con-
firmed variable expression levels among the groups (P =
0 04, Kruskal-Wallis test).

Retinal VEGFA expression was 1.8-fold lower in
aflibercept-treated eyes (0 32 ± 0 03) as compared to PBS-
treated eyes (0 59 ± 0 05, P = 0 0003, t-test). BKT130 treat-
ment was associated with 3.2-fold reduced expression of
VEGFA in the RPE-choroid (0 42 ± 0 12) as compared to
PBS-treated eyes (1 34 ± 0 28, P = 0 02, t-test). The combina-
tion of aflibercept+BKT130 was associated with lower
VEGFA expression by 1.25-fold in retinal tissue (0 47 ±
0 04) and 2.6-fold reduced levels in RPE-choroid tissue
(0 52 ± 0 12) as compared with the PBS-treated group
(0 59 ± 0 05, P = 0 05, t-test; 1 34 ± 0 28, P = 0 01, t-test,
respectively) (Figures 3(d)–3(f)). A multivariate test for
VEGFA expression across the four groups disclosed variable
expression levels (P = 0 03 in the retina and P = 0 004 in
the RPE-choroid, Kruskal-Wallis test).

A multivariate test for CD11b expression in the retina
across the four groups disclosed variable expression levels
(P = 0 003, Kruskal-Wallis test). Univariate analysis sug-
gested that CD11b expression in the retina was decreased
by 14-fold following BKT130 (0 026 ± 0 01) treatment
and by 10-fold following aflibercept treatment (0 03 ± 0 01)
as compared with PBS- (0 4 ± 0 1) treated eyes (P = 0 02,
t-test; P = 0 02, t-test, respectively) (Figure 3(g)). No
change was measured in CD11b expression in the RPE-
choroid tissue.
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Figure 2: In vivo assessment of BKT130’s effect in a rodent model of LI-CNV. BKT130 was injected intravitreally in a rat model of LI-CNV
(n = 9 eyes). The eyes injected with PBS served as a negative control (n = 10), while intravitreal injections of aflibercept served as the positive
control (n = 8). BKT130 was also injected with aflibercept to assess an additive effect (n = 8). CNV was identified and quantified using a
fluorescent microscope in isolectin-stained RPE-choroid flat mounts (a–d). Each laser treated area was observed in a 20x lens and the
whole flat mount in 4x lens. The CNV area was measured and compared between treatments and between PBS-injected eyes (e). The
Y-axis presents the averaged (±SEM) CNV area (mm2) of treated and PBS-injected control eyes. ∗∗P < 0 005 and ∗∗∗P < 0 0005.
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Figure 3: Gene expression profile of the retinas and RPE-choroid following treatment. mRNA expression levels of genes related to
angiogenesis (VEGFA, IL1β, and TNFα), inflammation (CCL2, CCR2, CCL5, TNFα, NAP-2, and MIP-2), mononuclear cell markers
(NOS1, CD163, and CD11b), and macrophage recruitment (CCL2, CCR2, NAP-2, and MIP-2) were evaluated in the RPE-choroid (a–d)
and in the retinas (e–h) of rats via QPCR (n = 9 eyes in each group: PBS, BKT130, aflibercept, and BKT130+aflibercept). Presented are the
genes that significantly changed after treatment. The Y-axis indicates RQ ± SEM. ∗P < 0 05.
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A multivariate test for CD163 expression in the retina
across the four groups did not disclose a difference (P = 0 1,
Kruskal-Wallis test). Univariate analysis demonstrated that
BKT130 treatment was associated with a 4.17-fold reduction
of CD163 (an M2 macrophage biomarker) expression in
the retina (0 0005 ± 0 0002 and 0 0001 ± 0 00003, P = 0 03,
t-test, respectively) (Figure 3(h)). No change was measured
in CD163 expression in the RPE-choroid tissue.

In univariate analysis, BKT130 treatment was associated
with reduced NOS1 (an M1 macrophage biomarker) expres-
sion in the RPE-choroid and in the retina, respectively (RPE-
choroid: BKT130—0 02 ± 0 02, PBS—0 06 ± 0 01, P = 0 05;
retina: BKT130—0 008 ± 0 003, PBS—0 04 ± 0 01, P = 0 01,
t-test). Aflibercept monotherapy was not associated with
altered NOS1 expression in the choroid or the retina tissues.
The combination therapy of aflibercept+BKT130 was associ-
ated with reduced NOS1 levels in the retina (aflibercept
+BKT130: 0 008 ± 0 003, PBS: 0 04 ± 0 01, P = 0 02, t-test),
but not in the RPE-choroid. A multivariate test for NOS1
expression in the retina and in the RPE-choroid across the
four groups disclosed variable expression levels (P = 0 04
for both tissues, Kruskal-Wallis test) (Figures 3(i) and 3(j)).

No difference in the expression levels of MRC1, CCL2,
IL1β, NAP-2, and MIP-2 in the retina or in the RPE-
choroid was identified across the treatment groups (data
not shown).

3.4. BKT130 Does Not Affect Macrophages’ Proangiogenic
Phenotype or Function. An ex vivo CSA was conducted to
evaluate the effect of BKT130 on macrophage’s proangio-
genic phenotype and the function of the secreted proteins.
No difference in the sprouting area was detected among
wells treated with the supernatant of macrophages that were
incubated with or without BKT130 (n = 6 in each group,
mean of CSA area in mm2 ± SEM, M0: untreated 1 72mm2

± 0 32 vs. treated 1 64mm2 ± 0 32, P = 0 7; M1: untreated
2 2mm2 ± 0 34 vs. treated 2 2 ± 0 35, P = 0 4; M2: untreated
1 62mm2 ± 0 34 vs. treated 1 54mm2 ± 0 25, P=0.6; paired
t-test). In addition, the sprouting area was not affected
by the addition of BKT130 to the CSA wells treated with
macrophage’s culture media in each macrophage subtype
tested (mean of CSA area in mm2 ± SEM, M0: without
BKT130 1 4mm2 ± 0 6 vs. with BKT130 1 12mm2 ± 0 6,
P = 0 8; M1: without BKT130 2 2mm2 ± 0 9 vs. with
BKT130 1 36mm2 ± 0 5, P = 0 5, paired t-test) (Figure 4).

4. Discussion

We describe the effect of a novel promiscuous chemokine
antagonist (BKT130) in the rat model of LI-CNV. Applica-
tion of this compound via the intravitreal route was associ-
ated with a reduction in the recruitment of CD11b+ cells to
the proximity of CNV lesions, a reduction of CNV size, and
suppression of the expression of chemokines and cytokines,
including the major monocyte receptor—CCR2—in the
RPE-choroid tissue. Despite the fact that BKT130 inhibits
chemokines which are expressed not only by the inflamed tis-
sue but also by M1 and M2 macrophages, ex vivo treatment

with BKT130 in CSA or treatment of cultured macrophages
with BKT130 failed to suppress choroidal sprouting.

These data suggest that BKT130’s favorable in vivo effect
is mediated via perturbation of chemokine signaling and
monocyte recruitment to the laser-injured area. Recently, it
was suggested that microglia are resident macrophages of
the retina that are derived from embryonic yolk sac progen-
itors during development, while nonresident bone marrow-
derived macrophages may be recruited into the retina from
the vasculature in pathology [62]. Therefore, any additional
CD11b+ cells found in the retina are likely to represent
recruited macrophages rather than resident microglia [63].
Macrophages were implicated in the pathogenesis of AMD
based on multiple studies, among them are the presence of
macrophages in the vicinity of AMD lesions [44, 45, 64,
65], proangiogenic human and rodent macrophages’ effect
in vitro and in the rodent model of LI-CNV [18, 22, 66],
and the reduced size of experimental CNV following inhibi-
tion of the CCR-CCL2 signaling pathway and monocyte
recruitment [30, 67].

BKT130 suppresses LI-CNV via antagonizing multiple
chemokines, thereby indirectly suppressing the expression
of VEGF and other proinflammatory and proangiogenic
cytokines. In the present study, anti-VEGF therapy was also
associated with reduced macrophage recruitment, conceiv-
ably, through a PGF trap which inhibits subretinal phagocyte
accumulation and other different mechanisms [68–70].

Macrophages may mediate CNV progression via cyto-
kine production. TNFα-expressing macrophages were previ-
ously detected in CNVs excised from AMD patients [71].
Our previous study showed that M1 macrophages from
nvAMD, which had a proangiogenic effect in the rat model
of LI-CNV, also produce considerable amounts of TNFα
[22]. In addition, it has been previously suggested that mac-
rophages secreting TNFα in CNV stimulate RPE expression
of VEGF [71, 72] and that TNFα increases the secretion of
VEGF A and C and leads to the upregulation of VEGF
expression by human RPE cells and choroidal fibroblasts
[73, 74]. Our current results showed approximately 60%
reduction in TNFα expression in both retinal and RPE-
choroidal tissues following BKT130 treatment. In addition,
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we found reduced expression of CD11b and NOS1 in both
retinal and RPE-choroid tissues following BKT130 treatment
which suggest reduced mononuclear phagocyte recruitment
and reduced polarization towards the M1 macrophage phe-
notype. Interestingly, aflibercept, while suppressing macro-
phage recruitment as evident by reduced CD11b expression
in the retina, did not suppress TNFα, NOS1, or CCR2 expres-
sion suggesting that it did not affect macrophage polarization
or polarized macrophages’ recruitment. Thus, our findings
support a potential suppression of M1 macrophages’ polari-
zation by BKT130 while aflibercept may potentially suppress
the recruitment mononuclear cells but not polarization to the
M1 phenotype and therefore may have a different mecha-
nism of action on CNV growth. These results are in accor-
dance with a recent report of higher expression of M1
markers in the RPE-choroid of a mouse following laser-
induced CNV as compared to M2 macrophages’ markers
which were increased in the retina [75]. M1macrophage acti-
vation and M1-dominant polarization profile of microglia
were also recently described in the degenerative retina of
rd1 mice [76].

VEGF immunoreactivity was previously found to be
greater in inflammatory and active CNV and was found in
the RPE to a greater extent than found in macrophages
[77]. In addition to the RPE [78] and macrophages, at least
six more retinal cell types have the capacity to produce and
secrete VEGF including astrocytes [79], Müller cells [80],
endothelial cells [81], microglia [77], pericytes [82], and gan-
glion cells [83]. BKT130 downregulated VEGFA expression
in the RPE-choroid, but not in the retina. By contrast, afliber-
cept downregulated VEGFA expression in the retina and not
in the RPE-choroid. Interestingly, combining aflibercept with
BKT130 treatments caused downregulation of VEGFA
expression both in retina and in RPE-choroid tissues. These
results may reflect the variable mechanism of VEGF suppres-
sion associated with the two compounds and suggest a poten-
tial complementary effect of the combined therapy.

Caveats of the current study include the fact that LI-CNV
in rat is a wound-healing reaction that follows an insult at the
level of Bruch’s membrane and relies heavily on inflamma-
tion [18, 19] and that it does not directly reflect nvAMD. In
addition, because of the absence of a defined macula in
rodents, this rodent model does not fully mimic the complex-
ity of human pathology [84]. However, this model was
proven to be suitable for testing the efficacy of new drugs
through systemic or intraocular administration and has
shown a predictive value for drug effects in patients with
AMD, for example, with aflibercept [85, 86]. In addition,
while we observed a trend towards enhanced suppression of
CNV in the combination arm of aflibercept+BKT130, this
arm did not show a smaller CNV size as compared with afli-
bercept monotherapy. Yet in the LI-CNV model, application
of aflibercept essentially eliminated the neovascular tufts,
thereby, resulting in a ceiling effect that does not allow for a
functional effect of the combined therapy to be apparent.
Such complete elimination of the CNV lesion is not usually
achieved in nvAMD following anti-VEGF therapy. Thus, in
the human pathology, there is a need for supplementing the
effect of available therapies. Finally, the lower injection vol-

ume used in the aflibercept monotherapy group as compared
to other groups may theoretically interact with CNV size. Yet
our control group was injected with 4μl of PBS, similar to the
BKT130 group which was the main focus of this research.
Furthermore, the highest injection volume was used in the
1 μl + 4 μl of the BKT130+aflibercept group, and this group
yielded suppression of CNV.

5. Conclusion

Intravitreal delivery of a promiscuous chemokine antago-
nist, BKT130, inhibited the recruitment of monocytes to
the laser injury area, reduced CNV area in the LI-CNV rat
model, and decreased expression of VEGFA and CCR2 in
RPE-choroid and TNFα in both RPE-choroid and retinal
tissues. Reduction in TNFα and NOS1 with BKT130 but
not with aflibercept might suggest a different macrophage
subtype inhibition and therefore an additional effect on dif-
ferent patients. Additionally, a combination therapy with
BKT130 and anti-VEGF had an additive effect on VEGFA
expression in the eyes of rats with LI-CNV. Future studies
should evaluate if perturbation of chemokine signaling
may serve as a novel therapeutic option in nvAMD to sup-
plement anti-VEGF therapy.
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Exosomes are extracellular vesicles that contain diverse components such as genetic materials, proteins, and lipids. Owing to their
distinct derivation and tissue specificity, exosomes act as double-edged swords during the development of neoplasms. On the one
hand, tumor-derived exosomes can modulate the immune system during tumorigenesis by regulating inflammatory cell infiltration
and oxidative stress and by promoting epithelial-to-mesenchymal transition and immune-induced tumor dormancy. On the other
hand, components of specific immune cell-derived exosomes may contribute to the efficacy of antitumor immunotherapy. In this
review, we demonstrate the pivotal role of exosomes in the triangular relationship in the tumor microenvironment between the
tumor, inflammation, and immunity, which may provide potential strategies for tumor immunotherapy at genetic and cellular levels.

1. Introduction

Exosomes are vesicles that contain genetic materials, lipids,
and functional proteins, and exosomes secreted by cancer
and immune cells contain cell-specific content. Owing to
their widespread and stable existence in biological fluids,
exosomes may act as useful biomarkers for detecting the
progression of cancers [1]. Intriguingly, exosomes exert
bidirectional effects on cancers as a result of their distinct ori-
gins and heterogeneity. For example, some tumor-derived
exosomes (TDEs) act as tumor growth stimulators, activating
the epithelial-to-mesenchymal transition (EMT) and tumor
dormancy during cancer proliferation, invasion, and metas-
tasis, whereas other exosomes that originate from specific
immune cells act as inhibitors that interfere with cancer
growth [2]. In addition, many studies have demonstrated
the significance of inflammation in the initiation and devel-
opment of tumors, and it has been shown that exosomes
can affect the progression of inflammation in the tumor
environment by initiating inflammatory pathways, activating
neutrophils, and regulating oxidative stress. This review

discusses the latest research on the functions of exosomes
in the triangular relationship between the tumor, inflamma-
tion, and immunity in the tumor environment and provides
a basis for the potential use of exosomes as vectors in tumor
gene therapy and tumor immunotherapy.

2. Exosomes

2.1. Exosomes and Their Biological Characteristics. Extracel-
lular vesicles (EVs) consist of three main subtypes based on
their biogenesis: exosomes, microvesicles, and apoptotic
bodies [3, 4]. Exosomes are vesicles 40–200nm in diameter
marked by tetraspanins, Alix, and TSG101. Microvesicles
are around 200-2000 nm in size and are marked by integrins,
selectins, and CD40. Apoptotic bodies are around 500-
2000 nm in size and are marked by phosphatidylserines and
genomic DNA [5]. Exosomes, which were first identified in
sheep reticulocytes in 1985 [6], are double-layered lipid
membrane-enclosed vesicles that are secreted by almost all
viable cells under both normal and pathological conditions
and are extensively present in body fluids, intercellular
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spaces, and tissues [7]. Exosomes contain diverse proteins,
lipids, and nucleic acids, such as microRNAs (miRNAs), long
noncoding RNAs (lncRNAs), and circular RNAs (circRNAs).
There are two types of proteins present in exosomes. The first
type, which exists in most exosomes and can function as a
marker, includes heat-shock proteins (HSPs), transmem-
brane 4 superfamily proteins, membrane transport proteins,
and fusion proteins [8]. The second type, which is cell-
specific and has heterogeneous functions, includes major
histocompatibility complex II (MHCII) and fas ligand
(FasL), which are present in exosomes from lymphoblastoid
cells and induce apoptosis in CD4+ T cells [9]. Exosomes
are rich in cholesterol, glycosphingolipids, ether lipids, and
phosphatidylserine, which participate in both biogenesis
and structural maintenance [10–12]. The first release of
the exosome database included 58,330 circRNAs, 15,501
lncRNAs, and 18,333 mRNAs, which suggests a sophisti-
cated genetic control system [13]. These functional RNAs
can affect biological activities and modulate cellular events
such as cell proliferation, apoptosis, differentiation, and
immunoregulation [14–16].

2.2. Exosomes and Intercellular Communication. Exosomes
participate in intercellular communication. Tumor-derived
exosomal lncRNAs have been implicated as signaling media-
tors that coordinate the functions of neighboring tumor cells.
Interestingly, some exosomal RNAs from donor cells can
function in recipient cells and are called “exosomal shuttle
RNAs,” suggesting a role in genetic exchange between cells
[17]. For example, after stimulation with arsenite, exosomes
derived from hepatic epithelial cells can transfer circRNA_
100284 to surrounding cells, which increases the expression
of enhancer zeste homolog 2 (EZH2) and cyclin-D1 and
subsequently promotes the G1/S transition [18]. This finding
demonstrates the oncogenic capacity of exosomes. Through
intercellular communication, changes in an individual cell
may influence the course of tumor proliferation and metasta-
sis on a macroscale. In fact, in epithelial ovarian cancer,
tumor-secreted exosomes transfer miR-99a-5p to adjacent
human peritoneal mesothelial cells (HPMCs), resulting in
increased levels of fibronectin and vitronectin, extracellular
matrix components that are closely associated with tumor
invasion [19].

2.3. Exosomes and Inflammation. Another vital function of
exosomes that is related to disease progression is the modu-
lation of inflammation [20, 21]. Exosomes can promote or
inhibit the development of inflammation. Hypoxia-induced
delivery of miR-23a from exosomes secreted by tubular
epithelial cells was shown to promote macrophage activation
and trigger tubulointerstitial inflammation [22]. Similarly,
miR-150-5p and miR-142-3p from dendritic cell- (DC-)
released exosomes can be transferred to regulatory T cells
(Tregs), resulting in an increase in interleukin 10 (IL-10)
expression and a decrease in IL-6 expression [23]. Choroid
plexus epithelial cells can release exosomes that contain
miR-146a and miR-155, which upregulate the expression of
inflammatory cytokines in astrocytes and microglia [24].
Another type of exosome exhibits protective effects against

inflammation-related diseases [25]. In endometriosis, exoso-
mal miR-138 can protect against inflammation by decreasing
the expression level of nuclear factor-κB (NF-κB), a tran-
scription factor that regulates inflammatory cytokines, such
as tumor necrosis factor-α (TNF-α) and IL-18 [26]. In addi-
tion, a study showed that exosomes secreted by bone marrow
mesenchymal stem cells (BMSCs) can attenuate inflamma-
tory changes in a rat model of experimental autoimmune
encephalomyelitis by modulating microglial polarization
and maintaining the balance between M2-related and M1-
related cytokines [27]. Another study revealed that exosomal
miR-181c suppressed Toll-like receptor 4 (TLR-4) expression
and subsequently lowered TNF-α and IL-1β levels in burn-
induced inflammation [28]. Treg-derived exosomes contain-
ing miR-Let-7d affected T helper cell 1 (Th1) cell growth and
inhibited IFN-γ secretion to inhibit inflammation [29].
Exosomal miR-155 from bone marrow cells (BMCs) was
shown to enhance the innate immune response in chronic
inflammation by increasing TNF-α levels [30]. These find-
ings provide a basis for investigating the role of inflammation
in the tumor microenvironment, as well as the possibility of
utilizing exosomes as a carrier to attenuate inflammation
and restore impaired immune responses in cancer.

3. The Function of Exosomes in the Tumor
Microenvironment and Metabolism

3.1. Exosomes Are Involved in Immune Activities during
Tumorigenesis. Tumor occurrence is strongly correlated with
a failure in immune surveillance, and surprisingly, the trans-
location of tumor-derived exosomes may assist in immune
escape by interfering with cellular events, such as immune
cell differentiation and cytokine secretion. One study showed
that exogenous circRNAs activate the expression of retinoic-
acid-inducible gene-I (RIG-I) and initiate innate immunity
[31]. This study clearly demonstrated that foreign genes
could affect the endogenous genes in cells and induce an
immune reaction. Zhou et al. showed that the melanoma-
derived exosomal miRNA-Rab27a could be taken up by
CD4+ T cells and may accelerate mitochondrial apoptosis
and upregulate the expression of B-cell lymphoma-2
(BCL-2) and B-cell lymphoma-extra large (BCL-xL), which
are antiapoptotic proteins [32] (Figure 1). This result demon-
strates the interaction between tumor cells and immune cells.
This finding is not unique, and other studies have reported
similar results. For example, Ning et al. showed that exo-
somes from lung carcinoma or breast cancer cells could block
the differentiation of CD4+IFN-γ+ Th1 cells, inhibit the
maturation and migration of DCs, and induce apoptosis to
promote the immunosuppressive effect of DCs [33]. Head
and neck cancer cell- (HNCC-) derived exosomes affect
CD8+ T cells by inducing a loss of CD27/CD28, accompanied
by decreased levels of the antitumor cytokine IFN-γ [34]
(Figure 1). miR-29a-3p and miR-21-5p in tumor-related
macrophage-derived exosomes inhibit the STAT3 signaling
pathway and increase the Treg/T helper cell 17 (Th17) ratio
in epithelial ovarian cancer, which may lead to poor patient
outcomes [35]. Human hepatocellular carcinoma- (HCC-)
derived exosomes containing high mobility group box 1
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(HMGB1) promote the proliferation of the T cell immuno-
globulin domain and mucin domain protein-1 positive
regulatory B (TIM-1+ Breg) cells by inducing the Toll-like
receptor/mitogen-activated protein kinase (TLR/MAPK)
pathway and the production of IL-10, an immunosuppres-
sive cytokine, thus working against CD8+ T cells through
the TLR2/4-MAPK pathway and leading to immune surveil-
lance failure [36] (Figure 1). These findings demonstrate that
TDEs are involved in generating an immunosuppressive
microenvironment that promotes the progression of solid
tumors. In addition, exosomes may also promote tumor
progression in hematological cancers. For example, elevated
levels of the lncRNA HOX transcript antisense (HOTAIR)
can lead to decreased T-lymphocyte proliferation as well as
reduced immunoglobulin production and a reversed ratio
of CD4+/CD8+ T cell subsets through the Wnt/β-catenin
pathway, which may eliminate the immunologic rejection
of leukemia cells [37]. Exosomal circRNAs from tumor cells
play a crucial role in poor prognosis in cancer [38]; however,
few studies have examined their interaction with the immune

system. The immunosuppressive role of tumor-secreted exo-
somes suggests their potential in tumor therapy, as blockage
of tumor-secreted exosomes may enhance the antitumor
effects of tumor-related T cells and inhibit the silencing of
these cells [39]. However, specific immune cell-derived
exosomes may also be conducive to tumor development. In
colorectal cancer, macrophage-derived exosomes containing
miR-21-5p and miR-155-5p can regulate the Brahma-
related gene 1 (BRG1) coding sequence to promote the
metastasis of cancer cells (Table 1) [40].

3.2. Exosomes, Oxidative Stress, and Inflammation during
Tumor Progression. A sustained oxidative stress state may
trigger chronic inflammation through activation of inflam-
matory pathways [41]. During chronic inflammation, slow
release of reactive oxygen species (ROS) can cause genetic
mutations in nearby cells, promote the proliferation of malig-
nantly transformed cells, and inhibit apoptosis [41, 42]. For
example, pancreatic cancer cell-derived exosomes have been
shown to regulate STAT3 signaling in monocytes and induce
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Figure 1: Various effects of tumor-derived exosomes on the immune system and possible associated pathways in the tumor
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the expression of arginase and ROS [43]. In contrast, leuke-
mic cell-derived exosomes increase the levels of inflamma-
tory mediators such as TNF-α and IL-10 in macrophages
but decrease ROS levels in BMSCs, thus turning the local
bone marrow into a leukemia-friendly microenvironment
[44]. These results reflect the different ROS states in solid
and nonsolid tumors.

Chronic inflammation can initiate cellular activities that
contribute to the malignant transformation of cells, particu-
larly DNA damage and genetic instability [45, 46]. TDEs
may accelerate tissue damage and inflammation during
tumor progression. In pancreatic cancer, macrophages
treated with TDEs secreted a greater amount of inflamma-
tory molecules, including IL-6, IL-1β, and TNF-α [47]
(Figure 1). Additionally, in oral cancer, monocytes can take
up extracellular vesicles, which promote the activation of
NF-κB and the establishment of a proinflammatory milieu
marked by increased levels of IL-6 and matrix metallopepti-
dase 9 (MMP9) [48] (Figure 1). HCC cell-derived exosomes
containing abundant lncRNA TUC339 cause a reduction in
the levels of proinflammatory mediators, expression of
costimulatory molecules, and phagocytosis activity in macro-
phages [49], resulting in the inhibition of immune activity.
Colon cancer cells secrete exosomes containing miR-1246
that can reprogram macrophages to promote the generation
of an anti-inflammatory environment via increased expres-
sion of TGF-β [50]. Additionally, neutrophils, a signature
of inflammation, can regulate immunosuppression to pro-
mote tumor progression via suppression of natural killer cell
activity [51]. Zhang et al. showed that gastric cancer cell-

derived exosomes increase the number of inflammatory
factors and activate neutrophils in an HMGB1/TLR4/
NF-κB axis-dependent manner, which can promote tumor
metastasis [52].

Nevertheless, exosomes can also be ideal tools to slow
tumor progression. Mao et al. reported that exosomes could
carry esophageal cancer-related gene-4 (Ecrg-4) mRNA and
inhibit the expression of genes related to angiogenesis and
inflammation [53]. Interestingly, camel milk-derived exo-
somes can slow the development of breast cancer by inducing
tumor cell apoptosis, reducing oxidative stress and the release
of inflammatory cytokines, and activating the immune
response by increasing the numbers of CD 4+ and CD8+ T
cells (Table 1) [54].

3.3. Exosomes, Inflammation, and Immunity in the Tumor
Microenvironment. Chronic inflammation may act as a
negative mediator in tumor immunity through myeloid-
derived suppressor cells (MDSCs), which are precursors of
immune cells such as macrophages, DCs, and granulocytes.
A recent report showed that increased levels of the inflamma-
tory cytokine IFN-γ can disrupt the differentiation of MDSCs
and thus interfere with antigen presentation in tumors [55].
TDEs may be involved in this process of immune sup-
pression. In a mouse model of glioma, TDEs containing
miR-10a and miR-21 can be engulfed by MDSCs and
affect their development to produce immunosuppressive
molecules [56]. Similarly, mast cells (MCs) can be considered
the bridge between inflammation and immunity in the tumor
and may participate in angiogenesis and lymphangiogenesis

Table 1: Exosome functions in the tumor microenvironment: effects on the tumor, immunity, and inflammation.

Tumor type Exosome content
Exosome
origin

Effector cells Effector components

Melanoma miR-Rab27a Tumor CD4+ T cells BCL-2, BCL-xL

LC, breast cancer / Tumor CD4+IFN-γ+ Th1 cells, DCs /

HNC / Tumor CD8+ T cells CD27/CD28, IFN-γ

EOC miR-29a-3p, miR-21-5p Macrophage Treg/Th17 cells STAT3 signaling, Treg/Th17 ratios

HCC HMGB1 Tumor T cells, TIM-1+ Breg cells, CD8+ T cells TLR/MAPK pathway, IL-10

Leukemia lncRNA HOTAIR Tumor T lymphocytes, CD4+/CD8+ T cells Wnt/β-catenin axis, Ig

CRC miR-21-5p, miR-155-5p Macrophage Tumor cells BRG1

PC / Tumor Macrophages IL-6, IL-1β, and TNF-α

OC / Tumor Monocytes NF-κB pathway, IL-6, MMP9

HCC lncRNA TUC339 Tumor Macrophages Costimulatory molecules

CC miR-1246 Tumor Macrophages TGF-β

GC / Tumor Neutrophils HMGB1/TLR4/NF-κB

PC / Tumor Monocytes STAT3 signaling, arginase, ROS

Leukemia / Tumor Macrophages, BM-MSCs TNF-α, IL-10, ROS

EC Ecrg-4 mRNA Tumor / Inflammation-related genes

Breast cancer / Camel milk Tumor cells, CD 4+ T cells, CD8+ T cells Tumor cell apoptosis, ROS

Glioma miR-10a, miR-21 Tumor MDSCs ROS, IL-10, TGF-β

LC KIT Mast cell Tumor cells KIT/SCF pathway

Tumor abbreviations: LC: lung cancer; HNC: head and neck cancer; EOC: epithelial ovarian cancer; CRC: colorectal cancer; EC: esophageal cancer; PC:
pancreatic cancer; OC: oral cancer; CC: colon cancer; and GC: gastric cancer. “/” means “not mentioned”.
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[57]. The function of TDEs on mast cells is not clear and
requires further investigation. On the other hand, lung can-
cer cells can take up MC-derived exosomes containing the
protein KIT and attain rapid growth [58]. In this way, MC-
derived exosomes could be a key target for tumor immuno-
therapy. One report has shown that exosomes frommast cells
processed by hepatitis C virus E2 (HCV-E2) can block HCC
metastasis [59].

3.4. Exosomes and Immune Tolerance. It has been shown that
the lncRNA-SNHG14 can enhance the efficiency of trastuzu-
mab in breast cancer by targeting the B-cell lymphoma-2/
B-cell lymphoma-2 associated X (Bcl-2/Bax) signaling path-
way, which regulates apoptosis [60]. In esophageal squamous
cell carcinoma (ESCC), elevated levels of exosomal lncRNA
prostate androgen-regulated transcript 1 (PART1) caused
resistance to gefitinib by binding to miR-129 and increasing
the expression of Bcl-2 [61]. Similarly, for melanoma patients
with no reaction to immunization therapy, exosomal PD-L1
derived from melanoma cells was shown to interfere with
the antitumor activity of immune cells by binding to CD8+

T cells, inhibiting the proliferation of tumor-infiltrating
CD8+ T lymphocytes (TILs) and reducing the production
of IFN-γ and IL-2 [62]. Kanlikilicer et al. showed that exo-
somes from paclitaxel-resistant ovarian cancer (OC) cells
could transfer miR-1246 to M2-type macrophages, allowing
miR-1246 to bind to the 3′UTR of caveolin-1 (Cav1) and
function through platelet-derived growth factor receptor
(PDGFR) tyrosine signaling to inhibit cell proliferation
[63]. Amazingly, exosomes could be used as a tool to over-
come the problem of drug resistance. A silencing RNA-
(siRNA-) targeting GRP78 (siGRP78) contained in exosomes
from BMCs was able to impede tumor cell proliferation,
invasion, and metastasis in HCC [64]. Gene silencing could
also be applied to other chemotherapy-tolerant cancers, as
long as the genetic mechanism underlying the effects of the
exosomes is known.

3.5. Exosomes and EMT. EMT initiates the conversion of
malignant tumor epithelial cells to an interstitial phenotype,
which can promote invasion and metastasis. A recent
study showed that BMSCs in a hypoxic state transferred
exosomal-derived miR-193a-3p, miR-210-3p, and miR-
5100 to activate signal transducer and activator of transcrip-
tion 3 (STAT3) signaling in lung cancer cells and also led to
an increase in the levels of vimentin and N-cadherin, two
mesenchymal markers [65]. These results strongly suggest
that TDEs are involved in tumor EMT progression. Follow-
ing pretreatment with TGF-β, an inflammatory cytokine,
exosomal-derived lnc-MMP2-2 was shown to promote
the expression of matrix metalloproteinase-2 (MMP2),
an important EMT marker, to regulate the dissemination
of lung cancer cells through the vasculature [66]. This dem-
onstrates the participation of the immune system in EMT.
Furthermore, Snail, an EMT transcriptional factor, was
shown to activate the M1 macrophage- (M1 MФ-) M2 mac-
rophage (M2 MФ) transition by increasing TDEs-miR-21
and transferring TDEs to CD14+ human monocytes, which
promotes the advancement of HNC [67]. Therefore, the

import of exosomal siRNAs into tumor cells may be an effec-
tive tumor gene and immunotherapy method to suppress the
expression of target mRNAs [68]. Interestingly, the impact of
exosomes on EMT is not completely one-sided. For example,
exosomes containing miR-128-3p block EMT by inhibiting
the mRNA expression of B-cell-specific Moloney murine
leukemia virus integration site 1 (Bmi1) in CRC [69]. Addi-
tionally, cancer-associated fibroblasts (CAFs) can secrete
exosomes lacking miR-148b that are transferred to endome-
trial cancer cells (ECCs) and modulate EMT by relieving
the suppression of DNA (cytosine-5)-methyltransferase 1
(DNMT1) [70].miR-155-5p in exosomes derived from gastric
cancer cells induced a mesenchymal-like morphological
change and increased the levels of E-cadherin and vimentin
as well as resistance to paclitaxel, a classical chemotherapy
medicine [71]. These studies demonstrate the significance
of exosomes in the modulation of gene expression, compo-
nents of the extracellular matrix, basement membrane
remodeling, and tumor chemotherapy (Table 2).

3.6. Exosomes and Tumor Dormancy. Immune-induced
tumor dormancy refers to the phenomenon of cell cycle
arrest, downregulation of proliferation-related genes, and
slowing of metabolism in tumor cells, which is regulated by
the immune system. This quiescent state may be reversed
through interactions between exosomes and tumor cells. It
has been reported that miR-93 and miR-193 act to decrease
cyclin D1 and induce quiescence in glioblastoma multiforme
(GBM), which leads to a lower percentage of cycling cells
[72]. In addition, increased levels of miR-23b in breast cancer
cells transferred from exosomes suppressed the expression of
MARCKS, which encodes a protein that facilitates cell cycling
[73]. However, in the bone marrow of bladder cancer
patients, M1 MФ-derived exosomes may convert quiescent
tumor cells into cycling cells through NF-κB, while M2
MΦ-derived exosomes may contribute to dormancy [74].
This finding exhibits the diverse immunoregulatory roles of
immune cells during tumor progression (Table 2).

4. Exosomes in Tumor Immunotherapy

4.1. Exosomes and the Immune Checkpoint Protein PD-1.
Programmed death-1 (PD-1), which is expressed on the
surface of immune cells, and its ligand programmed cell
death-1 ligand 1 (PD-L1), which is expressed in various
tumor tissues, are significant immunosuppressive molecules,
and their interaction can induce T cell apoptosis and inhibit
T cell proliferation, promoting tumor progression. There-
fore, inhibitors of PD-1 and PD-L1 are ideal antitumor
immune sentinel-related drugs. Recent studies have revealed
that exosomes may participate in PD-1-related anti- or pro-
tumorigenesis effects. The main obstacle to successful immu-
notherapy is immunosuppression, and the accumulation of
MDSCs is the main mechanism of immunosuppression. It
has been reported that oral squamous cell carcinoma-
(OSCC-) derived exosomes can regulate MDSCs through
the miR-21/PTEN/PD-L1 pathway and suppress the cyto-
toxicity of γδ T cells [75]. Chronic lymphocytic leukemia-
(CLL-) derived exosomes containing the noncoding Y
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RNA hY4 can turn monocytes into procarcinogenic cells
through Toll-like receptor 7 (TLR7) signaling, and these
cells may release tumor-related cytokines such as C-C motif
chemokine ligand 2 (CCL2), CCL4, and IL-6 to generate an
inflammatory environment and increase the expression of
PD-L1 on the surface of tumor cells to induce immune escape
[76]. In addition, exosomes can alter the tumor microenvi-
ronment by enveloping PD-L1. Theodoraki et al. showed that
PD-L1(+) exosomes in the plasma of patients with HNSCC
could inhibit the expression of CD69 on CD8+ T cells, which
is a signature of activated T cells [77]. In immunotherapy,
treatment with dendritic cells pulsed with TDEs in combina-
tion with the PD-1 antibody was shown to enhance the effect
of sorafenib, leading to an increased number of PD-1+ CD8+

T cells, and was more efficient than sorafenib alone [78].
In addition, plasma-derived exosomes containing PD-L1
mRNA may enhance the efficiency of nivolumab and pem-
brolizumab for the treatment of melanoma and non-small
cell lung cancer (NSCLC) [79]. γδT cell-derived exosomes
containing miR-138 have potential as a drug delivery system
targeting PD-1 and CTLA-4 in CD8+ T cells to increase
their cytotoxicity in OSCC [80]. However, more evidence
for the feasibility of TDE use for clinical applications is
needed (Table 3).

4.2. Exosomes and Adoptive Cell Transfer. Adoptive cell
transfer (ACT) therapy uses effector cells and immune mol-
ecules to directly attack tumor cells and is called “passive”
immunotherapy. One of the main players in ACT therapy
is tumor-infiltrating lymphocytes (TILs). TILs are a group
of heterogeneous antitumor lymphocytes present in tumor
tissues that include CD8+ T cells, some CD4+ T cells, a small
number of B cells, NK cells, macrophages, DCs, MDSCs, and
Tregs. Recent studies have shown that exosomes are involved
in TIL-related immunotherapy. For example, exosomal
14-3-3 protein zeta (14-3-3ζ) shed from HCC cells can
be transferred to TILs and interfere with their antitumorigen-
esis function [81]. In contrast, Li et al. showed that exosomes
derived from DCs can boost the proliferation of naive T cells,
subsequently increase the number of cytotoxic T lympho-
cytes (CTLs), and initiate an immune reaction against HCC
[82]. In addition, exosomes released by NK cells can function
as fuel for the immune killing machines against various
tumors, including glioblastoma, melanoma, and other can-
cers, in a TNF-α- and granzyme B-related manner [83–85].
NK cell-derived exosomes containing miR-186 exert their
cytotoxic effects against neuroblastoma by inhibiting the
expression of MYCN and TGFBR1 [86]. These findings
suggest that immune cell-derived exosomes may contribute

Table 2: Exosomes, EMT, and tumor dormancy.

Function Tumor Exosome contents Exosome origin Effector

EMT LC miR-193a-3p, miR-210-3p, miR-5100 BMSCs STAT3 signaling, vimentin, N-cadherin

LC lnc-MMP2-2 / MMP2

HNC miR-21 Tumor Snail, CD14+ human monocytes

CRC miR-128-3p / Bmi1/E-cadherin, MRP5

EC Lacking miR-148b CAFs DNMT1

GC miR-155-5p Tumor E-cadherin, vimentin

Tumor dormancy GBM miR-93, miR-193 Tumor Cyclin D1

Bladder cancer / M1 MФs NF-κB p65

Breast cancer miR-23b BMSCs MARCKS

Tumor-type abbreviations: LC: lung cancer; HNC: head and neck cancer; EC: endometrial cancer; CRC: colorectal cancer; GBM: glioblastoma multiforme;
GC: gastric cancer. “/” means “not mentioned”.

Table 3: Exosomes and immunotherapy.

Tumor type Exosome contents Exosome origin Effector cells Active components

OSCC miR-21 Tumor MDSCs PTEN/PD-L1

CLL Y RNA hY4 Tumor Monocytes TLR7/CCL2, CCL4, IL-6

HNSCC PD-L1(+) Tumor CD8+ T cells CD69

HCC PD-1 antibody Tumor DCs PD-1+ CD8+ T cells

miR-138 γδ T cell CD8+ T cells PD-1, CTLA-4

14-3-3ζ Tumor TILs Cell proliferation

/ DCs Naive T cells, CTLs Cell proliferation

Glioblastoma melanoma / NK cells Tumor cells TNF-α, granzyme B

Neuroblastoma miR-186 NK cells Tumor cells MYCN, TGFBR1

Tumor-type abbreviations: OSCC: oral squamous cell carcinoma; HCC: hepatocellular carcinoma; HNSCC: head and neck squamous cell carcinoma;
CLL: chronic lymphocytic leukemia. “/” means “not mentioned”.
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to immune activation against tumors by functioning as
unmanned vehicles (Table 3).

5. Summary and Perspectives

Exosomes are attracting increasing interest owing to their
significant heterogeneity and their ability to regulate the
tumor immune microenvironment. Specifically, tumor cell-
derived exosomes may accelerate tumor progression by
enhancing immunosuppression and inflammation, increas-
ing oxidative stress, inducing EMT, and regulating tumor
dormancy, which may lead to a poor prognosis. In contrast,
specific immune cell-derived exosomes can act as tumor
inhibitors, suggesting their immense potential for use in
cancer immunotherapy. However, various possible strategies
for their use remain to be validated. At the gene level, some
ncRNAs, including miRNAs, circRNAs, and lncRNAs, have
been suggested to be closely associated with carcinogenesis.
Therefore, if an siRNA can be transferred to tumors via exo-
somes, it may be able to subsequently downregulate target
mRNA expression and inhibit tumor invasion [87]. From
the perspective of cell therapy, the interactions between
immune cells and tumor cells via exosomes may allow us to
modulate immune reactions against cancers. For example,
overexpression of protective contents in immune cell-
secreted exosomes may assist in killing the tumor cell. In
addition, exosomes can be used as carriers for gene therapy
and immune therapy to deliver specific tumor-related mole-
cules, such as PD-1 [88]. However, one obstacle preventing
the widespread use of exosomes in clinical practice is that
the yield of exosomes from traditional culture is low. Addi-
tionally, the methods used for the separation and purification
of exosomes, namely, ultracentrifugation and sucrose density
gradient centrifugation, are time-consuming and laborious.
Further studies on exosomes and modifications are needed
to solve these problems and facilitate the clinical application
of exosomes as drug carriers in antitumor immunotherapy.
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