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ABSTRACT

Context: Therapeutic lymphangiogenesis is a new treatment for cardiovascular diseases. Our previous
study showed M2b macrophages can alleviate myocardial ischaemia/reperfusion injury (MI/RI). However,
the relation between M2b macrophages and lymphangiogenesis is not clear.

Objective: To investigate the effects of M2b macrophages on lymphangiogenesis after MI/RI.

Materials and methods: Forty male Sprague-Dawley (SD) rats were randomized into Sham operation
group (control, n=8), MI/RI group (n=16) and M2b macrophage transplantation group (n=16). M2b
macrophages (1 x 10°) in 100 uL of normal saline or the same volume of vehicle was injected into the car-
diac ischaemic zone. Two weeks later, echocardiography and lymphatic counts were performed, and the
extent of myocardial fibrosis and the expression of vascular endothelial growth factor C (VEGFC) and VEGF
receptor 3 (VEGFR3) were determined. In vitro, lymphatic endothelial cells (LECs) were cultured with M2b
macrophages for 6-24 h, and the proliferation, migration and tube formation of the LECs were assessed.
Results: /n vivo, M2b macrophage transplantation increased the level of lymphangiogenesis 2.11-fold,
reduced 4.42% fibrosis, improved 18.65% left ventricular ejection fraction (LVEF) and upregulated the expres-
sions of VEGFC and VEGFR3. In vitro, M2b macrophage increased the proliferation, migration, tube formation
and VEGFC expression of LECs. M2b macrophage supernatant upregulated VEGFR3 expression of LECs.
Discussion and Conclusions: Our study shows that M2b macrophages can promote lymphangiogenesis
to reduce myocardial fibrosis and improve heart function, suggesting the possible use of M2b macro-
phage for myocardial protection therapy.
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Introduction Macrophages are one of the most important cell types that par-
ticipate in lymphangiogenesis (Watari et al. 2008; Yamashita et al.
2009). Our previous study showed that the transplantation of M2b
macrophages into the heart can significantly attenuate myocardial
ischaemia/reperfusion injury (MI/RI) during the early period (Yue
et al. 2017). However, it has not been reported whether M2b mac-
rophages, as regulatory macrophages, can affect lymphangiogenesis.

This study determines if M2b macrophages can promote car-
diac lymphangiogenesis, and thus inhibit myocardial fibrosis and
improve cardiac function in the late stage of MI/RI. The role of
the VEGFC/VEGFR3 signalling pathway in this process was also
investigated to better understand the mechanism by which M2b
macrophages attenuate MI/RI injury.

Cardiac lymphatics drain tissue fluid to maintain a steady-state
interstitial fluid equilibrium in the heart, and lymphatic function
is critical for maintaining cardiac function. The role of cardiac
lymphatics in normal physiology and pathological conditions has
not been fully studied, largely due to technical challenges in visu-
alizing cardiac lymph flow and lymphatic vessels (Choi et al.
2012). The identification of specific lymphatic endothelial cell
(LEC) regulators and markers, such as vascular endothelial
growth factor C (VEGFC) (Joukov et al. 1996), VEGF receptor 3
(VEGFR3) (Lohela et al. 2009), lymphatic vessel endothelial hya-
luronan receptor 1 (LYVE1L) (Banerji et al. 1999), podoplanin
(Breiteneder-Geleff et al. 1999) and prosperohomeobox 1
(PROX1) (Wigle and Oliver 1999) has facilitated studies of the
cardiac lymphatic system. Studies have indicated that exogenous
VEGFC stimulates cardiac lymphangiogenesis to reduce the
extent of myocardial edoema and fibrosis, and improve heart

Materials and methods

Animals

function (Henri et al. 2016). Therapeutic lymphangiogenesis may
be a promising approach for the treatment of cardiovascular dis-
eases (Huang et al. 2017; Vuorio et al. 2017).

A total of fifity adult, male Sprague-Dawley (SD) rats (weight
180-220g) were obtained from the Laboratory Animal Centre of
Guangzhou University of Chinese Medicine. Forty rats were
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randomly assigned to three groups: (1) Sham operation group (con-
trol, n=38); (2) MI/RI group (I/R+ Vehicle, n=16); (3) M2b
macrophage transplantation group (I/R+ M2b, n=16). Because of
the homogeneity of the sham operation group, only eight rats were
used to meet the 3R rule’ (replacement, reduction and refinement).
The other ten rats were killed to harvest macrophages. All animals
were maintained under constant temperature (22 + 2 °C), humidity
(45+5%), and a 12h day/night cycle, and were allowed free access
to food and water. All animal procedures were approved by the
Institutional Animal Care Committee of Sun Yat-Sen University,
and were performed in accordance with National Institutes of
Health (NIH) guidelines (The National Academies Collection:
Reports funded by National Institutes of Health, 2011).

Cells

M2b macrophages were polarized from bone marrow-derived
macrophages (BMDMs) harvested from the rats. In brief, the rats
were killed by dislocation of the cervical vertebrae, and bone
marrow was collected from the tibias and femurs. The bone mar-
row was washed with complete Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Grand Island, NY) and centri-
fuged at 500 g for 5min. The resulting cells were collected and
cultured in flasks (Corning, NY) at 37°C in a 5% CO, incubator
in RPMI 1640 for the first 3 d, and then in Dulbecco’s Modified
Eagle’s medium (DMEM; Gibco) for the next 3 d to allow for-
mation of mature BMDMs. Both RPMI 1640 and DMEM were
supplemented with 10% foetal bovine serum (FBS) (Gibco) and
20ng/mL macrophage colony-stimulating factor (PeproTech,
Rocky Hill, NJ). On day 6, the BMDMs were differentiated into
M2b macrophages by treatment with lipopolysaccharide (LPS)
(100 ng/mL, Sigma Aldrich, St. Louis, MO) and IgG (50 pg/mL,
Sigma-Aldrich) for 48h. M2b macrophages were identified by
flow cytometry and quantitative real-time PCR (qRT-PCR) as
described previously (Yue et al. 2017).

LECs derived from the thoracic ducts of normal adult SD rats
were purchased from iCell Bioscience Inc. (Shanghai, China),
and were identified by immunofluorescence staining of VEGFR3
and lymphatic vessel endothelial hyaluronan receptor 1 (LYVEL).

Rat model and M2b macrophage transplantation

Polarized M2b macrophages were washed in once with PBS and
resuspended in normal saline. Normal saline was also used as the
vehicle in for transplantation. After anaesthesia with 2% nembutal
sodium (50 mg/kg), endotracheal intubation was performed on the
rats and artificial ventilation (4-5mL tidal volume, 90 breaths/
min) was begun with a rodent ventilator. A left thoracotomy
through the fourth intercostal space was performed and the left
anterior descending (LAD) coronary artery was occluded for
45min with an 8-0 Prolene suture. The suture was removed after
45min, and 1min later the ischaemic area was identified. Either
1 x 10° M2b macrophages in 100 pL of normal saline (I/R+ M2b
group) or the same volume of normal saline (I/R + Vehicle group)
was injected into the ischaemic border zone at five sites. Rats in
the sham operation group (Control group) underwent the same
operation without ligation of the LAD coronary artery.

After the procedures, gas was squeezed from the chest and the
intercostal muscles and skin were sutured. The rats were placed
on a heated blanket and fed in their cages after awakening. Rats
that exhibited severe arrhythmia, cardiac arrest or respiratory fail-
ure during the procedure were excluded from the study, and one
rat was excluded from the I/R+ Vehicle and one from the
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I/R+ M2b group. No rats were excluded from the Control group.
Two weeks after the procedure the rats were killed by exsanguin-
ation after anaesthesia with 2% nembutal sodium. Blood was col-
lected from the caudal vein and the hearts were harvested.

Echocardiography

Rats were anaesthetized with 2% nembutal sodium, and trans-
thoracic echocardiography was performed (Visual Sonics system,
Toronto, Ontario, Canada). M-mode and 2-dimensional echocar-
diography were performed to assess cardiac parameters, including
the left ventricular (LV) end-diastolic dimension, wall thickness,
LV fractional shortening (LVFS) and ejection fraction (EF).

Detection of myocardial fibrosis

Hearts were fixed in 4% paraformaldehyde and transected along the
area of the LV infarction. Paraffin-embedded 5pm sections were
obtained, and stained with Masson trichrome for identification of
collagen. The ratio of collagen fibres in the infarct area to the total
area was determined. The slides were observed under a compound
microscope (Olympus Optical Co., Ltd., Tokyo, Japan), and the
degree of fibrosis was determined as the percentage of the blue-
stained area compared to the total area of the left ventricle using
Image ] software (National Institutes of Health, Bethesda, MA).

Histological analysis

Immunohistochemical (IHC) staining for lymphatic tissue was per-
formed using a primary antibody against LYVE1 (Novus Biologicals),
and a horse radish peroxidase (HRP)-conjugated secondary antibody
(Invitrogen, Shanghai, China). Sections were randomly selected from
the ischaemic myocardium, and five areas were randomly selected
from each section. The number of lymphatic vessels in the fibrotic
section was calculated by two individuals blinded to the experimental
group. Only vessel structures were assessed and individual endothelial
cells were not counted. If one vessel was divided into two branches,
it was counted as two vessels. If two vessels were adjacent and partly
overlapping, they were counted as two vessels.

Western blotting

Protein was extracted from the hearts using the AllPrep DNA/
RNA/Protein Mini Kit (QIAGEN, Duesseldorf, Germany) according
to the manufacturer’s instructions. Protein extracts (40 pg) were
separated by 10-12% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The blots were probed with primary
antibodies against VEGFC or VEGFR3 (Abcam, Cambridge, UK).
HRP-conjugated anti-rabbit or anti-rat IgG (Southern Biotech,
Birmingham, AL) were used as the secondary antibodies.

Cell counting kit-8 (CCK-8) assay

Rat LECs were seeded in 96-well plates (Corning) at a cell dens-
ity of 1x 10* cells per well, and were allowed to attach over-
night. The cells were treated with DMEM (control group) or
M2b macrophage supernatant (M2b group) for 24 h. Cell viabil-
ity was then measured using the CCK-8 assay (Beyotime
Biotechnology, Shanghai, China). The absorbance value at
450nm was read using a Sunrise Microplate Reader (Tecan
Group Ltd., Mannedorf, Switzerland).
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Transwell migration assay

The Transwell migration assay was performed using 24-well, 8 pm
pore membranes according to the manufacturer’s protocol (Corning,
NY). A total of 5x 10* LECs were seeded in the upper compart-
ment in 200 uL of DMEM without serum. In the lower chambers,
ImL of M2b macrophage supernatant (M2b group) or DMEM
(control group) was added. After incubation for 24h at 37°C in a
5% CO, incubator, the cells remaining on the upper surface of the
membrane were removed with cotton swabs, and the number of
cells that reached the lower chamber was counted to determine cell
migration. The migrated cells were fixed with 4% paraformaldehyde,
and stained with 0.4% crystal violet solution. The cells that passed
through the filter were photographed under a compound micro-
scope (Leica Application Suite). The number of LECs in the filter
was quantified by counting migrated cells in ten fields of vision
from three independent experiments using Image J software.

Tube formation assay

A tube formation assay was performed by pipetting 300 pL of
Matrigel (BD Biosciences, Bedford, MA) into each well of a 24-
well plate. The Matrigel was then polymerized for 30 min at 37°C.
LECs (5 x 10°) were resuspended in 500 puL. of DMEM (control
group) or 500 uL of M2b macrophage supernatant (M2b group),
and were added to each well. The cultures were incubated at
37°C in a 5% CO, atmosphere for 6 and 10h. Images were cap-
tured at each time point using a bright-field ZEISS Axio Observer
Z1 microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY).
Tube parameters were calculated using Image ] software.

Quantitative real-time PCR (qRT-PCR)

RNA was extracted from co-cultured LECs and M2b macro-
phages using Trizol (Invitrogen, Shanghai, China), according to
the manufacturer’s instructions. RNA was reverse-transcribed
into cDNA with a RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA). Then, qRT-PCR was
performed on a Light Cycler 480 system (Roche Applied Science,
Mannheim, Germany) using Maxima SYBR Green qPCR Master
Mix (Thermo Fisher Scientific), according to the manufacturer’s
instructions. The comparative threshold cycle (CT) value for
Tubulin was used to normalize the loading variations in the
assays. The primer sequences for the target genes were: VEGFC
forward: CTACAGATGTGGGGGTTGCT, reverse: GCTGCCTG
ACACTGTGGTAA; VEGFR3 forward: CTCCAACTTCTTGCGT
GTCA, reverse: ACAAGGTCCTCCATGGTCAG; Tubulin for-
ward: AGCCATGTACGTAGCCATCC, reverse: CTCTCAGCTG
TGGTGGTGAA.

Immunofluorescence

LECs were fixed in 4% paraformaldehyde and permeabilized with
0.2% Triton X-100 at room temperature. After blocking with don-
key serum in PBS containing 0.2% Triton X-100 for 0.5h, the
LECs were incubated with primary antibodies against VEGFR3
(Abcam) and LYVE1 (Novus Biologicals) for 1h at room tempera-
ture. After washing three times with PBS, the LECs were incu-
bated for 1h with a secondary antibody at room temperature. The
slides were washed three times with PBS, mounted with
Fuoroshield mounting medium containing 4',6-diamidino-2-phe-
nylindole (DAPI: Sigma), and sealed with nail polish. Slides were
observed by confocal microscopy (Carl Zeiss Microscope).

Statistical analysis

Data were presented as mean * standard error of the mean (SEM).
Statistical analyses were performed using GraphPad Prism soft-
ware version X (La Jolla, CA) and SPSS version 16.0 software
(SPSS Inc., Armonk, NY). Data between two groups were com-
pared with Student’s t-test. Comparisons among groups were
assessed by a one-way analysis of variance (ANOVA). In all analy-
ses, a value of p < 0.05 was considered statistically significant.

Results

M2b macrophage transplantation improves cardiac function
and inhibits fibrosis

The echocardiographic parameters of the three groups are sum-
marized in Table 1. Rats in the I/R+ Vehicle group and the I/
R+ M2b group exhibited significantly worse cardiac function
than those in the Control group with respect to LVEF and LVFS
(all, p < 0.05). The parameters LVEF and LVFS were significantly
higher in the I/R+ M2b group than in the I/R+ Vehicle group
(both, p<0.05) (Figure 1(A-C)). The I/R+ Vehicle group and
the I/R +M2b group had significantly lower interventricular sep-
tum (IVS) and LV posterior wall (LVPW), and greater LV
internal diameter (LVID) than the Control group (all, p < 0.05).
In addition, the end-diastolic and end-systolic LVID were signifi-
cantly smaller in the I/R+ M2b group than in the I/R 4 Vehicle
group (both, p <0.05) (Table 1).

Cardiac fibrosis was evaluated by Masson trichrome staining
of collagen fibres, and there was a significant increase in collagen
after MI/RI (p <0.01, one-way ANOVA), mainly in the infarct
area. Collagen fibres were significantly reduced 4.42% in the 1/
R+M2b group as compared to the I/R—+ Vehicle group
(p <0.05) (Figure 1(D,E)).

M2b macrophage transplantation promotes cardiac
lymphangiogenesis

There were more lymph vessels (as indicated by staining for
LYVE1) in the I/R+ M2b group and the I/R + Vehicle group as
compared to the Control group (both, p <0.01). Compared to
the I/R+ Vehicle group, the mean number of lymphatic vessels
was 2.11-fold higher in the infarct area of the I/R+ M2b group
(p<0.01) (Figure 2(A,B)).

VEGFC and VEGFR3 are important markers of lymphangio-
genesis. The number of lymphatic vessels and levels of VEGFR3

Table 1. Echocardiographic parameters.

Variables Control (n=38) I/R + Vehicle (n=15) I/R+M2b (n=15)
HR (beats/min)  376.35+73.07 361.69+69.15 391.76+113.46
IVS; d (mm) 1.92+0.31 1.53 £0.46* 1.42 £036*
IVS; s (mm) 2.94+0.53 1.91+0.65* 1.99+0.52*
LVID; d (mm) 7.16+0.50 7.91+0.86* 7.11+0.55%
LVID; s (mm) 3.90 +0.47 6.07 +1.13% 454+0.77°%
LVPW; d (mm) 211047 1.85+0.32 1.76 £0.29%
LVPW; s (mm) 2.98+0.36 2.43 +0.48*% 2.81+0.50
LVEF (%) 75.16 +5.86 44.87 +14.06* 63.52+12.48"%
LVFS (%) 4552 +530 23.70 + 8.64* 36.26+8.92°%

Data were expressed as the means+ SEM. IVS; d: interventricular septum (dia-
stolic); IVS; s: interventricular septum (systolic); LVID; d: end-diastolic left ven-
tricular internal diameter; LVID; s: end-systolic left ventricular internal diameter;
LVPW; d: left ventricular posterior wall (diastolic); LVPW; s: left ventricular pos-
terior wall (systolic); LVEF: ejection fraction of the left ventricle; LVFS: fractional
shortening of the left ventricle

*p < 0.05 vs. Control.

&) < 0.05 vs. I/R + Vehicle.
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Figure 1. M2b macrophage transplantation improves cardiac function and inhibits fibrosis after MI/RI.

and VEGFC of the three groups are shown in Figure 2. As
detected by Western blotting, the expression of VEGFR3 was sig-
nificantly higher in the I/R+M2b group than in the U/
R+ Vehicle group (p<0.01) (Figure 2(C,D)). However, there
was no difference in VEGFR3 staining between the I/R + Vehicle
group and the Control group (p=0.105) (Figure 2(D)). The
expression of VEGFC in the myocardium was similar to that of
VEGFR3, and the VEGFC level was significantly higher in the I/
R+M2b group than in the other two groups (both, p <0.05)
(Figure 2(C,E)), and there was also a significant difference
between the I/R 4 Vehicle and Control group (p =0.015).

M2b macrophages accelerate the migration and
proliferation of LECs

Immunofluorescence staining of VEGFR3 and LYVE1 was used
to identify LECs, and the results showed that the positive rate
was 100% (Figure 3(A)). As shown in Figure 3(B,C), the migra-
tory capacity of LECs cultured with M2b macrophage super-
natant was significantly enhanced (Transwell migration assay;
p <0.01). The proliferation of LECs cultured with M2b super-
natant was also increased compared to those cultured with
DMEM (Control) (CCK-8 assay; p < 0.01) (Figure 3(D)).
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Figure 2. M2b macrophage transplantation promotes cardiac lymphangiogenesis after MI/RI.

M2b macrophages promote tube formation and VEGFR3 length and total branching length after 6 and 10h of treatment

expression of LECs

(both, p<0.05). M2b macrophage supernatant significantly
increased total segment length, and the numbers of nodes and

The effectiveness of M2b macrophage supernatant in increasing junctions after 6h of treatment (all, p <0.05). The number of
the tube formation of LECs after 6 and 10h of treatment, as branches in the M2b group was only significantly larger than the
assessed by the total tube length, total segment length, total control group after 10h of treatment (p < 0.05).

branching length, number of nodes, number of branches and In addition, the mRNA expression of VEGFR3 in LECs was
number of junctions, is illustrated in Figure 4(A,B). As indicated, significantly increased by culture with M2b macrophage super-
M2b macrophage supernatant significantly increased the total natant (Figure 4(C)) as compared to culture in DMEM (Control)
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Figure 3. M2b macrophages accelerate the migration and proliferation of LECs.

(p<0.05). Finally, VEGFC expression was higher in M2b
macrophages than in undifferentiated (M0) macrophages (Figure
4(D)) (p <0.05).

Discussion

This study was designed to investigate whether M2b macro-
phages affect lymphangiogenesis to inhibit myocardial fibrosis
in the late stage of MI/RI, and to explore the potential mecha-
nisms. In vivo, M2b macrophages promoted lymphangiogenesis
to reduce myocardial fibrosis, improve heart function, and
reduce cardiac remodelling. VEGFC and VEGFR3 expression
were upregulated after M2b macrophage transplantation. In
vitro experiments showed that M2b macrophages stimulate the
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proliferation, migration, and tube formation of LECs. In add-
ition, the expression of VEGFC was upregulated in M2b mac-
rophages compared to MO macrophages. The expression of
VEGFR3 was also upregulated in LECs cultured with M2b
macrophage supernatant compared to those cultured
with DMEM.

Macrophages are innate immune cells that are widely distrib-
uted in organs and tissues, and they play essential roles in a var-
iety of physiological and pathological processes, such as organ
development, host defence, acute and chronic inflammation, and
tissue homeostasis and remodelling (Martinez et al. 2008).
Typically, macrophages can be divided into two subclasses; clas-
sically activated macrophages (M1) and alternatively activated
macrophages (M2) (Mills et al. 2000; Martinez and Gordon



390 C. WANG ET AL.

Total length

*

w
a
o

250

Total tube length
(pixel)

Cntrol

Total segments length Total branching length

450 *

w
o
o

350

250

-
a
=)

150

Total segments length
(pixel)

Total branching length
(pixel)

o
o

& & & & & &
No. nodes No. branches No. Junctions
24 2.51 * T
H l g g 5
2w S 2.0 g
[ © c 5
5 % S g §
5E 5 157 5 &
g 12 5 5 T3
3 g 1.0 [
. 2 2
0.5~ 1
& \Q‘\ S \g‘*‘ & .&‘\
N * Hm Control
2.5+ 41
_ D . == \V2b
£ 2.0 g
g 2 —e=— g 3
(]
23 151 03
L ¥ Ly
8 3 (O] [ 2+
Yo 107 w
> =9
£ £
< 0.5- 5 17 oo
4 &
0.0 T T
0 T T
A
SR N

&
00

Figure 4. M2b macrophages promote tube formation and VEGFR3 expression of LECs.

2014; Shapouri-Moghaddam et al. 2018). M2 macrophages can
be further polarized to M2a, M2b and M2c macrophages
(Chanmee et al. 2014; Wang LX et al. 2019). M1 macrophages,
which are induced by LPS and interferon (IFN)-vy, produce high
levels of pro-inflammatory cytokines (interleukin [IL]-1P, IL-6,

IL-12 and IL-23), mediate tissue damage and impair wound heal-
ing (Martinez and Gordon 2014). M2a and M2c macrophages
secrete high levels of pro-fibrotic transforming growth factor
(TGF)-B, inducing tissue fibrosis (Wang Y et al. 2015, 2017).
M2b macrophages, also known as regulatory macrophages,



express high levels of CCL1 and LIGHT. M2b macrophages
maintain the balance between pro-inflammatory and anti-inflam-
matory functions, and studies have shown that M2b macro-
phages can reduce the effects of spinal cord injury and MI/RI
(Gensel and Zhang 2015; Yue et al. 2017).

M2 macrophages are highly heterogeneous, which allows
them to play different roles in the regulation of cardiac fibrosis
in injured hearts. Yang M et al. (2012) used an angiotensin II-
induced hypertensive cardiac model, and found that M2 macro-
phages contributed to cardiac fibrosis. By contrast, a study in a
mouse model of prediabetes showed that M2 macrophages atte-
nuated cardiac fibrosis (Urbina and Singla 2014). M2 macro-
phages are thus able to play different roles with respect to
cardiac fibrosis. However, these differences may be related to the
misclassification of these cells, as there are at least two different
subpopulations of M2 macrophages (M2a and M2b). In a CB2
cannabinoid receptor-deficient ischaemic heart model, activation
of the M2a macrophage subpopulation led to adverse myocardial
fibrosis (Duerr et al. 2014). A relation between M2b macro-
phages and cardiac fibrosis has not been reported. In a mouse
model of hepatic fibrogenesis induced by carbon tetrachloride
(CCLy), serum amyloid A (SAA) was found to induce M2b-like
macrophage polarization during liver inflammation, resulting in
protection of the liver from fibrogenesis (Wang Y et al. 2017).
However, the mechanism(s) underlying the anti-fibrotic effects is
not clear.

Recently, the cardiac lymphatic system has become an area
of active research (Henri et al. 2016; Huang et al. 2017; Vuorio
et al. 2017). The lymphatic vessel network of the heart regulates
many physiological processes that are important for heart func-
tion, such as fluid balance, the transport of extravasated pro-
teins and the trafficking of immune cells (Huang et al. 2017).
Impairment of cardiac lymphatic flow leads to excess fluid
accumulation and myocardial interstitial fibrosis and subse-
quent heart dysfunction, and is related to several pathological
states including atrial fibrillation (Lupinski 2009), pulmonary
artery hypertension (Cui et al. 2001), myocardial ischaemia
(Henri et al. 2016; Hartikainen et al. 2017) and valvular heart
diseases (Niinimaki et al. 2016). Kong et al. (2006) used a rab-
bit model and found that obstruction of cardiac lymph flow led
to enhanced myocardial collagen synthesis and compromised
cardiac function. Another study suggested that although myo-
cardial infarction (MI) induces endogenous cardiac lymphan-
giogenesis, remodelling and dysfunction of the lymphatics
contributes to the development of chronic myocardial edoema
and inflammation (Henri et al. 2016). This aggravates cardiac
fibrosis and dysfunction, as well as promoting exogenous
VEGEFC expression, in turn stimulating cardiac lymphangiogen-
esis to reduce myocardial edoema and fibrosis, and eventually
improving heart function. In a phase I/Ila study with 1-year
follow-up, gene therapy promoting lymphangiogenesis and
angiogenesis increased the myocardial perfusion reserve in
patients with refractory angina (Hartikainen et al. 2017). A
number of studies have suggested that lymphangiogenic therapy
may be a promising approach for the treatment of cardiovascu-
lar diseases (Henri et al. 2016; Hartikainen et al. 2017; Huang
et al. 2017; Vuorio et al. 2017).

Macrophages produce VEGFC to promote lymphangiogene-
sis (Watari et al. 2008; Yamashita et al. 2009). The phenotypic
heterogeneity of macrophages relates to unique functions spe-
cific to the local microenvironment. In a mouse model of renal
fibrosis, a VEGFR3 inhibitor down-regulated the expression of
VEGFC by M1 macrophages to reduce lymphangiogenesis and
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ameliorate tubule-interstitial fibrosis. M1 macrophages can
cause chronic inflammation-induced lymphangiogenesis, which
worsens renal fibrosis (Hwang et al. 2019). Our previous study
showed that M2b macrophages can significantly reduce the
level of cardiac troponin I (cTnl) and the infarct area during
the early period of MI/RI (Yue et al. 2017). Whether M2b mac-
rophages can inhibit long-term cardiac fibrosis after MI/RI has
not been studied.

Signalling via VEGFC, VEGFD and VEGFR3 is a central
molecular mechanism of lymphangiogenesis (Lohela et al. 2009;
Ochsenbein et al. 2016; Yang GH et al. 2017; Sainz-Jaspeado and
Claesson-Welsh 2018), and the VEGFC/VEGFR3 pathway is one
of the classic pathways that produce lymphatic vessels (Lohela
et al. 2009; Hagura et al. 2014; Vaahtomeri et al. 2017).
Therefore, our initial hypothesis was that M2b macrophages may
produce VEGFC to promote cardiac lymphangiogenesis via the
VEGFC/VEGFR3 pathway.

We started our investigation with in vivo experiments. A rat
MI/RI model was established to evaluate the effects of M2b
macrophages in the late stage of MI/RI. The results showed
that there were more lymph vessels in the I/R groups than in
the Control group, which indicated that MI/RI led to the
growth of cardiac lymph vessels. Previous studies have also
found lymphangiogenesis after MI (Ishikawa et al. 2007; Henri
et al. 2016). Newly formed lymphatics may be involved in the
maturation of fibrotic tissue and scar formation through the
drainage of excess proteins and fluid. The fluid that accumu-
lates in the cardiac interstitial space after myocardial ischaemia
leads to myocardial edoema, which can trigger cardiac fibrosis
and a deterioration in heart function. Lymphangiogenesis can
drain the interstitial fluid to reduce cardiac edoema and colla-
gen synthesis (Huang et al. 2017). Importantly, we found that
injection of M2b macrophages improved cardiac function and
alleviated fibrosis. We, therefore, concluded that M2b macro-
phages promote lymphangiogenesis after MI/RI to inhibit car-
diac fibrosis and improve cardiac function.

Then, we determined whether M2b macrophages affect LECs
by culturing LECs with M2b macrophage supernatant in vitro.
The results demonstrated that M2b macrophage supernatant
increased the proliferation, migration and tube formation of
LECs, indicating that M2b macrophages may directly promote
lymphangiogenesis. We also explored the mechanism by which
M2b macrophages stimulate lymphangiogenesis. In vivo, the
expression levels of VEGFC and VEGFR3 in the cardiac tissue of
the M2b macrophage treatment group were significantly higher
than those of the Vehicle treatment group. In vitro, the mRNA
expression of VEGFC was upregulated in M2b macrophages, and
the expression of VEGFR3 was upregulated in LECs treated with
M2b macrophage supernatant. Therefore, we concluded that
M2b macrophages promote lymphangiogenesis via the VEGFC/
VEGFR3 pathway.

There are some limitations to this study. First, we focussed
only on lymphatic counts, and did not examine whether there
were changes in lymphatic structure or function. Second, the dif-
ferences between the expressions of VEGFR3 and VEGEFC in the
Control group and the IR+ Vehicle group were not statistically
significant. There may be other mechanisms, such as the TGEF-
B/VEGFC pathway, that are activated to promote lymphangio-
genesis after MI/RI (Kinashi et al. 2018). TGF-P is a key player
in tissue fibrosis, and can promote VEGFC production leading
to lymphangiogenesis and ‘fibrosis-related lymphangiogenesis’ in
the development of renal and peritoneal fibrosis (Suzuki et al.
2012; Kinashi et al. 2013). We did not detect the expression of
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TGEF-P or explore the mechanism of lymphangiogenesis related
to MI/RI, but believe this will be of interest for future research.
Third, the expression of VEGFC in M2b macrophages cannot be
downregulated by siRNA, so we did not temporarily silence
VEGFC to observe its importance for lymphangiogenesis
and fibrosis.

Our study shows for the first time that M2b macrophages
promote lymphangiogenesis to reduce myocardial fibrosis and
improve heart function in the late stage of MI/RIL. These effects
may occur via the VEGFC/VEGFR3 pathway. This observation
may be useful for development of myocardial protection thera-
pies as it is now recognized that lymphangiogenic therapy is use-
ful for the treatment of cardiovascular diseases.

Disclosure statement

The authors report that there are no relationships that could be con-
strued as a conflict of interest.

Funding

The study was supported by the Medical Scientific Research
Foundation of Guangdong Province of China [A2019566], the
National Key R&D Program of China [2017YFC1105000] and the
National Natural Science Foundation of China [81370215].

References

Banerji S, Ni J, Wang SX, Clasper S, Su J, Tammi R, Jones M, Jackson DG.
1999. LYVE-1, a new homologue of the CD44 glycoprotein, is a lymph-
specific receptor for hyaluronan. J Cell Biol. 144(4):789-801.

Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R, Amann G,
Kriehuber E, Diem K, Weninger W, Tschachler E, Alitalo K, et al. 1999.
Angiosarcomas express mixed endothelial phenotypes of blood and
lymphatic capillaries: podoplanin as a specific marker for lymphatic endo-
thelium. Am J Pathol. 154(2):385-394.

Chanmee T, Ontong P, Konno K, Itano N. 2014. Tumor-associated macro-
phages as major players in the tumor microenvironment. Cancers. 6(3):
1670-1690.

Choi I, Lee S, Hong YK. 2012. The new era of the lymphatic system: no lon-
ger secondary to the blood vascular system. Cold Spring Harb Perspect
Med. 2(4):a006445.

Cui Y, Urschel JD, Petrelli NJ. 2001. The effect of cardiopulmonary lymph-
atic obstruction on heart and lung function. Thorac Cardiovasc Surg.
49(1):35-40.

Duerr GD, Heinemann JC, Suchan G, Kolobara E, Wenzel D, Geisen C,
Matthey M, Passe-Tietjen K, Mahmud W, Ghanem A, et al. 2014. The
endocannabinoid-CB2 receptor axis protects the ischemic heart at the
early stage of cardiomyopathy. Basic Res Cardiol. 109(4):425.

Gensel JC, Zhang B. 2015. Macrophage activation and its role in repair and
pathology after spinal cord injury. Brain Res. 1619:1-11.

Hagura A, Asai J, Maruyama K, Takenaka H, Kinoshita S, Katoh N. 2014.
The VEGF-C/VEGFR3 signaling pathway contributes to resolving chronic
skin inflammation by activating lymphatic vessel function. ] Dermatol Sci.
73(2):135-141.

Hartikainen J, Hassinen I, Hedman A, Kivela A, Saraste A, Knuuti J, Husso
M, Mussalo H, Hedman M, Rissanen TT, et al. 2017. Adenoviral intra-
myocardial VEGF-DANAC gene transfer increases myocardial perfusion
reserve in refractory angina patients: a phase I/Ila study with 1-year fol-
low-up. Eur Heart J. 38(33):2547-2555.

Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Levy F, Henry
JP, Dumesnil A, Boukhalfa I, Banquet S, et al. 2016. Selective stimulation
of cardiac lymphangiogenesis reduces myocardial edema and fibrosis lead-
ing to improved cardiac function following myocardial infarction.
Circulation. 133(15):1484-1497.

Huang LH, Lavine KJ, Randolph GJ. 2017. Cardiac lymphatic vessels, trans-
port, and healing of the infarcted heart. JACC Basic Transl Sci. 2(4):
477-483.

Hwang SD, Song JH, Kim Y, Lim JH, Kim MY, Kim EN, Hong YA, Chung
S, Choi BS, Kim YS, et al. 2019. Inhibition of lymphatic proliferation by
the selective VEGFR-3 inhibitor SAR131675 ameliorates diabetic nephrop-
athy in DB/DB mice. Cell Death Dis. 10(3):219.

Ishikawa Y, Akishima-Fukasawa Y, Ito K, Akasaka Y, Tanaka M, Shimokawa
R, Kimura-Matsumoto M, Morita H, Sato S, Kamata I, et al. 2007.
Lymphangiogenesis in myocardial remodelling after infarction.
Histopathology. 51(3):345-353.

Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O,
Kalkkinen N, Alitalo K. 1996. A novel vascular endothelial growth factor,
VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR (VEGFR-2) recep-
tor tyrosine kinases. EMBO J. 15(2):290-298.

Kinashi H, Ito Y, Mizuno M, Suzuki Y, Terabayashi T, Nagura F, Hattori R,
Matsukawa Y, Mizuno T, Noda Y, et al. 2013. TGF-betal promotes lymphan-
giogenesis during peritoneal fibrosis. ] Am Soc Nephrol. 24(10):1627-1642.

Kinashi H, Ito Y, Sun T, Katsuno T, Takei Y. 2018. Roles of the TGF-beta(-
)VEGF-C pathway in fibrosis-related lymphangiogenesis. Int J Mol Sci.
19(9):2487.

Kong D, Kong X, Wang L. 2006. Effect of cardiac lymph flow obstruction on
cardiac collagen synthesis and interstitial fibrosis. Physiol Res. 55:253-258.

Lohela M, Bry M, Tammela T, Alitalo K. 2009. VEGFs and receptors
involved in angiogenesis versus lymphangiogenesis. Curr Opin Cell Biol.
21(2):154-165.

Lupinski RW. 2009. Aortic fat pad and atrial fibrillation: cardiac lymphatics
revisited. ANZ J Surg. 79(1-2):70-74.

Martinez FO, Gordon S. 2014. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 6:13.

Martinez FO, Sica A, Mantovani A, Locati M. 2008. Macrophage activation
and polarization. Front Biosci. 13:453-461.

Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. 2000. M-1/M-2 macro-
phages and the Th1/Th2 paradigm. ] Immunol. 164(12):6166-6173.

Niinimaki E, Mennander AA, Paavonen T, Kholova 1. 2016.
Lymphangiogenesis is increased in heart valve endocarditis. Int J Cardiol.
219:317-321.

Ochsenbein AM, Karaman S, Proulx ST, Goldmann R, Chittazhathu J,
Dasargyri A, Chong C, Leroux JC, Stanley ER, Detmar M. 2016.
Regulation of lymphangiogenesis in the diaphragm by macrophages and
VEGFR-3 signaling. Angiogenesis. 19(4):513-524.

Sainz-Jaspeado M, Claesson-Welsh L. 2018. Cytokines regulating lymphan-
giogenesis. Curr Opin Immunol. 53:58-63.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili
SA, Mardani F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A. 2018.
Macrophage plasticity, polarization, and function in health and disease. J
Cell Physiol. 233(9):6425-6440.

Suzuki Y, Ito Y, Mizuno M, Kinashi H, Sawai A, Noda Y, Mizuno T,
Shimizu H, Fujita Y, Matsui K, et al. 2012. Transforming growth factor-3
induces vascular endothelial growth factor-C expression leading to lym-
phangiogenesis in rat unilateral ureteral obstruction. Kidney Int. 81(9):
865-879.

The National Academies Collection: Reports funded by National Institutes of
Health. 2011. Guide for the care and use of laboratory animals.
Washington (DC): National Academies Press.

Urbina P, Singla DK. 2014. BMP-7 attenuates adverse cardiac remodeling
mediated through M2 macrophages in prediabetic cardiomyopathy. Am J
Physiol-Heart C. 307(5):H762-772.

Vaahtomeri K, Karaman S, Makinen T, Alitalo K. 2017. Lymphangiogenesis
guidance by paracrine and pericellular factors. Genes Dev. 31(16):
1615-1634.

Vuorio T, Tirronen A, Yla-Herttuala S. 2017. Cardiac lymphatics - a new
avenue for therapeutics? Trends Endocrinol Metab. 28(4):285-296.

Wang LX, Zhang SX, Wu HJ, Rong XL, Guo J. 2019. M2b macrophage
polarization and its roles in diseases. ] Leukoc Biol. 106(2):345-358.

Wang Y, Huang H, Sun R, Chen B, Han F, Li Q, Ni Y, Li X, Liu ], Mou X,
et al. 2017. Serum amyloid a induces M2b-like macrophage polarization
during liver inflammation. Oncotarget. 8(65):109238-109246.

Wang Y, Wehling-Henricks M, Samengo G, Tidball JG. 2015. Increases of
M?2a macrophages and fibrosis in aging muscle are influenced by bone
marrow aging and negatively regulated by muscle-derived nitric oxide.
Aging Cell. 14(4):678-688.

Watari K, Nakao S, Fotovati A, Basaki Y, Hosoi F, Bereczky B, Higuchi R,
Miyamoto T, Kuwano M, Ono M. 2008. Role of macrophages in inflam-
matory lymphangiogenesis: enhanced production of vascular endothelial
growth factor C and D through NF-kappaB activation. Biochem Biophys
Res Commun. 377(3):826-831.

Wigle JT, Oliver G. 1999. Prox1 function is required for the development of
the murine lymphatic system. Cell. 98(6):769-778.



Yamashita M, Iwama N, Date F, Shibata N, Miki H, Yamauchi K, Sawai T,
Sato S, Takahashi T, Ono M. 2009. Macrophages participate in lymphan-
giogenesis in idiopathic diffuse alveolar damage through CCL19-CCR7
signal. Hum Pathol. 40(11):1553-1563.

Yang GH, Zhou X, Ji WJ, Liu JX, Sun ], Dong Y, Jiang TM, Li YM. 2017.
VEGF-C-mediated cardiac lymphangiogenesis in high salt intake acceler-
ated progression of left ventricular remodeling in spontaneously hyperten-
sive rats. Clin Exp Hypertens. 39(8):740-747.

PHARMACEUTICAL BIOLOGY 393

Yang M, Zheng ], Miao Y, Wang Y, Cui W, Guo J, Qiu S, Han Y, Jia L, Li H,
et al. 2012. Serum-glucocorticoid regulated kinase 1 regulates alternatively acti-
vated macrophage polarization contributing to angiotensin II-induced inflam-
mation and cardiac fibrosis. Arterioscler Thromb Vasc Biol. 32(7):1675-1686.

Yue Y, Yang X, Feng K, Wang L, Hou ], Mei B, Qin H, Liang M, Chen G,
Wu Z. 2017. M2b macrophages reduce early reperfusion injury after myo-
cardial ischemia in mice: a predominant role of inhibiting apoptosis via
A20. Int J Cardiol. 245:228-235.



	Abstract
	Introduction
	Materials and methods
	Animals
	Cells
	Rat model and M2b macrophage transplantation
	Echocardiography
	Detection of myocardial fibrosis
	Histological analysis
	Western blotting
	Cell counting kit-8 (CCK-8) assay
	Transwell migration assay
	Tube formation assay
	Quantitative real-time PCR (qRT-PCR)
	Immunofluorescence
	Statistical analysis

	Results
	M2b macrophage transplantation improves cardiac function and inhibits fibrosis
	M2b macrophage transplantation promotes cardiac lymphangiogenesis
	M2b macrophages accelerate the migration and proliferation of LECs
	M2b macrophages promote tube formation and VEGFR3 expression of LECs

	Discussion
	Disclosure statement
	Funding
	References


