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CD47 Activation by Thrombospondin-1 in 
Lymphatic Endothelial Cells Suppresses 
Lymphangiogenesis and Promotes Atherosclerosis
Bhupesh Singla , Ravi Varma Aithbathula, Naveed Pervaiz , Ishita Kathuria, Mallory Swanson, Frederick Adams Ekuban , 
WonMo Ahn, Frank Park, Maxwell Gyamfi, Mary Cherian-Shaw, Udai P. Singh , Santosh Kumar

BACKGROUND: TSP1 (thrombospondin-1)—a well-known angiogenesis inhibitor—mediates differential effects via interacting 
with cell surface receptors including CD36 (cluster of differentiation) and CD47. However, the role of TSP1 in regulating 
lymphangiogenesis is not clear. Our previous study suggested the importance of cell-specific CD47 blockade in limiting 
atherosclerosis. Further, our experiments revealed CD47 as a dominant TSP1 receptor in lymphatic endothelial cells (LECs). 
As the lymphatic vasculature is functionally linked to atherosclerosis, we aimed to investigate the effects of LEC TSP1-CD47 
signaling inhibition on lymphangiogenesis and atherosclerosis.

METHODS: Murine atherosclerotic and nonatherosclerotic arteries were utilized to investigate TSP1 expression using 
Western blotting and immunostaining. LEC-specific knockout mice were used to determine the in vivo role of LEC Cd47 
in lymphangiogenesis and atherosclerosis. Various in vitro cell-based assays, in vivo Matrigel plug implantation, molecular 
biological techniques, and immunohistological approaches were used to evaluate the underlying signaling mechanisms.

RESULTS: Elevated TSP1 expression was observed in mouse atherosclerotic aortic tissue compared with nonatherosclerotic 
control tissue. TSP1 at pathological concentrations suppressed both in vitro and in vivo lymphangiogenesis. Mechanistically, 
TSP1 inhibited VEGF (vascular endothelial growth factor)-C–induced AKT and eNOS activation in LEC and attenuated 
NO (nitric oxide) production. Further, CD47 silencing in LEC prevented the effects of TSP1 on lymphangiogenic AKT-
eNOS signaling and lymphangiogenesis. Atheroprone AAV (adeno-associated virus) 8-PCSK9–injected LEC-specific Cd47 
knockout mice (Cd47ΔLEC) had reduced atherosclerosis in both aorta and aortic root compared with control mice (Cd47ΔWT). 
However, no differences in metabolic parameters including body weight, plasma total cholesterol levels, and fasting blood 
glucose were observed. Additional immunostaining experiments performed on aortic root cross-sections indicated higher 
lymphatic vessel density in Cd47ΔLEC mice in comparison to controls.

CONCLUSIONS: These findings demonstrate that TSP1 inhibits lymphangiogenesis via activation of CD47 in LEC, and loss of 
LEC Cd47 attenuates atherosclerotic lesion formation. Collectively, these results identify LEC CD47 as a potential therapeutic 
target in atherosclerosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: aorta ◼ atherosclerosis ◼ endothelial cells ◼ fasting ◼ lymphangiogenesis

Atherosclerosis—a chronic vascular inflammatory 
disease—is characterized by the accumulation of 
lipid-loaded cells in the subendothelial space of 

medium- and large-sized arteries and develops at cer-
tain focal points. Being an underlying cause of myocar-
dial infarction, stable and unstable angina, and stroke, it 
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accounts for the majority of deaths worldwide.1 Earlier 
studies have demonstrated that adventitial lymphatic 
vasculature represents the primary route of cholesterol 
removal from atherosclerotic vessels, and improved lym-
phatic function leads to atherosclerosis regression.2,3 
Further, inhibition of arterial lymphatic drainage via sur-
gical and genetic approaches induces atherosclerotic 
lesion formation.2,4,5 Moreover, early treatment with lym-
phangiogenic factor VEGF (vascular endothelial growth 
factor)-C (152S) has been shown to improve lymphatic 
function and attenuate high-fat diet–induced atheroscle-
rosis in Ldlr (low-density lipoprotein receptor) knockout 
mice.6 Therefore, arterial lipid accumulation is an out-
come of the disturbed equilibrium between the influx 
of plasma lipoproteins and the efflux of lipids from the 
vessel wall via reverse cholesterol transport (RCT) medi-
ated by lymphatic vessels (LVs). Despite this information, 
the molecular factors and downstream signaling mecha-
nisms that govern arterial LV formation (lymphangiogen-
esis) are understudied.

TSP1 (thrombospondin-1) is a secreted matricellular 
glycoprotein, which mediates differential physiological 
or pathological effects via interacting with integrins and 
cell surface receptors including CD36 (cluster of dif-
ferentiation) and CD47.7 It regulates various biological 
processes, including cell proliferation, migration, angio-
genesis, and inflammation.8,9 TSP1 expression is low in 
healthy blood vessels; however, elevated TSP1 levels 
have been associated with cardiovascular disease includ-
ing injury-induced neointima formation and atherosclero-
sis.10–12 Human TSP1 gene polymorphism and its protein 
expression are linked with the increased risk of myocar-
dial infarction and atherogenesis, respectively.12,13 Addi-
tional studies utilizing global genetic deletion of Tsp1 in 
mice have reported contradictory roles of TSP1 in ath-
erosclerosis development.14,15 However, the mechanisms 
by which TSP1 contributes to atherosclerotic plaque 
formation and its cell-specific role in its pathogenesis 

are understudied. TSP1 after binding to CD47 present 
in vascular endothelial cells suppresses angiogenesis 
via blocking required NO (nitric oxide) signaling.16 NO 
signaling in lymphatic endothelial cells (LECs) is also 
pivotal for lymphangiogenesis and the maintenance of 
LVs.17 Kojima et al have shown that the administration 
of CD47-blocking antibodies in murine models of ath-
erosclerosis inhibits plaque formation via promoting effe-
rocytosis and reduces vascular inflammation in human 
patients with cancer.18,19 We recently reported that global 
deletion of Cd47 in mice protects from atherosclero-
sis; however, myeloid cell–specific Cd47 loss augments 
lesion formation, suggesting the importance of cell-spe-
cific CD47 blockade in atherosclerosis.20 Nonetheless, 
the importance of TSP1-induced LEC CD47 activation in 
regulating arterial lymphangiogenesis and atherosclero-
sis remains unexplored.

In the current study, we examined the role of LEC 
TSP1-CD47 signaling axis in governing both in vitro and 
in vivo lymphangiogenesis and development of athero-
sclerosis. Our data demonstrate that (1) TSP1-mediated 
LEC CD47 activation inhibits lymphangiogenesis and (2) 
blockade of LEC CD47 signaling suppresses atheroscle-
rosis. Altogether, the findings of the present study identify 
LEC CD47 as a potential therapeutic target to promote 
arterial lymphangiogenesis and reduce atherosclerosis.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Please see the extended Methods and Major Resources Table 
in the Supplemental Material.

Animals
All animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the University 
of Tennessee Health Science Center, Memphis, TN, or Augusta 
University. The procedures were conducted following the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. Eight- to 10-week-old male wild-type 
C57BL/6J (stock number 000664), Apoe−/− (stock number 
002052), and Lyve-1 Cre+ (stock number 012601) mice were 
procured from The Jackson Laboratory (Bar Harbor). Cd47-
floxed (Cd47f/f) mice were cryorecovered from frozen germ-
plasm maintained in the KOMP Repository (Cd47tm1a(KOMP)Mbp, 

Nonstandard Abbreviations and Acronyms

Arg1	 arginase 1
Cdk	 cyclin-dependent kinase
IL	 interleukin
iNOS	 inducible NO synthase
LDL	 low-density lipoprotein
LEC	 lymphatic endothelial cell
LV	 lymphatic vessel
LYVE-1	� lymphatic vessel endothelial hyaluronan 

receptor-1
ORO	 oil red O
RCT	 reverse cholesterol transport
TSP1	 thrombospondin-1

Highlights

•	 Thrombospondin-1–induced lymphatic endothelial 
cell CD47 activation inhibits lymphangiogenesis.

•	 CD47 deletion in lymphatic endothelial cells aug-
ments both in vitro and in vivo lymphangiogenesis.

•	 Lymphatic endothelial cell–specific CD47 deletion 
suppresses atherosclerotic lesion formation.
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Mouse Biology Program, University of California, Davis).20 LEC-
specific Cd47 knockout mice (Cd47f/f Lyve-1 Cre+/−, referred as 
Cd47ΔLEC) were generated by crossing Cd47f/f mice with Lyve-1 
Cre+ mice. Littermate Cd47f/f Lyve-1 Cre−/− and Lyve-1 Cre+/− 
mice were used as controls (Cd47WT). All mice were genotyped 
by polymerase chain reaction amplification of tail genomic DNA 
using primers listed in Table S1, and LEC-specific deletion was 
also confirmed using double immunostaining experiments.

Atherosclerotic Lesion Analysis
Male mice were used in the present study because sex hor-
mones in females are known to affect atherosclerotic lesion 
formation and plasma cholesterol levels.21,22 Male mice were 
injected with a recombinant adeno-associated viral vector 
expressing a gain-of-function mutant form of human propro-
tein convertase subtilisin/kexin type 9 (AAV8-hPCSK9-D374Y, 
Vigene Biosciences, Rockville, referred as AAV8-PCSK9, 
1×1011 viral genomes, IP) once23 and fed a Western diet 
(TD.88137; Envigo, Indianapolis, IN) for 16 weeks to induce 
liver-specific Ldlr degradation, hypercholesterolemia, and 
atherosclerosis. Whole-body fat, lean and fluid mass (Bruker 
Minispec Live Mice Analyzer, LF90), and fasting blood glucose 
(ReliOn Prime Blood Glucose Monitoring System) were deter-
mined. Mice were fasted overnight (16 hours) before eutha-
nasia to determine fasting blood glucose and plasma total 
cholesterol levels. Mice were anesthetized by isoflurane inha-
lation (3%), and blood was collected in a heparinized syringe 
via cardiac puncture for further analysis. In situ images of the 
aortic arch and aorta were captured using an Olympus SZX16 
stereomicroscope. Mouse aorta and heart were harvested and 
fixed in 4% paraformaldehyde for 24 hours. Heart tissue was 
embedded in the optimum cutting temperature (23-730-571; 
Fisher Healthcare, Houston, TX) and stored at −80 °C until use. 
Amplex Red cholesterol assay (A12216; Molecular Probes, 
Eugene, OR) was used to quantify plasma total cholesterol lev-
els. Plasma triglyceride levels were examined using reagents 
and standards obtained from Wako Chemicals (Richmond, VA).

For en face analysis, whole paraformaldehyde-fixed aortas 
were stained with 2% oil red O (ORO) solution (Sigma-Aldrich, 
MO) for 30 minutes at room temperature, washed with 60% iso-
propanol (30 s) and H2O (5 minutes). Then, aortas were opened 
longitudinally and imaged with an Olympus SZX16 stereomi-
croscope, and ORO-positive areas were quantified. Further, 
the upper halves of fixed hearts were dissected and embed-
ded in the optimum cutting temperature compound. Serial aortic 
root frozen sections (9 μm) were stained with 2% ORO solu-
tion, washed with 60% isopropanol, and counterstained with 
hematoxylin (22-220-100; Fisher Healthcare, Pittsburgh, PA).20 
Images were acquired using an Olympus BX43 phase-contrast 
microscope to determine the lipid deposition in the aortic sinus. 
Image analysis was performed utilizing the Image-Pro Plus soft-
ware (Media Cybernetics, Bethesda, MD).

Cell Culture and Gene Silencing
Primary human dermal LECs isolated from adult skin and 
human aortic endothelial cells were purchased from PromoCell 
GmbH (Heidelberg, Germany) and cultured in endothelial 
cell growth medium MV 2 (PromoCell) containing 5% heat-
inactivated fetal bovine serum, 100 IU/mL penicillin, 100 μg/
mL streptomycin, and growth factors bullet kit. Cells were 

maintained in a humidified incubator at 37 °C and used till pas-
sage 7. Primary mouse lung LECs were isolated after digestion 
of lungs with collagenase type 2 (1 mg/mL) for 1 hour at 37 °C 
as we described previously.24 LYVE-1 (lymphatic vessel endo-
thelial hyaluronan receptor-1)–positive cells were separated 
and cultured.

A smart pool of siRNA for human CD47 (M-019505-01-
0005) and a nontargeting control siRNA (D-001210-01-05) 
were purchased from Horizon Discovery (Cambridge, United 
Kingdom). Cells were transfected with siRNAs using the 
TransIT-TKO transfection reagent (Mirus Bio LLC, Madison, 
WI) according to the manufacturer’s instructions. Cells were 
used for further experiments 48 hours post-transfection, and 
gene silencing was confirmed using quantitative real-time poly-
merase chain reaction. Protein knockdown was validated by 
Western blot experiments.

Western Blot
Cells/tissues were lysed in RIPA (radio-immunoprecipitation 
assay) lysis buffer supplemented with protease and phosphatase 
inhibitors. Equal amounts of proteins (10–15 μg per lane) were 
separated using SDS-PAGE gels, transferred onto nitrocellulose 
membranes (Li-Cor Biosciences, Lincoln, NE), and membranes 
blocked with Intercept blocking buffer (Li-Cor Biosciences) 
were probed with the following primary antibodies at indicated 
concentrations: TSP1 (1:400), vinculin 1 (1:1000), GAPDH 
(1:2000), pAKTSer473 (1:1000), total AKT (1:1000), peNOSSer1177 
(1:1000), total eNOS (1:1000), pERK1/2Thr202/Tyr204 (1:1000), 
total ERK1/2 (1:1000), CD47 (1:500), VEGFR3 (1:500), epsin 
1 (1:500), p53 (1:1000), and p21 (1:1000). Total AKT (2920S), 
pAKTSer473 (4060S), peNOSSer1177 (9571S), total eNOS (5880S), 
pERK1/2Thr202/Tyr204 (9101S), total ERK1/2 (4695S), and p21 
(2947) were purchased from Cell Signaling Technology (Danvers, 
MA). CD47 antibody (NBP2-31106; Novus Biologicals, LLC, 
Centennial, CO) and ab175388 (Abcam, Cambridge, MA) were 
used. We obtained VEGFR3 (sc-321), epsin 1 (sc-55556), p53 
(sc-126), and GAPDH (sc-365062) antibodies from Santa Cruz 
Biotechnology (Dallas, TX). TSP1 (18304-1-AP) antibody was 
acquired from Proteintech (Rosemont, IL). Antibody for vincu-
lin 1 (V4505) was purchased from Sigma-Aldrich, Inc (St. Louis, 
MO). After washing, membranes were incubated with IRDye-
conjugated secondary antibodies (Li-Cor Biosciences) and 
scanned with the Odyssey CLx/DLx Infrared Imaging System 
(Li-Cor Biosciences) to detect proteins of interest. The densi-
tometry analysis was performed utilizing the ImageJ software 
(National Institutes of Health).

Immunohistochemistry
Paraffin sections were deparaffinized, rehydrated, and under-
went antigen retrieval by boiling in citrate buffer at 98 °C for 
10 minutes, while frozen sections were washed with PBS twice 
and permeabilized with 0.1% Triton X-100 (10 minutes). Then, 
sections were blocked with 10% goat serum (1 hour) at room 
temperature and incubated with primary antibodies against 
TSP1 (Proteintech; 18304-1-AP, 1:80), SMA (Abcam; ab7817, 
1:100), CD68 (Thermo Fisher Scientific, Rockford, IL; MA5-
13324, 1:100), LYVE-1 (Abcam; ab14917, 1:100), CD11c 
(Thermo Fisher Scientific; 53-0114-80, 1:80), CD45 (Cell 
Signaling Technology; 70257S 1:70), CD34 (Abcam; ab81289, 
1:70), iNOS (inducible NO synthase; Abcam; ab3523, 1:100), 
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Arg1 (arginase 1; Sigma-Aldrich; AV45673, 1:100), podoplanin 
(R&D Systems; AF3244, 1:40), CD31 (Abcam; ab28364, 1:70), 
CD3e (Thermo Fisher Scientific; 53-0031-80, 1:80), and CD47 
(Novus Biologicals; NBP2-31106, 1:100 or R&D Systems; 
AF1866, 1:70) overnight at 4 °C. Next, sections were incubated 
with Alexa Fluor 488/Alexa Fluor 594–labeled secondary anti-
bodies (Life Technologies Corporation, Eugene, OR; A11008, 
1:700; A11032, 1:500; A11037, 1:500; A11001, 1:1000; and 
A11055, 1:400) for 1 hour at room temperature, followed by 
mounting with DAPI (4',6-diamidino-2-phenylindole) containing 
Fluoromount-G (Thermo Fisher Scientific). Images were cap-
tured using a Zeiss 710 inverted confocal microscope.

Mouse aortic root frozen sections were stained with 
hematoxylin and eosin (Fisher Healthcare; 22-220-104) and 
Masson trichrome (Richard Allan Scientific LLC, Kalamazoo, 
MI; 22-110-648) using standard protocols. Epredia UltraVision 
LP HRP polymer and DAB Detection System (Richard Allan 
Scientific LLC; TL015HD) was utilized for staining aortic root 
sections with CD68 antibody according to the manufacturer’s 
instructions. Images were acquired using an Olympus BX43 
phase-contrast microscope. For ORO, hematoxylin and eosin, 
Masson trichrome, and CD68 immunostaining, 4 sections 
per mouse spaced 100 µm apart were stained and analyzed, 
and mean area of 4 sections was shown. All image analyses 
were performed utilizing the Image-Pro Plus software (Media 
Cybernetics, Bethesda, MD).

Statistical Analysis
All statistical analyses were performed using the GraphPad 
Prism 9 (La Jolla, CA). The data are represented as mean±SEM. 
The sample number (n) for each experiment/group is mentioned 
in the figure legends. The normality of data was investigated 
using the Shapiro-Wilk normality test. Two-tailed Student t test 
(parametric data) or Mann-Whitney U test (nonparametric data) 
were used to compare 2 groups, while >2 groups were ana-
lyzed using 1- or 2-way ANOVA followed by appropriate post 
hoc test for multiple comparisons where appropriate. Kruskal-
Wallis test was used to compare >2 groups of nonparametric 
data. While using parametric tests to compare groups, it was 
assumed that all groups have the same standard SD. A P value 
<0.05 was considered statistically significant.

RESULTS
TSP1 Protein Expression Is Elevated in 
Atherosclerotic Arteries
Previous human studies have associated polymorphism 
in the TSP1 gene and TSP1 protein expression with 
the increased risk of myocardial infarction and athero-
sclerosis development, respectively.12,13 Despite these 
associations, the role of TSP1 in atherosclerosis devel-
opment is largely unknown. To confirm whether TSP1 
expression correlates with atherosclerosis development 
in mice, we collected murine atherosclerotic and nonath-
erosclerotic aortic tissue and quantified TSP1 expres-
sion using immunoblotting. The presence and absence of 
atherosclerotic lesions were confirmed with ORO stain-
ing. Western blot experiments showed increased TSP1 

protein expression in atherosclerotic inner curvature of 
12-week Western diet–fed Apoe−/− mice compared with 
plaque-free descending aorta region (Figure 1A and 1B).

Next, immunostaining experiments were performed 
utilizing aortic root cross-sections from nonatheroscle-
rotic wild-type mice and atherosclerotic Apoe−/− mice 
(12 weeks Western diet) to determine the layers of the 
atherosclerotic arterial wall expressing TSP1. Immunos-
taining data demonstrated elevated TSP1 expression in 
Apoe−/− mice compared with wild-type mice (Figure 1C 
and 1D). In particular, TSP1 expression was detected in 
some intraplaque CD68 (macrophage marker)-positive 
areas and adventitial layer (Figure 1G). Taken together, 
these results demonstrate that TSP1 expression is 
upregulated in atherosclerotic arteries, and it localizes in 
the plaque area and adventitial layer (where LVs are pri-
marily localized). However, the role of TSP1 in regulating 
arterial lymphangiogenesis and atherosclerosis develop-
ment is not known.

TSP1 Suppresses Both In Vitro and In Vivo 
Lymphangiogenesis
LVs play an important role in the removal of cholesterol 
from atherosclerotic blood vessels via mediating RCT, 
and disruption of arterial lymphatic drainage induces 
adventitial inflammation and aggravates atherosclerosis 
development in hypercholesterolemic mice.2–4 We identi-
fied elevated TSP1 expression (Figure  1C and 1D) in 
the adventitial layer of atherosclerotic arteries where 
LVs are mainly present and TSP1 is a potent inhibitor of 
angiogenesis7; yet surprisingly, its direct effect on lym-
phangiogenesis has not been investigated. Therefore, we 
sought to investigate the role of TSP1 in regulating lym-
phangiogenesis. First, we performed WST (water-soluble 
tetrazolium)-1 assay to examine the effect of treatment 
with different TSP1 concentrations on LEC proliferation. 
As shown in Figure  2A and Figure S1A, TSP1 at 11- 
and 22-nM concentrations remarkably reduced VEGF-
C–induced (100 ng/mL) LEC proliferation. Therefore, 
we chose 11- and 22-nM TSP1 concentrations for fur-
ther experiments investigating TSP1’s effects on LEC 
migration and tube formation. Plasma levels of TSP1 
in patients with vascular pathologies have been shown 
elevated (117–6500 ng/mL) compared with control 
individuals (13–137 ng/mL).25 Therefore, TSP1 con-
centrations used in the present study are pathologically 
relevant (5000 ng/mL=11 nM). However, exact TSP1 
concentrations in the atherosclerotic and nonatheroscle-
rotic arteries are not known. Next, immunostaining exper-
iments were executed to determine Ki67-positive nuclei 
as a measure of cell proliferation and demonstrated a 
significantly decreased number of Ki67-positive nuclei in 
the TSP1-treated group compared with the control group 
(Figure 2B). The results of scratch wound healing assay 
indicated that VEGF-C–stimulated LEC migration was 
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inhibited by TSP1 treatment (Figure  2C; Figure S1B). 
Then, we performed the Matrigel tube formation assay to 
examine the effect of TSP1 on the vessel-forming abil-
ity of LEC in vitro. Consistent with the findings of pro-
liferation and migration assays, TSP1-challenged cells 
had reduced ability of tube formation as suggested by 

decreased tube length and lower number of branching 
points compared with vehicle-treated cells (Figure  2D 
through 2F; Figure S1C). Additional cell cycle analysis 
experiments showed increased percentage of cells in the 
G1 phase and reduced cell percentage in the S phase 
with TSP1 treatment, suggesting cell cycle inhibition in 

Figure 1. TSP1 (thrombospondin-1) protein levels are upregulated in murine atherosclerotic arteries.
A, Representative Western blot images of TSP1 and β-actin expression in plaque (P)-free descending aorta (DA) segments and atherosclerotic 
inner curvature (IC) of male Apoe−/− mice fed with a Western diet for 12 weeks. B, Bar graph shows mean TSP1 protein levels (n=4). C and D, 
Wild-type and Apoe−/− mice (12-wk Western diet) aortic sinus cross-sections were immunostained to investigate TSP1 (green), SMA (smooth 
muscle cell actin; red), and CD68 (cluster of differentiation; macrophage marker, red) expression. Yellow arrowheads indicate TSP1 expression 
in adventitia (A) and intraplaque areas (n=3). Scale bar, 50 µm. Statistical analyses were performed using a 2-tailed unpaired Student t test (B). 
Data represent mean±SEM. L indicates lumen; and M, media.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318904
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.122.318904


Basic Sciences - AL
Singla et al Lymphatic Endothelial Cell CD47 and Atherosclerosis

Arterioscler Thromb Vasc Biol. 2023;43:1234–1250. DOI: 10.1161/ATVBAHA.122.318904� July 2023    1239

Figure 2. TSP1 (thrombospondin-1) suppresses both in vitro and in vivo lymphangiogenesis.
A, Vehicle- and TSP1-pretreated (22 nM, 4 h) human lymphatic endothelial cells (LECs) were stimulated with VEGF (vascular endothelial 
growth factor)-C (100 ng/mL) and proliferation investigated after 48 hours using the WST (water-soluble tetrazolium)-1 assay. Data are 
representative of 3 independent experiments performed at least in duplicate. B, LECs plated on coverslips were pretreated and stimulated as in 
A for 24 hours. Cells were immunostained for Ki67 (red) and nuclei counterstained with DAPI (4',6-diamidino-2-phenylindole; blue). Images of 
at least 4 random microscopic fields were captured. Representative images are shown. Scale bar, 20 µm. Bar graph represents the percentage 
of Ki67-positive nuclei (n=4–5). C, LEC migration in response to vehicle (VEGF-C) and TSP1 (VEGF-C+TSP1) was investigated (Continued )
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TSP1-treated cells (Figure S2). Collectively, these data 
suggest that TSP1 inhibits lymphangiogenesis in vitro.

To further investigate the antilymphangiogenic poten-
tial of TSP1 in vivo—a well-established in vivo lymphan-
giogenesis model26,27—the Matrigel plug assay was used. 
Matrigel solution containing VEGF-C with or without 
TSP1 was injected subcutaneously into wild-type mice 
on a C57BL/6 background. On day 10 after injection, 
Matrigel plugs were harvested, fixed, embedded, and 
processed for immunostaining with the LYVE-1 antibody 
to determine LV density. As expected, there were remark-
ably reduced LYVE-1–positive areas in plugs containing 
VEGF-C+TSP1 compared with VEGF-C–comprising 
plugs (Figure 2G and 2H). These results of in vivo and in 
vitro experiments demonstrate that TSP1 possesses an 
antilymphangiogenic potential.

CD47 Mediates TSP1-Induced Inhibition of 
Lymphangiogenesis
TSP1 is known to influence cellular responses via binding 
cell surface receptors mainly CD36 and CD47.28,29 There-
fore, we next investigated the mRNA levels of CD47 and 
CD36 in LEC using quantitative real-time polymerase 
chain reaction and compared the levels with human aortic 
endothelial cells. The quantitative real-time polymerase 
chain reaction data revealed significantly higher expres-
sion of CD47 mRNA in LEC in comparison to CD36 
(55-fold; Figure  3A). Additionally, LEC CD47 transcript 
levels were significantly higher than those in vascular 
endothelial cells (Figure 3A). Consistently, higher expres-
sion of CD47 protein was observed in LECs compared 
with vascular endothelial cells (Figure S3). These results 
suggest CD47 as a dominant TSP1 receptor in LEC. 
Then, to examine the engagement of CD47 in TSP1-
stimulated inhibition of lymphangiogenesis, CD47 was 
silenced using a gene-specific siRNA pool (Figure 3B). 
As expected, CD47-silenced LEC had a higher prolif-
eration rate compared with control siRNA-treated cells 
with or without TSP1 challenge (Figure 3C). Interestingly, 
CD47 silencing abrogated the effects of TSP1 on LEC 
migration (Figure  3D) and tube formation (Figure  3E 
through 3G); however, the migration and tube forma-
tion ability of CD47 knockdown cells were comparable 
to control cells after vehicle treatment. The results of the 
Matrigel plug assay showed increased LYVE-1 stain-
ing in plugs containing VEGF-C+TSP1+CD47–block-
ing antibody compared with VEGF-C+TSP1–containing 

plugs (Figure  3H). However, no differences in CD45 
(immune cell)- and CD34 (angiogenesis)-positive areas 
were observed in plugs among different groups (Figure 
S4). Taken together, these data demonstrate that CD47 
is involved in mediating antilymphangiogenic effects of 
TSP1.

TSP1-Induced CD47 Activation Blocks 
VEGF-C–Stimulated Lymphangiogenic 
Signaling
Activation of VEGFR3 (vascular endothelial growth fac-
tor receptor 3) by its ligand VEGF-C is critical for LV 
formation and leads to downstream phosphorylation of 
molecules including AKT, ERK, and eNOS.30 Therefore, 
we examined whether TSP1 regulates VEGF-C–stimu-
lated prolymphangiogenic signaling in LEC. Briefly, we 
treated human LEC with TSP1 (22 nM, 16 hours), stimu-
lated with VEGF-C (100 ng/mL, 15 minutes), and sub-
jected cell lysates to immunoblotting. Cells were induced 
with VEGF-C for 15 minutes because maximum phos-
phorylation of AKT and ERK1/2 was observed after 
15 minutes of incubation with VEGF-C (Figure S5). As 
expected, VEGF-C treatment induced phosphorylation 
of AKT (Ser-473), eNOS (Ser-1177), and ERK1/2 (Thr-
202/Tyr204) in human LEC (Figure  4A through 4D). 
However, TSP1-treated cells had no increase in AKT 
and eNOS activation following VEGF-C stimulation. No 
differences in ERK1/2 phosphorylation were observed 
between VEGF-C and VEGF-C+TSP1–treated cells 
(Figure 4A and 4D). Further, TSP1 treatment suppressed 
cell proliferation and migration following stimulation with 
VEGFR3-specific mutant VEGF-C (C156S; Figure S6A 
and S6B). TSP1 also reduced VEGF-C (C156S)–stim-
ulated AKT and eNOS phosphorylation compared with 
control cells (Figure S6C). In separate experiments, we 
determined the role of TSP1 in regulating the expression 
of VEGFR3. As shown in Figure S7A, TSP1 treatment 
significantly reduced VEGFR3 protein levels in LEC, 
suggesting that TSP1 may inhibit lymphangiogenesis via 
downregulating VEGFR3 expression. However, no differ-
ences in FLT4 (VEGFR3) mRNA levels were observed 
between control and TSP1–treated cells (Figure S7B).

As TSP1 suppressed LEC proliferation and caused cell 
cycle arrest, we next evaluated the expression of proteins 
including p21 and p53, which inhibit the cell cycle. Ele-
vated levels of p53 and p21 have been shown to induce 
cell cycle arrest via inhibiting CDK (cyclin-dependent 

Figure 2 Continued.  after 24 hours using Culture-Insert 2 Well 24 (ibidi USA). Representative images of wounds at 0 and 24 hours are shown. 
Scale bar, 1000 μm. Bar diagram shows quantification of wound closure (n=9). D, Vehicle- or TSP1-pretreated LECs were seeded in wells of a 
Matrigel-coated plate in basal medium containing VEGF-C±TSP1 and tube formation determined after 6 hours. Representative images of tube 
formation are shown. Scale bar, 1000 µm. Images of random fields were captured and tube length (E) and number of branching points (F) quantified 
(n=6). G and H, Wild-type male mice were injected SC with Matrigel solutions premixed with either VEGF-C or VEGF-C+TSP1. Plugs were isolated 
after 10 days, sectioned, and immunostained for LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1). G, Representative images of LYVE-1 
staining of cross-sections of the Matrigel plugs are shown. Scale bar, 20 μm. H, Quantification of LYVE-1–positive area (n=5–7). Statistical analyses 
were performed using a 2-tailed unpaired Student t test (A–C, E, and F) and a Mann-Whitney U test (H). Data represent mean±SEM.
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Figure 3. CD47 (cluster of differentiation) mediates TSP1 (thrombospondin-1)-induced inhibition of lymphangiogenesis.
A, Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to determine the relative mRNA levels of CD47 and CD36 in 
human lymphatic endothelial cells (HLECs) and human aortic endothelial cells (HAoEC). Bar graph represents mRNA levels in comparison to 
CD36 (n=9). B, Control and CD47 siRNA-treated lymphatic endothelial cells (LECs; 48 h) were utilized to quantify CD47 transcript expression 
using qRT-PCR (n=6). C, WST (water-soluble tetrazolium)-1 assay was conducted to investigate the effects of CD47 silencing on LEC 
proliferation in response to TSP1 treatment as described in Figure 2A. Data are representative of 3 independent experiments performed at 
least in quadruplicate. D, Control and CD47-silenced LECs were used to evaluate cell migration. Scale bar, 200 µm. (Continued )
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kinase) activity.31 Treatment with TSP1 stimulated the 
expression of CDK inhibitors p53 and p21 in LEC after 
24 hours (Figure S7C). Further, we investigated the 
effects of TSP1 treatment on the expression of epsin 1, 
which degrades VEGFR3 in LEC.26 Immunoblotting data 
did not show any differences in epsin 1 levels after TSP1 
treatment (Figure S7D).

Since CD47 is the highest expressing TSP1’s recep-
tor in LECs and silencing of CD47 in LEC abrogated the 
effects of TSP1 on lymphangiogenesis, we next investi-
gated the role of CD47 in TSP1-mediated inhibition of 
AKT and eNOS activation. CD47 silencing prevented 
TSP1-induced suppression (16 hours) of AKT and eNOS 
phosphorylation in LECs (Figure  4E through 4I). The 
time course of TSP1 treatment experiments with control 
and CD47-knockdown cells showed improved AKT and 
ERK1/2 phosphorylation in CD47-siRNA–treated cells 
after 8 hours; however, no differences were observed 
after 4-hour TSP1 treatment (Figure S8). Interestingly, 
basal eNOS activation was significantly higher in CD47-
silenced cells compared with control siRNA-treated cells 
(Figure 4F and 4H). Further, we noticed increased NO 
production by CD47-silenced cells following TSP1 treat-
ment in comparison to TSP1-treated control cells (Fig-
ure 4J). As NO bioavailability can be decreased due to 
enhanced ROS (reactive oxygen species) production, 
additional experiments were performed to measure ROS 
generation by control and CD47-silenced LECs. The 
data demonstrated reduced ROS production with CD47 
silencing (Figure 4K). Altogether, these results suggest 
that TSP1 reduces lymphangiogenesis via CD47-medi-
ated suppression of AKT and eNOS activation.

LEC-Specific Deletion of Cd47 Suppresses 
Atherosclerosis
The lymphatic vasculature represents the primary route 
of cholesterol removal from atherosclerotic vessels, and 
blockade of arterial lymphatic drainage aggravates ath-
erosclerosis, and knockdown of CD47 from human LEC 
prevents TSP1-induced inhibition of lymphangiogenesis 
(Figure 3). Therefore, to investigate the involvement of LEC 
Cd47 in the formation of atherosclerotic lesions, we gen-
erated LEC-specific Cd47 knockout mice (Cd47f/f Lyve-1 
Cre+/−, Cd47ΔLEC) by breeding Cd47f/f with Lyve-1 Cre+ 
mice (Figure S9A). Deletion of Cd47 protein from LYVE-
1+ LV was confirmed using immunostaining experiments 

(Figure S9B and S9C). Further, Cd47 mRNA levels were 
reduced >90% in LECs isolated from Cd47ΔLEC mice com-
pared with those from control mice (Figure S9D and S9E). 
Eight- to 10-week-old Cd47ΔLEC and control Cd47WT mice 
were injected with AAV8-PCSK9 and fed a Western diet 
for 16 weeks. En face ORO staining of aortas collected 
from these mice showed substantially reduced athero-
sclerosis in Cd47ΔLEC mice compared with Cd47WT control 
mice (Figure 5A through 5C). However, no significant dif-
ferences in plasma total cholesterol, plasma triglycerides, 
fasting blood glucose levels, weight gain, and body com-
position (fat, lean, and fluid mass) were observed between 
Cd47WT and Cd47ΔLEC mice (Figure 5D through 5G; Figure 
S10A). Additional hematoxylin and eosin and ORO stain-
ing performed on aortic sinus cross-sections from these 
mice demonstrated smaller lesion areas and reduced lipid 
accumulation in Cd47ΔLEC mice compared with control 
mice (Figure 5H through 5J). Further histological staining 
conducted to characterize the aortic root atherosclerotic 
lesions exhibited increased collagen content and reduced 
CD68-positive area in Cd47ΔLEC mice in comparison to 
Cd47WT mice (Figure  5H, 5K, and 5L). Interaction of 
CD47 with phagocyte SIRPα (signal regulatory protein 
alpha) negatively regulates efferocytic clearance of apop-
totic cells, which contributes to necrotic core formation 
in atherosclerotic arteries.18 Therefore, we quantified the 
necrotic area in aortic root cross-sections and found no 
differences between the groups, suggesting no effects 
of LEC Cd47 deletion on necrotic core formation and 
efferocytosis (Figure  5H and 5M; Figure S10B). Next, 
to determine the effects of LEC-specific Cd47 deletion 
on systemic inflammation in hypercholesterolemic ath-
erosclerotic mice, 13 cytokines of commercially available 
mouse inflammation panel (BioLegend) were measured. 
Plasma levels of pro/anti-inflammatory cytokines includ-
ing Il (interleukin)-12p70, Il-23, Il-1α, Ifn-γ, Tnf-α, Mcp-
1, Il-6, Il-27, Il-17A, Ifn-β, Gm-csf, and Il-1β, except Il-10, 
were not different between Cd47WT and Cd47ΔLEC mice 
(Figure S11). Altogether, these results indicate that dele-
tion of Cd47 selectively in LEC attenuates the develop-
ment of atherosclerosis in hypercholesterolemic mice.

LEC-Specific Cd47 Knockout Mice Have 
Increased Arterial LV Density
To investigate the proinflammatory and anti-inflam-
matory nature of lesional macrophages, aortic root 

Figure 3 Continued.  Bar graph represents the percentage of migrated cells (n=3–4). E through G, Control and CD47-silenced cells were 
pretreated as in Figure 2D and seeded in wells of a Matrigel-coated plate in basal medium containing VEGF (vascular endothelial growth 
factor)-C±TSP1 and tube formation determined. Representative images of tube formation are shown (E). Scale bar, 1000 µm. Tube length (F) 
and number of branching points (G) quantified (n=7). H, Wild-type male mice were injected SC with Matrigel solutions premixed with either 
VEGF-C, VEGF-C+TSP1+IgG, or VEGF-C+TSP1+CD47-blocking antibody. Plugs were isolated after 10 days, sectioned, and immunostained 
for LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1). Representative images of LYVE-1 staining of the cross-sections of the Matrigel 
plugs and quantification of LYVE-1–positive area are shown (n=5–7). Scale bar, 20 μm. Statistical analyses were performed using 2-way 
ANOVA (A, C, D, F, and G) with Bonferroni (A), Tukey (C, F, and G), and Sidak (D) multiple comparisons test, 2-tailed unpaired Student t test 
(B), and Kruskal-Wallis test for multiple comparisons (H). Data represent mean±SEM.
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Figure 4. TSP1 (thrombospondin-1)-induced CD47 (cluster of differentiation) activation blocks VEGF (vascular endothelial 
growth factor)-C–stimulated lymphangiogenic signaling.
A through D, Lymphatic endothelial cells (LECs) were pretreated with TSP1 (22 nM, 16 h) in 0.5% fetal bovine serum (FBS) containing basal 
media MV2, stimulated with VEGF-C (15 min), and cell lysates subjected to Western blot analysis. A, Representative Western blot images 
are shown. B through D, Bar diagrams represent mean protein levels expressed as a ratio of phospho-to-total proteins, AKT (B), eNOS (C), 
and ERK1/2 (D; n=3). E, LECs were treated with control or CD47-siRNA (48 h) and immunoblotting done to determine CD47 expression 
(ab175388). F through I, Control or CD47-siRNA–treated cells were treated as in Figure 4A and Western blot experiments (Continued )
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cross-sections of Cd47WT and Cd47ΔLEC mice were immu-
nostained for CD68 and iNOS (M1 marker) or Arg1 (M2 
marker). Immunostaining analysis demonstrated elevated 
Arg1 expression in plaque CD68+ cells of Cd47ΔLEC mice 
compared with Cd47WT control mice; however, similar 
expression of iNOS was observed (Figure 6A and 6B). 
These data suggest that Cd47 deficiency in LECs pro-
motes M2 (proresolving) polarization of lesional macro-
phages. To determine whether decreased atherosclerotic 
lesion formation in LEC-specific Cd47 knockout mice 
associates with increased adventitial lymphangiogenesis, 
immunostaining was executed on aortic sinus cross-sec-
tions of hypercholesterolemic Cd47WT and Cd47ΔLEC mice 
(16 weeks Western diet). Consistent with increased lym-
phangiogenesis in in vitro and in vivo Matrigel plug assays 
with inhibition of CD47-mediated signaling, quantita-
tion of LYVE-1–positive vessel-like structures revealed 
increased adventitial LV density in Cd47ΔLEC mice com-
pared with Cd47WT mice (Figure  6C and 6D; Figure 
S10C). However, LV densities in hepatic tissue and ear 
dermal sheets were comparable (Figure S12). We further 
examined the accumulation of CD11c+ dendritic cells 
and CD3+ T cells in atherosclerotic lesions; however, 
no significant differences were observed between the 
2 groups of mice (Figure S13). Collectively, these data 
suggest that LEC-specific Cd47 deletion promotes pro-
resolving macrophage phenotype and augments adven-
titial LV density in hypercholesterolemic mice.

DISCUSSION
The lymphatic vasculature is indispensable for the 
removal of extracellular fluid, extravasated leukocytes, 
and inflammatory cytokines/lipids from the inflamed tis-
sue like arterial wall to the surrounding lymph nodes and 
back to the systemic circulation, thereby contributing to 
the attenuation of inflammatory processes, resolution of 
inflammation, and reduced atherosclerosis.2,3,32 In addition, 
hypercholesterolemia—a causative factor for atheroscle-
rosis development—has been shown to degenerate LV 
and impair lymphatic drainage, which consequently leads 
to the accumulation of inflammatory cells in peripheral 
tissue.33,34 In the present study, we explored the role of 
the TSP1-CD47 signaling axis in regulating lymphangio-
genesis and atherosclerosis development. TSP1 expres-
sion was observed remarkably elevated in atherosclerotic 
arteries, particularly in the plaque area and adventitial 
layer. We found that TSP1 inhibits lymphangiogenesis via 
CD47-mediated blockade of lymphangiogenic signaling. 
Moreover, utilizing the novel LEC-specific Cd47-deficient 

mice, we report that deletion of Cd47 from LEC in mice 
suppresses atherosclerosis, which is accompanied by 
increased adventitial LV density. Collectively, these find-
ings suggest that LEC CD47 activation limits lymphan-
giogenesis and promotes atherosclerosis.

Various types of vascular cells and immune cells 
including VSMCs (vascular smooth muscle cells), endo-
thelial cells, adventitial fibroblasts, macrophages, and 
dendritic cells, which are present in the arterial and peri-
arterial regions, express TSP1.35–37 Arterial TSP1 lev-
els upregulate in various vascular pathologies such as 
abdominal aortic aneurysm, injury-induced neointima 
formation, and atherosclerosis,10–12,38 and conflicting 
roles of TSP1 in atherosclerosis development have been 
reported.14,15 Further, TSP1 is a potent endogenous 
inhibitor of angiogenesis,39 and yet knowledge of its abil-
ity to inhibit arterial lymphangiogenesis and the signaling 
mechanisms involved remains scant. To dissect the role 
of TSP1 in atherosclerotic lesion formation and manipu-
lating arterial lymphangiogenesis, we first investigated 
the expression and localization of TSP1 protein in murine 
atherosclerotic vessels. Consistent with increased TSP1 
expression in other vascular diseases, upregulated TSP1 
protein expression was observed in mouse atheroscle-
rotic arteries compared with nonatherosclerotic vascu-
lar tissue.11,40,41 We noted elevated TSP1 expression in 
the intraplaque CD68-positive areas and the adventitial 
layer of the arterial wall. Increased TSP1 expression has 
a pathophysiological significance as TSP1 treatment 
directly inhibited VEGF-C–stimulated LEC proliferation, 
migration, and both in vitro and in vivo lymphangiogen-
esis. A previous study reported that TSP1 via binding to 
CD36 present on macrophages suppresses the expres-
sion of lymphangiogenic factors, VEGF-C and VEGF-D, 
and consequently reduces inflammation-induced corneal 
lymphangiogenesis.42 However, the physiological impor-
tance of TSP1-CD36 signaling in lymphangiogenesis has 
not been explored. Cifarelli et al43 demonstrated reduced 
VEGF-C–induced lymphangiogenesis by CD36-silenced 
LEC compared with control cells. Conversely, the deletion 
of CD36 abrogated oxidized LDL (low-density lipopro-
tein)–induced inhibition of lymphangiogenesis.34 These 
findings predict the differential effects of LEC CD36 
deficiency depending on the presence and concentration 
of various prolymphangiogenic and antilymphangiogenic 
factors in the microenvironment.

CD47 serves as a cognate receptor of TSP1, and 
its expression is upregulated in atherosclerotic arter-
ies.18 Our results demonstrated CD47 as a major TSP1 
receptor in LEC compared with CD36, and knockdown 

Figure 4 Continued.  executed. F, Representative Western blot images are shown. G through I, Bar diagrams represent pAKT/total AKT 
(G), peNOS/total eNOS (H), and pERK1/2/total ERK1/2 (I; n=3). J, Control or CD47-silenced LECs were pretreated with TSP1 (22 nM, 
4 h), stimulated with VEGF-C (100 ng/mL, 1 h) and analyzed for NO (nitric oxide) production using DAF-FM diacetate. K, Control or CD47-
silenced LECs were pretreated with vehicle or TSP1 (1 h), incubated with H2DCFDA solution, and fluorescence analyzed using flow cytometry. 
Statistical analyses were performed using 1-way ANOVA (B–D), 2-way ANOVA with Tukey test for multiple comparisons (G–I and K), and 
2-tailed unpaired Student t test (J). Data represent mean±SEM.
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Figure 5. Lymphatic endothelial cell (LEC)–specific Cd47 deficiency reduces atherosclerotic lesion formation.
A through M, Male Cd47WT and Cd47ΔLEC mice were injected with AAV (adeno-associated virus) 8-PCSK9 IP, fed a Western diet for 16 weeks 
and atherosclerosis analyzed. A, Representative in situ images of aortic arch (yellow arrowheads point to atherosclerotic lesions). Scale bar, 2 mm. 
B, Representative en face oil red O (ORO) staining of aorta. Scale bar, 5 mm. C, Quantification of plaque area in aorta (n=13–14). D through G, 
Bar diagrams show plasma total cholesterol (D), plasma triglycerides (E), fasting blood glucose levels (F), and body composition (Continued )
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of CD47 in LEC and treatment with CD47-blocking 
antibody prevented the effects of TSP1 on lymphangio-
genesis. Similarly, Hawighorst et al44 showed little-to-no 
expression of CD36 receptor in LYVE-1+ LEC present 
in murine skin tumor tissue and human skin. However, 
we believe that LECs also have significant expression 
of CD36 as shown by us34 and other groups43,45 using 
both in vitro and in vivo studies. CD36 is a scavenger 
receptor, which helps in lipid internalization by various 
cell types including LECs. It has been shown by Wong et 
al45 that LECs mainly utilize fatty acid oxidation for their 
energy needs. LEC fatty acid oxidation promotes LEC 
proliferation as it provides acetyl-CoA, which helps to 
sustain the Krebs cycle and dNTP synthesis for cell divi-
sion. Additional experiments performed using control- 
and CD47-siRNA–treated cells suggested that TSP1 
suppresses VEGF-C–stimulated lymphangiogenic 
signaling involving AKT and eNOS phosphorylation in 
control cells but not in CD47-silenced LECs. Exposure 
to TSP1 led to a significant increase in the expression 
of cell cycle inhibitors including p21 and p53. These 
data indicate that TSP1 is a potent lymphangiogenesis 
inhibitor and induces LEC senescence. Similarly, Gao 
et al46 reported that TSP1 accelerates brain endothe-
lial cell senescence in a CD47-dependent manner. It is 
possible that blockade of TSP1-CD47 signaling in LEC 
via CD47 deletion/blocking antibodies may contribute 
to LEC self-renewal via upregulating the expression 
of c-myc.47 However, we cannot exclude the engage-
ment of other TSP1’s receptors like CD36 or integrins 
in TSP1-mediated inhibition of LEC proliferation as a 
significant decrease in cell growth was observed in 
CD47-silenced cells following TSP1 treatment. TSP1 
treatment downregulated VEGFR3 expression in LECs 
without affecting FLT4 (VEGFR3) mRNA and epsin 1 
protein levels. TSP1 exposure may elevate the expres-
sion of other epsin proteins, which cause VEGFR3 
degradation in the Golgi compartment,26 and promotes 
proteasomal- and autophagy-mediated VEGFR3 deg-
radation.48 Oxidative stress via reducing NO bioavail-
ability suppresses lymphangiogenesis.26 Moreover, 
CD47 deficiency in LECs improved NO production 
following TSP1 exposure and reduced TSP1-induced 
ROS production. Consistently, previous studies have 
shown that TSP1 reduces NO production in vascu-
lar endothelial cells and promotes ROS production 
in VSMCs, endothelial cells, and macrophages.49–51 
Besides, it has been shown that TSP1 via stimulating 
ROS production increases p53 levels and inhibits cell 
growth.52 However, it is not known whether treatment 

with antioxidants or NO donors can prevent TSP1-
induced inhibition of lymphangiogenesis.

CD47 is a ubiquitously expressed protein and has 
pleiotropic effects in various cell types via interacting 
with multiple binding partners including TSP1, SIRPα, 
and integrins.53 Global CD47-deficient mice and ath-
eroprone mice treated with CD47-blocking antibodies 
are protected from atherosclerosis; however, myeloid 
cell–specific CD47 loss augments lesion formation sug-
gesting the significance of cell-specific CD47 blockade 
in atherosclerosis.18,20 We investigated the role of lym-
phatic endothelium Cd47 in atherosclerosis via generat-
ing novel LEC-specific Cd47 knockout mice and showed 
that LEC CD47 contributes to atherosclerotic lesion for-
mation without affecting the metabolic profile. Upregu-
lated CD47 expression in atherosclerotic arteries inhibits 
phagocytosis, induces necrotic core formation, increases 
inflammation, and exacerbates atherosclerosis.18,54 None-
theless, comparable necrotic core areas in Cd47WT and 
Cd47ΔLEC mice were observed, which demonstrates no 
role of LEC CD47 in regulating efferocytosis. Addition-
ally, no differences in plasma proinflammatory cytokine 
levels were detected. Interestingly, we found reduced 
Il-10 levels in plasma of Cd47ΔLEC mice. Further experi-
ments revealed reduced arterial inflammation in Cd47ΔLEC 
mice compared with control mice. CD47-SIRPα interac-
tion plays important roles in regulating cell adhesion and 
migration. Deletion of Cd47 in LECs may affect transmi-
gration of immune cells into LV.

LVs play an important role in the maintenance of tissue 
homeostasis and are induced by inflammation to aid in 
the drainage of inflammatory cells, cytokines, and fluids, 
thereby promoting the resolution of inflammation. Dur-
ing atherogenesis, lymphangiogenesis is induced due to 
an increased concentration of lymphangiogenic factors 
like VEGF-C and VEGF-D,55 but elevated levels of anti-
lymphangiogenic factors in the advanced plaques pre-
vent LV formation or regress them.56 Our immunostaining 
analysis performed on aortic root cross-sections showed 
increased adventitial LV density with LEC-specific Cd47 
deletion without affecting the accumulation of intraplaque 
dendritic cells and T cells. LVs need to be functional to 
play their beneficial role in inflammatory diseases like 
atherosclerosis. None of the currently available method-
ologies allow the direct measurement of LV function in 
the adventitial layer of murine aortic arch inner curvature 
(area of increased atherosclerosis due to disturbed flow) 
and the aortic sinus. We speculate that there may be an 
improvement in lymphatic function with LEC Cd47 loss. It 
would be interesting to determine the number of immune 

Figure 5 Continued.  (fat, lean, and fluid mass; G; n=8–13). H, Representative images of aortic root cross-sections stained with H&E 
(neointima area), ORO (lipid accumulation), Masson trichrome (collagen content), CD68 (cluster of differentiation; macrophage burden), and 
necrotic area (encircled in red). Scale bar, 200 µm. I through M, Bar diagrams show neointima area (I), lipid deposition (J), collagen content 
(K), macrophage accumulation (L), and necrotic area (M) in aortic root sections (n=5–9). Statistical analyses were performed using a 2-tailed 
unpaired Mann-Whitney U test (C, E, and M), 2-tailed unpaired Student t test (D, F, and I–L), and 2-way ANOVA followed by Sidak post hoc 
test (G). Data represent mean±SEM.
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Figure 6. Lymphatic endothelial cell (LEC)–specific deletion of Cd47 (cluster of differentiation) in mice increases arterial 
lymphatic vessel (LV) density.
A through D, Aortic root cross-sections from male AAV (adeno-associated virus) 8-PCSK9–injected Cd47WT and Cd47ΔLEC mice (16-wk 
Western diet) were immunostained for CD68, iNOS (inducible NO [nitric oxide] synthase), Arg1 (arginase 1), and LYVE-1 (lymphatic vessel 
endothelial hyaluronan receptor-1). Nuclei were counterstained with DAPI (4',6-diamidino-2-phenylindole; blue). Representative confocal 
images of iNOS (green; A) and CD68 (red); Arg1 (green; B) and CD68 (red; scale bar, 50 µm); and LYVE-1 staining (red; C; scale bar, 20 µm) 
are shown (n=5–6). Statistical analyses were performed using a 2-tailed unpaired Student t test (A and B) and a Mann-Whitney U test (C). 
Data represent mean±SEM. A indicates adventitia; M, media; and P, plaque.
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cells in the proximity of adventitial LV as an indirect mea-
sure of lymphatic function. Most of the previous studies 
evaluated lymphatic function either in dermal tissue or the 
peritoneal cavity and associated it with RCT and athero-
sclerosis development. Martel et al2 using aorta transplan-
tation experiments showed reduced RCT in Apoe−/− mice 
treated with antilymphangiogenic VEGFR3–blocking 
antibody compared with control antibody–treated mice, 
suggesting the critical role of lymphatics in macrophage 
RCT from the arterial wall. Yeo et al3 recently devised a 
novel method to investigate the role of abdominal periaor-
tic lymphatic drainage in descending aorta atherosclero-
sis and reported increased atherosclerosis with impaired 
drainage. Future functional studies using new innova-
tive tools are required to investigate lymphatic function 
in the different regions of aortic arch and medium-sized 
arteries and determine its association with atherosclero-
sis development. Further, to fully understand the role of 
TSP1-CD47 signaling in regulating lymphatic function in 
mice, it will be important to quantify the levels of TSP1 
in lymph fluid. As Lyve-1 is also expressed in a subset of 
M2-like aortic macrophages and Lyve-1+ macrophages 
affect arterial wall remodeling, it remains to be investi-
gated whether deletion of Cd47 utilizing Lyve-1 Cre mice 
alters arterial stiffness and collagen deposition.57 It is pos-
sible that in vivo deletion of Cd47 from M2-like macro-
phages in the murine models utilized in the present study 
increased anti-inflammatory capacity of macrophages 
via blocking TSP1-CD47 signaling. Though we did not 
see any differences in the expression of CD47 in lesional 
macrophages between Cd47WT and Cd47ΔLEC mice, the 
role of macrophage CD47 may need to be ruled out using 
other LEC-specific Cre mouse line. Another limitation of 
the present study includes not determining the activation 
of LEC eNOS and AKT in our mouse models.

In summary, the present study suggests that TSP1 
via activation of LEC CD47 restricts lymphangiogenesis, 
and deletion of Cd47 in lymphatic endothelium increases 
arterial lymphangiogenesis and attenuates atheroscle-
rosis. These findings demonstrate LEC CD47 inhibition 
as a potential therapeutic target to promote arterial lym-
phangiogenesis and reduce atherosclerosis.
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