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Neuraminidases 1 and 3 Trigger 
Atherosclerosis by Desialylating Low-Density 
Lipoproteins and Increasing Their Uptake by 
Macrophages
Ekaterina P. Demina, PhD*; Victoria Smutova, PhD*; Xuefang Pan, PhD; Anne Fougerat, PhD; Tianlin Guo, PhD; 
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Christopher W. Cairo, PhD ; Alexey V. Pshezhetsky , PhD

BACKGROUND: Chronic vascular disease atherosclerosis starts with an uptake of atherogenic modified low-density lipopro-
teins (LDLs) by resident macrophages, resulting in formation of arterial fatty streaks and eventually atheromatous plaques. 
Increased plasma sialic acid levels, increased neuraminidase activity, and reduced sialic acid LDL content have been previ-
ously associated with atherosclerosis and coronary artery disease in human patients, but the mechanism underlying this 
association has not been explored.

METHODS AND RESULTS: We tested the hypothesis that neuraminidases contribute to development of atherosclerosis by remov-
ing sialic acid residues from glycan chains of the LDL glycoprotein and glycolipids. Atherosclerosis progression was inves-
tigated in apolipoprotein E and LDL receptor knockout mice with genetic deficiency of neuraminidases 1, 3, and 4 or those 
treated with specific neuraminidase inhibitors. We show that desialylation of the LDL glycoprotein, apolipoprotein B 100, by 
human neuraminidases 1 and 3 increases the uptake of human LDL by human cultured macrophages and by macrophages 
in aortic root lesions in Apoe−/− mice via asialoglycoprotein receptor 1. Genetic inactivation or pharmacological inhibition of 
neuraminidases 1 and 3 significantly delays formation of fatty streaks in the aortic root without affecting the plasma cholesterol 
and LDL levels in Apoe−/− and Ldlr−/− mouse models of atherosclerosis.

CONCLUSIONS: Together, our results suggest that neuraminidases 1 and 3 trigger the initial phase of atherosclerosis and forma-
tion of aortic fatty streaks by desialylating LDL and increasing their uptake by resident macrophages.

Key Words: Ashwell-Morell receptor ■ low-density lipoprotein ■ macrophage ■ neuraminidase ■ sialic acid

Atherosclerosis, a chronic inflammatory disorder 
of the medium and large arteries, is currently the 
most common cause of heart attacks, strokes, 

and vascular disease. Atherosclerosis manifests 
with endothelial disruption, inflammatory cascade, 

migration of monocytes into the tunica media, pro-
liferation of smooth muscle cells, and formation of 
atheromatous plaques, occurring initially at the sites 
of reduced blood flow. Previous studies have iden-
tified a vast number of risk factors contributing to 
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atherosclerosis in the human population, including hy-
perlipidemia, smoking, hypertension, genetic predis-
position, age, sex, and obesity.1 However, the cellular, 
biochemical, and molecular mechanisms underlying 
plaque development are still not fully understood. 
Activation of endothelial cells plays a critical role in 
the initiation and progression of atherosclerosis, 

leading to secretion of proinflammatory cytokines 
and chemokines, and increased expression of the 
adhesion surface molecules. These factors result in 
leukocyte adhesion and migration into the subendo-
thelial space, where they differentiate into residential 
macrophages.2 Subsequently, these macrophages 
recognize and take up low-density lipoproteins (LDLs) 
that infiltrate from the circulation into the subendothe-
lial space of the arterial wall. Uptake of LDLs by mac-
rophages leads to an uncontrolled accumulation of 
cholesterol, and their conversion to foam cells, which 
triggers a cascade of immune responses that collec-
tively lead to atheroma formation.3

High levels of circulating cholesterol associated with 
LDL particles are a well-known risk factor for devel-
opment and progression of atherosclerosis. However, 
as many as 46% of initial cardiovascular events occur 
in people with LDL levels within the normal range,4 
suggesting that other factors are also important for 
triggering atherosclerosis. One possible mechanism 
underlying the development of atherosclerosis in this 
population is the alteration of LDL particle composition, 
through chemical or enzymatic modification. Oxidation 
or acetylation of LDL lipids in vitro allows these parti-
cles to become ligands of scavenger receptors on the 
surface of macrophages and increases their uptake. 
However, it remains unclear whether oxidation and 
acetylation are the primary atherogenic LDL modifica-
tions in vivo or if other types of modifications play equal 
or more important roles. One such candidate modifica-
tion is desialylation: the removal of terminal sialic acids 
(Sia; also called N-acetylneuraminic acid or Neu5Ac) 
from the glycan chains associated with LDL glycopro-
teins and glycolipids. Sialylation plays an important role 
in the biological features of LDLs; all LDL particles con-
tain sialylated glycoproteins and GM2 ganglioside mole-
cules.5,6 In particular, the core protein of human plasma 
LDL, apolipoprotein B 100 (ApoB), contains from 12 to 
14 sialic acid residues as a part of its N-linked glycans.5 
In contrast to oxidation, desialylation of LDL occurs nat-
urally through the action of neuraminidase enzymes. It 
has been shown that Sia content of LDLs in patients 
with coronary artery disease and atherosclerosis is 
lower than that in healthy subjects,7,8 whereas the blood 
levels of free Sia are increased.9 Desialylated LDLs are 
rapidly taken up by and accumulate within peripheral 
blood macrophages and smooth muscle cells isolated 
from the human arterial intima.10 Desialylation of LDL 
causes changes in the structure of ApoB and results in 
accumulation of neutral lipids and cholesteryl esters in 
human aortic intimal cells.11

In the present work, we describe a novel pathological 
pathway active during the early stages of atheroscle-
rosis, in which neuraminidases desialylate circulating 
LDLs, leading to increased uptake of these particles by 
macrophages. Enzymes of neuraminidase (also called 

CLINICAL PERSPECTIVE

What Is New?
• In this article, we explore the role of neu-

raminidase enzymes in the development of 
atherosclerosis.

• We demonstrated that neuraminidases 1 and 3 
remove sialic acids from circulating low-density 
lipoprotein, leading to increased uptake by mac-
rophages in the arterial intima via the asialogly-
coprotein receptor 1.

• We further showed that genetic inactivation or 
pharmacological inhibition of neuraminidases 1 
and 3 in apolipoprotein E or low-density lipopro-
tein receptor knockout mice significantly delays 
formation of aortic root fatty streaks without af-
fecting plasma cholesterol and low-density lipo-
protein levels.

What Are the Clinical Implications?
• The clinical implications of this study include the 

discovery of a novel pathway involved in the de-
velopment of atherosclerosis, one of the most 
important causes of cardiovascular mortality, 
and the identification of novel, potentially drug-
gable targets that can prevent atherosclerosis 
independent of cholesterol levels.

Nonstandard Abbreviations and Acronyms

ASGR asialoglycoprotein receptor
BMDM bone marrow–derived macrophage
BW body weight
DANA  2,3-didehydro-2-deoxy-N-acetyl-

neuraminic acid
desLDL desialylated low-density lipoprotein
DMSO dimethyl sulfoxide
LC liquid chromatography
LDLR low-density lipoprotein receptor
MS mass spectrometry
NEU1 neuraminidase 1
NEU3 neuraminidase 3
NEU4 neuraminidase 4
oxLDL oxidized low-density lipoprotein
Sia sialic acid
WT wild type
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sialidase) family are encoded in mammals by the Neu1-
Neu4 genes. Neuraminidase 1 (NEU1) to neuraminidase 
4 (NEU4) catalyze the removal of terminal sialic acids 
from glycoproteins, oligosaccharides, and glycolipids, 
and have distinct, yet overlapping, tissue expression, 
intracellular localization, and substrate specificity. They 
play important physiological roles, regulating immune 
response, cell proliferation, metabolism, normal devel-
opment, and carcinogenesis by desialylation of a wide 
spectrum of physiological substrates. Our current results 
demonstrate that genetic inactivation or pharmacologi-
cal inhibition of NEU1 and neuraminidase 3 (NEU3) sig-
nificantly delays formation of fatty streaks in the aortic 
root without affecting the plasma cholesterol and LDL 
levels in Apoe−/− or Ldlr−/− mice, suggesting that these 
enzymes trigger the initial phase of atherosclerosis.

METHODS
All data and analytical methods are included in the 
article and its online supplementary files (Data S1). 
The study materials will be made available to other 
researchers for purposes of reproducing the results 
or replicating the procedure on request to the corre-
sponding authors.

Production and Purification of Human 
NEU1 to NEU4
Human recombinant neuraminidase 2, NEU3, and 
NEU4 were expressed as N-terminal maltose binding 
protein fusion proteins in Escherichia coli and purified 
as previously reported.12 Because production of ac-
tive recombinant NEU1 requires mammalian cells, the 
human enzyme was expressed as a His-tagged protein 
in HEK293 cells, transduced with a CathA-IRES-NEU1 
lentivirus,13 and partially purified by affinity chromatog-
raphy using HisPur Ni-NTA (Thermo Fisher Scientific; 
88222). For lectin blotting experiments, commercially 
available purified recombinant human NEU1 (NEU1-
156H; Creative Biomart) was used. Neuraminidase 
activity and inhibition assays were performed using 
2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid 
and GM3 ganglioside as substrates, as described.14

Isolation of LDL and Lipoprotein-Deficient 
Serum
Approval for collection and use of human blood sam-
ples was granted by the Research Ethics Board of Ste-
Justine University Hospital Centre (CHU Ste-Justine). 
LDL fraction (density between 1.020 and 1.063 g/mL) 
was isolated from EDTA-anticoagulated blood plasma, 
obtained from healthy normolipidemic human donors 
by density gradient ultracentrifugation, as described.15 
Purity of the isolated LDL fraction was confirmed by 

PAGE analysis, which detected a single 500-kDa ApoB 
protein band. The isolated LDL fraction was dialyzed 
against PBS containing 1 mmol/L EDTA at 4°C. Human 
lipoprotein-deficient serum was prepared by ultra-
centrifugation of a serum at a density of 1.25 g/mL15 
followed by dialysis against PBS at 4°C. Protein con-
centration was measured using Quick Start Bradford 
Protein Assay (Bio-Rad; 5000201). Mouse LDL fraction 
was isolated, as described above, from pooled blood 
collected by cardiac puncture from ten 16-week-old 
mice.

LDL Modification and Labeling
Isolated LDL (300 μL; 2.3  mg/mL in PBS) was sup-
plemented with 60 μL of the reaction buffer (0.1 mol/L 
NaOAc and 10 mmol/L CaCl2) with optimal pH for each 
enzyme14 and desialylated with human recombinant 
neuraminidases16 (1–2 mU of enzyme/10 µg of LDL). 
The reaction mixture was supplemented with protease 
inhibitor cocktail (cOmplete ULTRA Tablets; Roche). 
The reaction was continued at 37°C for 3 hours with 
a constant shaking and stopped by adding 0.1 mol/L 
Na2CO3 buffer, pH 7.4. Desialylation of LDL was con-
firmed by lectin blot or liquid chromatography (LC) 
with tandem mass spectrometry (MS/MS), as de-
scribed below. To prepare oxidized LDL, the sample 
was dialyzed against PBS supplemented with CuSO4 
(5 μmol/L, final concentration) and incubated at 37°C 
for 24 hours.

Native or modified LDL was labeled with a flu-
orescent 3,3′-dioctadecylindocarbocyanine dye 
(Molecular Probes), as described,17 with minor modi-
fications. Briefly, 100 μL of dye, dissolved in dimethyl 
sulfoxide (DMSO) at a concentration of 3 mg/mL, was 
added to 2 mL of lipoprotein-deficient serum contain-
ing 1 mg of LDL. After incubation at 37°C for 24 hours 
in the dark, KBr powder was added to adjust the 
density of the mixture to 1.063 g/mL, and LDL was 
reisolated by ultracentrifugation. Labeling of native or 
modified LDL with Alexa Fluor 488 or 594 (Invitrogen) 
was performed following the manufacturer’s protocol. 
After labeling, LDL samples were dialyzed against 
PBS, filtered (0.22-μm pore size) before each experi-
ment, and used within 2 weeks after isolation.

Lectin Blotting
LDL samples were subjected to NuPAGE using 3% 
to 8% Novex Bis-Tris gels (Invitrogen) and transferred 
to nitrocellulose membrane. Blots were blocked with 
50  mmol/L Tris-HCl, pH 7.4, containing 150  mmol/L 
NaCl, 3% (w/v) BSA, and 0.05% Tween 20 at room tem-
perature for 1 hour, and then incubated overnight with 
biotinylated Maackia amurensis lectin-II, Sambucus 
nigra lectin, or peanut (Arachis hypogaea) agglutinin 
(Vector Laboratories) in the same buffer containing 1% 
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BSA at 4°C. After washing with Tris-buffered saline–
Tween (0.05% v/v), blots were incubated with horse-
radish peroxidase–conjugated streptavidin for 1 hour 
at room temperature. Following washing with Tris-
buffered saline–Tween, blots were developed using 
ECL chemiluminescence reagent (Thermo Fisher 
Scientific) and analyzed using x-ray film. Ponceau S–
stained membranes were used as a control for equal 
protein loading.

Analysis of LDL Uptake by Cultured 
Macrophages and HepG2 Cells
Human peripheral blood mononuclear cells were iso-
lated from the blood of immunodeficiency virus type 1/
hepatitis B and C seronegative donors by centrifuga-
tion over Ficoll-Paque Plus (Amersham Biosciences) 
gradient. Monocytes were further isolated using 
EasySep Human Monocyte Isolation Kit (Stemcell). 
Cells were plated at a density of 2×105 monocytes per 
cm2 on glass coverslips in 24-well plates and cultured 
in RPMI 1640 medium containing 10% fetal bovine 
serum gold, 1% antibiotic antimycotic, and 20 ng/mL 
of human recombinant macrophage colony-stimulat-
ing factor (eBioscience). After 7 days in culture, differ-
entiated macrophages (larger and more granular than 
monocytes, as visualized by light microscopy) were 
confirmed to have characteristic macrophage cell 
surface phenotypic markers (cluster of differentiation 
[CD] 14 and CD206) by flow cytometry. Mouse bone 
marrow–derived macrophages (BMDMs) and peri-
toneal macrophages from wild-type (WT), Asgpr1−/−, 
and Gal3−/− mice were produced, as previously 
described.18,19

Human monocyte-derived macrophages and 
mouse BMDMs and peritoneal macrophages grown 
on glass coverslips were cultured overnight in RPMI 
1640 medium, containing 5% (v/v) lipoprotein-deficient 
serum; then, the medium was supplemented with la-
beled LDL (30 µg/mL, final concentration) and the cells 
were incubated further for 3 hours at 37°C. To study 
the competition between the uptake of desialylated 
and oxidized LDL, macrophages were incubated for 
3 hours with 30 µg/mL of 3,3′-dioctadecylindocarbo-
cyanine–labeled oxidized or desialylated LDL in the ab-
sence or in the presence of 5-, 10-, or 20-fold excess 
of nonlabeled oxidized or desialylated LDL. To study 
the uptake of LDL by HepG2, the cells grown on glass 
coverslips coated with poly-L-lysine were incubated for 
20  minutes in DMEM containing 5% lipoprotein-defi-
cient serum and 30 µg/mL of native or modified and 
labeled LDL. After incubation, all cells were washed 
three times with ice-cold PBS and incubated on ice 
with 2  mg/mL of heparin (Sigma-Aldrich; H3149) in 
PBS for 2 hours. Cells were further rinsed with PBS 
and fixed for 20 minutes with 4% paraformaldehyde/4% 

sucrose solution on ice. The coverslips were mounted 
onto slides with ProLong Gold antifade reagent 
(ThermoFisher; P36930) and analyzed by confocal flu-
orescence microscopy using a Leica DM 5500 Q up-
right microscope (×40 dry objective).

Animals
Approval for animal experimentation was granted 
by the Animal Care and Use Committee of the Ste-
Justine Hospital Research Center. Mice were housed 
in an enriched environment with continuous access to 
food and water, under constant temperature and hu-
midity, on a 12-hour light/dark cycle. Mice were kept 
on a normal chow diet (5% fat, 57% carbohydrate) 
unless indicated otherwise. Neu4−/−, Neu3−/−, and 
NEU1-deficient (CathAS190A-Neo) mice have been de-
scribed before.20-22 Asgr1−/− (B6.129S4-Asgr1tm1Sau/
SaubJxmJ; The Jackson Laboratory [JAX] stock No. 
009105), Apoe−/− (B6.129P2-Apoetm1Unc/J; JAX stock 
No. 002052), Gal3−/− (B6.Cg-Lgals3tm1Poi/J; JAX 
stock No. 006338), and Ldlr−/− (B6.129S7-Ldlrtm1Her/J; 
JAX stock No. 002207) were obtained from JAX (Bar 
Harbor, ME).

Analysis of LDL Incorporation in the 
Mouse Aortic Wall and Liver
Tissue incorporation of LDL in vivo was studied essen-
tially as described by Chang et al.23 Sixteen-week-old 
C57Bl6 mice were injected through the tail vein with 
200 µg of native or desialylated Alexa 488- or 3,3′-dioc-
tadecylindocarbocyanine–labeled LDL in 100 µL of sa-
line (3–4 males, 3–4 females for each group). Six hours 
after injection, mice were euthanized and perfused with 
4% paraformaldehyde solution. Accumulation of Alexa 
or 3,3′-dioctadecylindocarbocyanine was quantified 
on cross-sections of the liver and the aorta starting at 
the level of the aortic root. For that, isolated organs 
were embedded with optimum cutting temperature 
compound (Tissue-Tek). Forty sections with 10-μm 
thickness were prepared from the top of the left ventri-
cle, where the aortic valves were first visible, up to the 
position in the aorta where the valve cusps were just 
disappearing from the field. Tissue autofluoressence 
was reduced by treatment with TrueBlack reagent 
(Biotium; 23012-T) using the protocol of the manufac-
turer, and the Alexa fluorescence was analyzed using a 
Leica DM 5500 Q upright confocal microscope (×40 or 
×63 dry objective). The captured images were quanti-
fied using ImageJ software. To access colocalization 
of Alexa labels with asialoglycoprotein receptor (ASGR) 
1, NEU1, and CD68, tissues were postfixed with 4% 
paraformaldehyde, sectioned, and stained with the 
corresponding antibodies (anti-ASGR1 antibody, 
rabbit polyclonal, Proteintech, 11739-1-AP, dilution 
1:200; anti-NEU1 antibody, rabbit polyclonal, Abcam, 
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ab233119, dilution 1:200; and anti-CD68 antibody, rab-
bit polyclonal, Abcam, ab125212, dilution 1:200), es-
sentially as described.24

Analysis of Atherosclerotic Lesions in 
Apoe−/− Mice Deficient in NEU1, NEU3, or 
NEU4
To generate Apoe−/− mice with deficiencies of NEU1, 
NEU3, and NEU4, Apoe−/− (B6.129P2-Apoetm1Unc/J; 
JAX) mice were crossed with previously described 
Neu3−/−, Neu4−/−, or CathAS190A-Neo mice. All mice had 
the same C57Bl/6J genetic background. Between 8 
and 20 female mice were analyzed for each genotype.

At the age of 16 weeks, mice were euthanized and 
areas of atherosclerotic lesions in aortic root were ana-
lyzed, as described previously.25 Briefly, isolated hearts 
were washed and incubated overnight in PBS at 4°C. 
The upper cardiac portion (aortic root) was embed-
ded in optimum cutting temperature compound and 
cut into sequential 10-µm-thick cross-sections by a 
Leica CM1950 Cryostat (Leica Microsystems, Wetzlar, 
Germany). Five of the frozen sequential cross-sections 
covering a distance of 500 µm were collected on a glass 
slide. The neutral lipids in the plaques of the aortic root 
were stained red by Oil Red O and further quantified. 
Slides were counterstained with hematoxylin (MHS16; 
Sigma-Aldrich), dried, and mounted with VectaMount 
medium (H-5501; Vector Laboratories). The intima le-
sion size was expressed as µm2. Surface lesion area 
at the aortic root was measured by computer-assisted 
image quantification after staining with Oil Red O by an 
operator blinded for the mouse genotype or treatment.

To analyze inflammatory cell infiltration within ath-
erosclerotic lesions, frozen sections from the aortic 
root were air dried, fixed in acetone/methanol (1:1) 
mix, and incubated with 3% hydrogen peroxide in 
methanol for 10  minutes to eliminate endogenous 
peroxidase. The sections were then blocked in 3% 
BSA for 30 minutes and in 2% normal rabbit serum 
(Vector Laboratories) for 3  minutes. The sections 
were further stained with either rat monoclonal an-
ti-mouse macrophage antibody (clone anti–mono-
cyte+macrophage antibody; Serotec; 1:50 dilution) 
or goat polyclonal anti-mouse CD3 antibody (clone 
M-20; Santa Cruz Biotechnology; 1:200 dilution), both 
in 2% mouse serum. Then, sections were incubated 
with corresponding secondary biotinylated antibod-
ies (Vector Laboratories) in 3% BSA and visualized 
with a streptavidin horseradish peroxidase complex 
(Sigma) and 3, 3′-diaminobenzidine peroxidase sub-
strate (Sigma). Counterstaining was performed using 
the Mayer hematoxylin method.

LDL, cholesterol, triglyceride, and high-density lipo-
protein (HDL) levels in the mouse plasma were mea-
sured in the CHU Ste-Justine central biochemistry 

laboratory or by Charles River Inc using the enzymatic 
methods, as described by Allain26 and Roeschlau,27 
respectively.

Pharmacological Inhibition of NEU1 and 
NEU3 in Apoe−/− Mice
Specific inhibitors of human neuraminidase enzymes 
were synthesized and characterized, as previously 
described, and their specificity was confirmed with 
mouse NEU orthologs.12 Twelve week-old Apoe−/− fe-
male mice, fed normal diet, received intraperitoneal in-
jections of sterile solutions of C9-butyl-N-amide-DANA 
(C9-BA-DANA) (30  mg/kg body weight [BW]; n=6), 
CG22601 (10 mg/kg BW; n=6), and CG14601 (10 mg/
kg BW; n=5) in saline or CG17701 (1 mg/kg BW; n=6) 
in saline containing 2% (v/v) DMSO every 48 hours for 
2 weeks. All inhibitors were used as the C1-methyl es-
ters. The frequency of injections was then increased 
to every 24 hours for another 2 weeks. Saline-treated 
(n=15) and 2% DMSO-treated mice (n=5) were used as 
controls. At the age of 16 weeks, mice were euthanized 
and areas of fatty streaks in aortic root within athero-
sclerotic lesions were analyzed, as described above.

Pharmacological Inhibition of NEU1 and 
NEU3 in Ldlr−/− Mice
Starting from the age of 8 weeks, female Ldlr−/− mice 
(B6.129S7-Ldlrtm1Her/J mouse strain; JAX stock No. 
002207) were fed a proatherogenic diet containing 
15% fat, 1.25% cholesterol, and 0% cholate (TD.96335 
modified; Envigo). From 10 weeks, mice were receiv-
ing intraperitoneal injections of sterile solutions of 
CG22601 (10 mg/kg BW; n=9) and CG14601 (10 mg/
kg BW; n=8) in saline every 48 hours for 2 weeks. The 
frequency of the injections was then increased to every 
24  hours for another 2  weeks. Saline-treated mice 
were used as controls (n=7). After 4  weeks of treat-
ment, mice were euthanized and areas of fatty streaks 
in aortic root were analyzed, as described above for 
Apoe−/− mice.

Histochemical Assay of Neuraminidase 
Activity in Mouse Kidney Tissues
Sections that were 10 μm thick were cut from opti-
mum cutting temperature–embedded frozen mouse 
kidney using a CM3050 S Microtome (Leica). The 
slices were incubated with 0.2  mmol/L 1,5-bro-
mo-4-chloroindol-3-yl-5-acetamido-3,5-dideoxy-
α-D-glycero-D-galacto-2-nonulopyranosidonic acid 
(X-Neu5Ac; Sigma) and Fast Red Violet LB Salt 
(Sigma), at pH 4.7 for 1  hour. Sections were then 
rinsed in PBS, mounted onto glass slides using 
Vectashield mounting medium, and scanned using 
Axioscan slide scanner (Zeiss).
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Glycopeptide Analysis
LDL samples (50 μL) were mixed with a solution of 4:3:1 
methanol/water/chloroform (400  μL) and centrifuged 
(10 000g, 2 minutes). The upper phase was carefully 
removed and replaced with 200 μL of methanol. The 
sample was vortexed for 10 seconds and then centri-
fuged at 10 000g for 2 minutes. The supernatant was 
removed, and the pellet was washed again with meth-
anol, dried under vacuum, dissolved in ammonium bi-
carbonate buffer, pH 8.0, and digested with Proteinase 
K, at 37°C, overnight. Samples were then dried, and 
the digested glycopeptides were enriched using a 
ProteoExtract Glycopeptide Enrichment Kit (Novagen), 
following the manufacturer’s protocol. Samples were 
analyzed on Waters QTOF Premier mass spectrometer 
equipped with a Waters nanoAcquity ultraperformance 
LC system with peptide trap column (180 µm×20 mm; 
Symmetry C18 nanoAcquity; Waters, Milford, MA) and 
an analytical column (75  µm×150  mm; Atlantis dC18 
nanoAcquity; Waters). The data file was processed 
with ProteinScope 3.1 (Waters) and Findpep tool on 
the EXPASY website.

N-Glycan Profiling of LDL Samples by  
LC-MS
Profiles of released N-glycans were generated using a 
GlycoWorks RapiFluor-MS N-Glycan kit (Waters), fol-
lowing the manufacturer’s protocol. LC with fluores-
cence detection (265 nm excitation/465 nm emission) 
and MS (high-performance LC [HPLC]–fluorescence 
detector–MS) were performed using an Agilent 1200 
SL HPLC System and a Glycan PAC AXH-1 analyti-
cal column, 2.1≈150 mm, 1.9-µm particle size (Thermo 
Scientific), with a precolumn, at 40°C. Mass spectra 
were acquired in positive mode of ionization using 

an Agilent 6220 Accurate-Mass TOF [Time-of-Flight] 
HPLC/MS system (Agilent, Santa Clara, CA), equipped 
with a dual sprayer electrospray ionization source with 
the second sprayer providing a reference mass solu-
tion. Data analysis was performed using the Agilent 
MassHunter Qualitative Analysis software package ver-
sion B.07.01.

Analysis of Gangliosides From Mouse 
Plasma
Recombinant EGCase was produced and purified, as 
described by Albrecht et al.28 Gangliosides were ex-
tracted and purified, as described,29 and analyzed, as 
described by Neville et al.30 Briefly, gangliosides were 
incubated for 18 hours at 30°C with 0.086 U of EGCase 
and released glycans were labeled with 2-anthranilic 
acid. Labeled glycans were analyzed by LC-MS using 
an Agilent 1200 SL HPLC system and a normal-
phase column (Accucore-150-Amide-HILIC; 2.6  μm; 
2.1×150 mm; Thermo Fisher) at 40°C. Relative glycan 
concentrations were quantified using fluorescence de-
tection (excitation at 320 nm/emission at 420 nm), and 
peak areas were normalized to the internal standard, 
maltose. Mass spectra were acquired in negative mode 
using an Agilent 6220 Accurate-Mass TOF HPLC/
MS system with a dual-spray electrospray ionization 
source along with a secondary reference sprayer. Data 
analysis was performed using the Agilent MassHunter 
Qualitative Analysis software package version B.07.01.

Statistical Analysis
Statistical analyses were performed using Prism 
GraphPad 9.0.0. software (GraphPad Software, San 
Diego, CA). The normality for all data was checked 
using the D’Agostino and Pearson omnibus normality 

Figure 1. Human neuraminidases remove sialic acids from the glycan chains of apolipoprotein B 100 (ApoB) in human low-
density lipoprotein (LDL).
A, Liquid chromatography–mass spectrometry (LC-MS) profiles of ApoB N-glycans from neuraminidase-treated and untreated human 
LDL. Chromatograms of fluorescently labeled N-glycans cleaved from ApoB of human LDL from a healthy donor (black) and of LDL 
treated with recombinant human neuraminidase 1 (NEU1), neuraminidase 2 (NEU2), neuraminidase 3 (NEU3), and neuraminidase 4 
(NEU4) enzymes (blue, red, green, and purple, respectively). Samples were resolved on an anion exchange column, where glycans 
with higher sialic acid content are eluted at later retention times. For all samples, the intensities were normalized to those of the 
corresponding peaks of asialo glycans (10–11 minutes retention time). Figure shows representative profiles of duplicate experiments. 
Quantitation of peak areas and glycan assignment is shown in Tables S3 and S4. Bar graph shows relative changes in the asialo-side, 
monosialo-side (mono), disialo-side (di), and trisialo-side (tri) N-glycan profiles for the neuraminidase-treated compared with untreated 
LDL on the basis of the analysis of the corresponding MS/MS fragmentation patterns. B, Neu5Ac-containing glycopeptides identified 
on ApoB. Purified LDL was treated with recombinant NEU3 enzyme or a buffer control, and the ApoB glycoprotein was resolved by 
SDS-PAGE, digested with proteinase K, and analyzed by LC-MS/MS to identify glycopeptides. A map of the primary protein sequence 
is shown (bottom) with the α (blue) and β (red) domains highlighted. Arrows indicate predicted sites of N-linked glycosylation, with the 
numbers of the glycosylated asparagine residues shown below the protein map. Diamonds indicate detected glycopeptides containing 
at least one sialic acid. Data from Harazono et al76 are shown for comparison. Identified glycopeptides are shown in Tables S3 and S4. 
C, ApoB in neuraminidase-treated LDL shows reduced staining with Sambucus nigra lectin (SNL) and Maackia amurensis lectin (MAL)-
II lectins and is recognized by peanut (Arachis hypogaea) agglutinin (PNA) lectin, consistent with its desialylation. Purified human LDLs 
(10 µg) were incubated with human recombinant NEU1 (1 and 2 mU), NEU2 (1 mU), NEU3 (1 mU), or NEU4 (1 mU), and glycosylation 
of ApoB was analyzed by blotting with SNL, MAL-II, or PNA lectin. Ponceau S–stained membranes were used as controls for protein 
loading. Cont indicates control; LDLR, LDL receptor; MW, molecular weight; and nLDL, native LDL. *P<0.05 compared with control in 
ANOVA test (n=3).
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test. Significance of the difference was determined 
using t-test (normal distribution) or Mann-Whitney test, 
when comparing 2 groups. One-way ANOVA test, 

followed by the Tukey multiple comparison test (nor-
mal distribution), or Kruskal-Wallis test, followed by 
the Dunn multiple comparison test, was used when 
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comparing >2 groups. Two-way ANOVA, followed by 
Bonferroni post hoc test, was used for 2-factor analy-
sis. P≤0.05 was considered significant.

RESULTS
ApoB in Human LDL Is Desialylated in 
Vitro by NEU1 to NEU4
The major goal of our study was to test the hypoth-
esis that endogenous neuraminidases present in 

plasma, on the surface of hematopoietic cells, or in 
arterial endothelium contribute to the development of 
atherosclerosis by removing sialic acid residues from 
glycan chains of LDL glycoproteins and glycolip-
ids. First, we studied if human neuraminidases can 
cleave sialic acid residues from ApoB in LDL in vitro. 
The LDLs isolated from healthy human subjects were 
treated with recombinant human NEU1, NEU2, NEU3, 
and NEU4 enzymes; and the structures of ApoB 
N-glycans, released by PNGase F endoglycosidase, 
were analyzed using ultraperformance LC–MS/MS 

Figure 2. Desialylation increases low-density lipoprotein (LDL) uptake by cultured human macrophages but not the 
endocytosis by HepG2 cells.
A, Desialylation increases LDL uptake by cultured macrophages. Human peripheral blood mononuclear cell–derived macrophages, 
starved overnight in lipoprotein-deficient serum, were incubated with labeled native LDL, oxidized LDL (oxLDL), and LDL treated 
with human recombinant neuraminidase 3 (NEU3) (desialylated LDL [desLDL]) or enzymatically inactive mutant NEU3 (LDL+NEU3-
Tyr370Phe mutant [mNEU3]). After incubation, cells were washed, fixed, and analyzed by confocal microscopy. Panels show typical 
images of macrophages treated with Alexa 488–labeled or 3,3′-dioctadecylindocarbocyanine (Dil)–labeled LDL, and bar graphs present 
fluorescence intensities of cells quantified with ImageJ software. Data show mean values±SD of three independent experiments. 
***P<0.001 compared with native LDL in 1-way ANOVA (Alexa-labeled LDL) or Kruskal-Wallis (Dil-labeled LDL) test, followed by the 
Dunn multiple comparisons test. B, Desialylation does not affect LDL uptake by cultured HepG2 cells. HepG2 cells were incubated 
with labeled LDL, desLDL, or oxLDL for 20 minutes at 37°C or 4°C and, after washing and fixation, were analyzed by fluorescent 
microscopy. Panels show typical images of HepG2 cells treated with Alexa 488–labeled or Dil-labeled LDL, and bar graph presents 
average Alexa 488 fluorescence intensities of cells quantified with ImageJ software. Plot shows mean values±SD of 3 independent 
experiments. *P<0.05 and ***P<0.001 compared with the uptake of LDL at 37°C in Kruskal-Wallis test, followed by the Dunn multiple 
comparisons test. Dapi indicates 4′,6-diamidino-2-phenylindole; and rel, relative.
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(Figure  1A, left panel). Treatment with neuramini-
dases caused drastic changes in the sialylation of 
the N-glycans: the levels of glycans with ≥2 sialic 
acids were reduced, and those of monosialylated or 
asialo glycans were generally increased (Figure 1A, 
right panel, and Tables S1 and S2). The structure of 
the glycan chains of ApoB in native and desialylated 
LDLs was further analyzed in detail by tandem mass 
spectroscopy. Sites containing N-linked glycans 
were identified by Proteinase K digestion of ApoB, 
followed by extraction of peptides and their analysis 
by LC-MS/MS. This analysis directly confirmed that 
sialic acid residues were removed from the complex 
glycan chains linked to asparagine residues 7, 956, 
1350, 2752, 3074, 3309, 3331, 3868, and 4210, re-
ducing the total sialylation of glycan chains from 96% 
to 36% (Figure 1B and Tables S3 and S4).

The LC-MS/MS results were confirmed by blotting 
with Maackia amurensis lectin-II lectin 2 to 4, specific 
for α-2,3–linked Sia residues and Sambucus nigra lec-
tin that binds preferentially to sialic acid attached to ter-
minal galactose in α-2,6 and, to a lesser degree, α-2,3 
linkage.31,32 Incubation of LDLs with NEU1 to NEU4 
resulted in drastically reduced lectin binding to ApoB 
(Figure  1C). Moreover, ApoB from LDLs treated with 
NEU1 to NEU4 but not from native LDL was recog-
nized by peanut (Arachis hypogaea) agglutinin lectin, 
specific to carbohydrate sequence Gal-β(1-3)-GalNAc, 
which typically underlies Sia residues (Figure 1C). More 
important, desialylation of ApoB did not occur in the 
presence of the pan-selective neuraminidase inhibi-
tor, 2,3-didehydro-2-deoxy-N-acetyl-neuraminic acid 
(DANA; 1 mmol/L final concentration; Figure S1), or fol-
lowing incubation with the catalytically inactive NEU3-
Tyr370Phe mutant33 (data not shown).

Desialylation of LDLs Increases Their 
Uptake by Cultured Human Monocyte–
Derived Macrophages But Not by HepG2 
Cells
To test whether desialylation of LDLs could affect their 
uptake by macrophages, we treated cultured human 
blood monocyte–derived macrophages with fluores-
cently labeled native LDL, desialylated LDL (desLDL; 
desialylated by NEU3), or oxidized LDL (oxLDL). To 
analyze simultaneously the uptake of the LDL parti-
cles and cholesterol, we used 2 types of labels, 488 
or 594 Alexa Fluor, which covalently modifies the 
ApoB molecule, and 3,3′-dioctadecylindocarbocya-
nine (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate), which incorporates into the LDL 
lipid core. Incubation of human macrophages with 
desLDL resulted in significantly higher accumulation 
of both Alexa and 3,3′-dioctadecylindocarbocyanine 
labels, compared with cells incubated with similarly 

labeled native LDL or LDL treated with the enzymati-
cally inactive NEU3-Tyr370Phe mutant (Figure  2A). 
This result is consistent as a suggestion that removal 
of Sia from ApoB by neuraminidases dramatically 
increases LDL uptake by cultured macrophages. 
Moreover, desLDLs were engulfed at a rate similar 
to that of oxLDL (Figure  2A), suggesting that both 
modifications have similar effects on LDL uptake by 
macrophages.

To analyze if desialylation alters the ability of LDL 
to bind the hepatocyte LDL receptor (LDLR), we 
tested the uptake of native LDL and desLDL by cul-
tured human hepatocellular carcinoma cells (HepG2). 
Similarly to primary hepatocytes, HepG2 cells express 
high levels of LDLR and are routinely used to study the 
LDL uptake by the LDLR-mediated pathway. Cultured 
HepG2 cells were incubated in the presence of LDL 
and desLDL labeled with Alexa Fluor or 3,3′-dioctade-
cylindocarbocyanine, and the uptake of the dye into 
the cells was quantified as above for macrophages. 
Native and desialylated LDLs were taken up by cul-
tured HepG2 cells at a similar rate (Figure 2B), sug-
gesting that desialylation of LDLs did not alter their 
binding to LDLRs. In contrast, oxLDL showed a 40% 
reduced uptake rate, consistent with previously re-
ported data.34,35

Macrophages Incorporate desLDL via an 
ASGR1-Dependent Pathway
To study if scavenger receptors, such as CD68, 
CD36, or scavenger receptor class B type 1, impli-
cated in the incorporation of oxLDL, are also involved 
in endocytosis of desLDL, we analyzed uptake of la-
beled desLDL by macrophages in the presence of 5-, 
10-, or 20-fold excess of unlabeled desLDL or oxLDL 
(Figure 3A). The uptake of labeled desLDL was com-
pletely blocked by an excess of unlabeled desLDL, 
but only partially inhibited by an excess of unlabeled 
oxLDL, suggesting an existence of a separate endo-
cytic pathway for desLDL.

Because desialylation likely exposes a subterminal 
Gal-GlcNAc disaccharide in the ApoB glycans, we hy-
pothesized that endocytic pathways specific for de-
sLDL may involve Gal-GlcNAc–specific lectins, such 
as ASGRs (ASGR1 and ASGR2; collectively named 
Ashwell-Morell receptor), or galectin-3. Galectin-3 is 
abundant in monocytic cells and macrophages and 
plays an important role in their activation and phago-
cytosis.36 The expression of ASGRs is thought to be 
mainly restricted to the liver cells, including paren-
chymal hepatocytes and liver macrophages37; how-
ever, ASGR1 expression has been also reported in 
monocytes. More important, the receptor has been 
proposed to participate in clearance of aged LDL and 
chylomicron remnants.38,39
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To explore the hypothesis that desLDLs are endo-
cytosed by human macrophages via galactose-spe-
cific lectin receptors, we studied if this process 
can be inhibited by Gal-containing disaccharides. 
These compounds (see supplemental materials 
for description of synthesis) exhibit specific inhibi-
tion of Gal-specific lectins, such as galectin-3, with 
Ki values in the low micromolar range. The uptake 
of desLDL was almost completely inhibited in the 
presence of 500 μmol/L 2-naphthyl 3′-O-sulfo-β-D-
lactopyranoside (Figure 3B) or 500 μmol/L 2-naphthyl 
3′-O-sulfo-1-thio-β-D-lactopyranoside (not shown), 
consistent with the suggestion that Gal/GlcNAc-
specific lectins are involved in their incorporation. 
Besides, the presence of Alexa-labeled desLDL (but 
not LDL) in the culture medium of macrophages sig-
nificantly increased cellular uptake of fluorescein iso-
thiocyanate–labeled galectin-3C, the recombinant 
soluble lectin domain of human galectin-3 protein40 
(Figure 3B). Galectin-3C colocalized inside the mac-
rophages with Alexa, suggesting that this protein 
could be endocytosed by the cells as a complex with 
desLDL.

To test if galectin-3 is directly involved in the up-
take of desialylated LDL, we studied the uptake of 
Alexa-labeled desLDL by cultured BMDMs from Gal3 

knockout mice (B6.Cg-Lgals3tm1Poi/J).41 BMDMs from 
WT and Gal3 knockout mice were loaded with Alexa 
488–labeled human LDL or desLDL, as has been pre-
viously done for human peripheral blood mononuclear 
cell–derived macrophages in the absence or presence 
of 2-naphthyl 3′-O-sulfo-β-D-lactopyranoside. As with 
the human peripheral blood mononuclear cell–derived 
macrophages, WT mouse BMDMs demonstrate much 
higher rates of desLDL uptake compared with native 
LDL (Figure  3D). However, no differences in the de-
sLDL incorporation were observed between galec-
tin-3–positive or galectin-3–negative cells, indicating 
that this protein is not involved in desLDL uptake. In 
both WT and galectin-3 knockout cells, 2-naphthyl 
3′-O-sulfo-β-D-lactopyranoside showed equal efficacy 
in blocking the incorporation of desLDL, suggesting 
that the drug’s target is not galectin-3.

Previously, ASGR1 has been shown to play a 
leading role in the removal of aged secreted proteins 
and hematopoietic cells from circulation.42 In this 
pathway, the N-glycans of the secreted and cell sur-
face proteins are desialylated by circulating NEU1 
and NEU3, and, as a result, exposed Gal-GlcNAc 
residues are recognized by ASGR1 on hepatocytes 
and spleen macrophages and endocytosed.42 To 
test if ASGR1 is also involved in the rapid uptake of 

Figure 3. Macrophages incorporate desialylated low-density lipoprotein (desLDL) via asialoglycoprotein receptor (ASGR) 
1 pathway.
A, Oxidized low-density lipoproteins (oxLDLs) only partially block the uptake of desLDLs by macrophages. Cultured macrophages 
were loaded with 3,3′-dioctadecylindocarbocyanine (Dil)–labeled desLDLs or oxLDLs in the presence of 5-, 10-, or 20-fold excess 
of unlabeled oxLDLs or desLDLs. Cells were washed, fixed, and analyzed by fluorescence microscopy. Panels show representative 
images of 3 independent experiments. Graph shows mean values±SD of relative fluorescence intensities of cells measured by ImageJ 
software. **P<0.01 in 2-way ANOVA with Bonferroni post hoc test. B, The uptake of desLDLs by macrophages is blocked by a galectin 
inhibitor, 2-naphthyl 3′-O-sulfo-β-d-lactopyranoside (3’S-Lac-NP). Cultured macrophages were incubated with Alexa 594–labeled low-
density lipoprotein (LDL) or desLDL in the absence or presence of 2 mmol/L 3’S-Lac-NP, washed, fixed, and analyzed by fluorescence 
microscopy. Panels show representative images of 3 independent experiments. Graph shows mean values±SD of relative fluorescence 
intensities of the cells measured by ImageJ software. *P<0.05, **P<0.01, and ***P<0.001 in 1-way ANOVA test, followed by the Tukey 
multiple comparisons test. C, Recombinant soluble Gal-binding galectin-3 (GAL3) domain, GAL3C, is endocytosed by macrophages 
in the presence of desLDL, but not of native LDL. Cultured macrophages were incubated with Alexa 594–labeled LDL or desLDL in 
the presence of fluorescein isothiocyanate (FITC)–labeled GAL3C, washed, fixed, and studied by confocal microscopy. Panels show 
representative images of 3 independent experiments. Enlarged cell image shows colocalization of FITC-GAL3C and Alexa 594–desLDL. 
D, Cultured macrophages derived from bone marrow of wild-type (WT) and Gal3 knockout (KO) C57Bl6 mice show similar uptake of 
desLDL, which can be inhibited by 3’S-Lac-NP. BMDMs from WT and homozygous Gal3−/− mice were incubated with Alexa 594–
labeled LDL or desLDL (red) in the absence or presence of 2 mmol/L 3’S-Lac-Np, washed, fixed, stained with monoclonal antibodies 
against GAL3 protein (green), and analyzed by fluorescence microscopy. Panels show representative images of 3 independent 
experiments. Graph shows mean values±SD of relative fluorescence intensities of the cells measured by ImageJ software. **P<0.01 
in 1-way ANOVA test, followed by the Tukey multiple comparisons test. E, Cultured macrophages derived from bone marrow of Asgr1 
KO mice show impaired uptake of desLDL. Bone marrow–derived macrophages (BMDMs) from WT and homozygous Asgr1−/− mice 
were incubated with Alexa 594–labeled LDL or desLDL (red), washed, fixed, stained with monoclonal antibodies against Asgr1 protein 
(green), and analyzed by fluorescence microscopy. Panels show representative images of 3 independent experiments. Graph shows 
mean values±SD of relative fluorescence intensities of the cells measured by ImageJ software. ****P<0.001 in ANOVA test, followed by 
the Tukey multiple comparisons test. F, Asgr1 immunoreactive band is present in BMDMs from WT but not from Asgr1−/− mice. Proteins 
(40 μg) of total cell lysates from Asgr1−/− and WT BMDMs were resolved on an 8% gradient SDS-PAGE gel, transferred to nitrocellulose 
membranes, and hybridized with anti-ASGPR1 antibody (NBP1-60150; Novus Biologicals; 1:100) and anti–α-tubulin antibody (12G10; 
Hybridoma Bank; 1:4000). Panel shows a representative image of 3 independent experiments. G, Liver macrophages of Asgr1 KO mice 
show impaired uptake of desLDL. Accumulation of native LDL and desLDL, labeled with Alexa-488 (green) or Alexa-594 (red), in the 
livers of WT and Asgr1−/− mice, was studied 8 hours after systemic injection at a dose of 200 µg. Sectioned livers were analyzed by 
fluorescent confocal microscopy. Panels show typical images of mice treated with labeled LDL or desLDL. Scattered cells, strongly 
positive for Alexa, with a shape and size characteristic of liver macrophages/Kupffer cells and positive for cluster of differentiation 68 
(CD68) (arrowheads) were present only in the livers of WT mice treated with desLDL. Dapi indicates 4′,6-diamidino-2-phenylindole.
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desLDL by macrophages, we established cultures 
of BMDM macrophages from WT and Asgr1−/− mice 
and treated them with Alexa 594–labeled human 
LDL and desLDL, as described above. The cells 
were then washed, fixed, stained with monoclonal 
antibodies against ASGR1 protein, and analyzed 
by fluorescence microscopy. Our data (Figure  3E) 
demonstrate that, in contrast with BMDMs from WT 
mice, macrophages from Asgr1−/− mice show a neg-
ligible uptake of desLDL (Figure 3E). The cells from 
WT mice, but not from Asgr1−/−, showed strong re-
activity toward anti-ASGR1 antibody (Figure 3E). In 
similar manner, Western blot analysis of WT BMDM 

protein lysates demonstrated a presence of a 50-
kDa ASGR1 immunoreactive protein band absent in 
Asgr1−/− cells, confirming that the ASGR1 receptor is 
expressed not only in liver Kupffer cells but also in 
BMDMs (Figure 3F). Similar results were obtained for 
the inflammatory peritoneal or splenocyte-derived 
Asgr1−/− macrophages (data not shown). We further 
injected Alexa-labeled desLDL and LDL into the tail 
vein of WT C57Bl/6J and Asgr1−/− 16-week-old mice 
(200 μg/animal) and 8 hours after analyzed their fixed 
liver tissues by fluorescence confocal microscopy. 
In the livers of WT mice injected with desLDL, we 
detected scattered cells strongly positive for Alexa 
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with a shape and size characteristic of liver mac-
rophages/Kupffer cells and stained with antibodies 
against the macrophage marker CD68 (Figure 3G). 
Alexa-positive/CD68-positive cells were not pres-
ent in the livers of WT mice injected with labeled 
native LDL or in the livers of Asgr1−/− mice injected 
with both LDL and desLDL (Figure  3G). Together, 
these data are consistent with the hypothesis that 
the uptake of desLDL by macrophages is mediated 
by ASGR1.

Desialylation Increases LDL Incorporation 
Into Macrophages of the Atherosclerotic 
Lesions in Mouse Aortic Root
We further studied if desialylation increased LDL up-
take by the macrophages of the lesions in the aortic 
root in the mouse model of atherosclerosis. Sixteen-
week-old female Apoe−/− mice, a commonly used 
spontaneous murine model of atherosclerosis,43 were 
injected via the tail vein with 200 μg of native LDL or 

Figure 4. Desialylation increases low-density lipoprotein (LDL) uptake by macrophages in atherosclerotic aortic root 
lesions but not by liver hepatocytes.
A through D, Accumulation of native LDL and desialylated LDL (desLDL) in the aortic root lesions of 16-week-old Apoe−/− mice was 
studied 6 hours after systemic injection of 200 µg of labeled LDL or desLDL. Aortic root sections were stained with monoclonal anti–
monocyte+macrophage antibody (MOMA-2) (A), polyclonal rabbit antibody against ASGR1 (B), or monoclonal rabbit antibody against 
neuraminidase 1 (NEU1) (C). D, Alexa 594 fluorescence in root sections was analyzed by fluorescent confocal microscopy. Panels 
show typical images of aortic root from untreated mice and those treated with Alexa 594–labeled LDL or desLDL. Bar graphs present 
average fluorescence intensities of aorta wall quantified with ImageJ software. Plots show mean values±SD obtained with 6 untreated 
mice and 6 LDL-treated and 8 desLDL-treated male and female mice. *P <0.05 and **P<0.01 compared with untreated and LDL-treated 
mice in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. E, Desialylation does not affect LDL uptake by liver 
hepatocytes. Accumulation of native LDL and desLDL in the livers of mice was studied 6 hours after systemic injection of 200 µg of 
labeled LDL. Sectioned livers were analyzed by fluorescent confocal microscopy. Relative fluorescence intensities were measured by 
ImageJ software. Panels show typical images of mice treated with Alexa 488–labeled LDL or desLDL. Graphs present fluorescence 
intensities of hepatocytes (individual and mean values±SD, measured in 50 cells from 4 mice per group). ****P<0.0001 compared with 
untreated mice in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. ASGR indicates asialoglycoprotein receptor; 
and Dapi, 4′,6-diamidino-2-phenylindole.
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desLDL fluorescently labeled with Alexa 594 or 488. 
Eight hours after the injection, mice were euthanized, 
and their hearts and livers were collected and analyzed 
by confocal fluorescent microscopy for the presence 
of the label in the aortic root (Figure 4A through 4D) 
and liver (Figure 4E).

In the sections of the aortic root of mice injected 
with Alexa 594–labeled desLDL, the label mainly ac-
cumulated in the lesion areas positively stained with 
monoclonal anti–monocyte+macrophage antibody 
(Figure  4A). The Alexa 594–loaded cells were also 
highly positive for the expression of ASGR1 protein 
(Figure 4B) and NEU1 (Figure 4C). The quantification 
of the fluorescence intensity with ImageJ software 
demonstrated that the levels of Alexa 594 in the 
macrophages of the aortic lesion were significantly 
higher when mice were injected with desLDL com-
pared with those injected with native LDL (Figure 4D). 
These results are consistent with the suggestion 
that desLDLs are incorporated by macrophages in 
the lesion at a higher rate than LDLs. On the other 
hand, fluorescence intensities of liver hepatocytes of 
mice injected with Alexa-labeled desLDL and LDL 
were not different, consistent with similar uptake of 
LDL and desLDL observed in cultured HepG2 cells 
(Figure 4E).

Early Stages of Atherosclerosis Are 
Delayed in Gene-Targeted NEU1- and 
NEU3-Deficient Mice
To evaluate whether neuraminidases play a role in 
atheroma progression in vivo, we performed genetic 
inactivation of individual neuraminidases in female 
Apoe−/− mice.43 Compared with WT C57Bl/6J mice, 
Apoe−/− mice have significantly increased levels of 
total cholesterol and LDL cholesterol in blood,44 even 
when they are fed a regular diet. At ≈15  weeks of 
life, female Apoe−/− mice develop intermediate aor-
tic lesions containing both foam and smooth muscle 
cells.45

Three mouse strains were generated, all in the 
same C57Bl/6J background. Apoe−/− Neu3−/− and 
Apoe−/− Neu4−/− double-knockout mice were pro-
duced by crossing homozygous Apoe−/− mice with 
previously described homozygous Neu3−/− and 
Neu4−/− mice, respectively.21,22 To produce NEU1-
deficient strain, we crossed Apoe−/− mice with pre-
viously described cathepsin A hypomorph mice 
(CathAS190A-Neo).20 These mice have an ≈90% reduc-
tion in NEU1 activity in tissues,20 but they do not de-
velop a rapidly progressing multisystemic disease 
occurring in constitutive Neu1 knockout models be-
cause of the lysosomal storage of sialoglycoconju-
gates.46 Available in our laboratory, constitutive Neu1 
knockout mice develop lethargy, reduced motor 

coordination, myoclonus, reduced weight gain (≈30% 
of WT), increased circulating levels of proinflamma-
tory cytokines, and urinary retention by 14  weeks 
of age, which makes them unsuitable for long-term 
physiological studies (I.-H. Kho and E. Demina, un-
published data, 2020). In contrast, CathAS190A-Neo as 
well as Neu3 and Neu4 knockout mice are fertile and 
display normal development, with the increase of BW 
over age, similar to that of normal mice.20-22

To analyze if neuraminidases are involved in the 
initial stage of atherosclerosis, mice were eutha-
nized at 16  weeks (the age when they show inter-
mediate foam cell lesions45), and lipid depositions 
were analyzed in the aortic root sections. Analysis 
of Apoe−/− CathAS190A-Neo and Apoe−/− Neu3−/− mice 
showed fatty streak lesions with a significantly 
smaller average area than in control Apoe−/− fe-
male mice: 173  000±13  300  μm2 for Apoe−/− ver-
sus 122  000±8000  μm2 for Apoe−/− CathAS190A-Neo 
and 118 000±19 200 μm2 for Apoe−/− Neu3−/− mice 
(Figure  5A). Conversely, the mean sizes of athero-
sclerotic lesions for Apoe−/− Neu4−/− and Apoe−/− 
mice were similar. In addition to aortic sinus, we also 
analyzed the area of Sudan IV–stained fatty streaks 
at the aorta face of 20-week-old Apoe−/− CathAS190A-

Neo mice and found that lesion size was also signifi-
cantly reduced in these mice compared with control 
ApoE−/− mice (Figure  S2). Collectively, these results 
clearly demonstrated that deficiency of NEU1 or 
NEU3, but not of NEU4, is associated with a dramatic 
reduction of the lesion size in Apoe−/− mice.

Because previous reports have demonstrated that 
NEU1 (and potentially NEU3 and NEU4) can regulate 
inflammatory response, including cytokine produc-
tion and migration of immune cells,47,48 we analyzed 
infiltration of T cells and macrophages in atheroscle-
rotic lesions by immunohistochemistry using mono-
clonal anti–monocyte+macrophage antibody or goat 
polyclonal anti-mouse CD3 antibody. We found sig-
nificantly reduced anti–monocyte+macrophage an-
tibody–positive areas for the atherosclerotic lesions 
from NEU1-deficient Apoe−/− CathAS190A-Neo compared 
with Apoe−/− mice, consistent with reduced infiltration 
of macrophages (Figure  5B). Anti–monocyte+mac-
rophage antibody–positive areas of the lesions were 
similar between Apoe−/− Neu3−/−, Apoe−/− Neu4−/−, 
and Apoe−/− animals, suggesting that multiple mecha-
nisms may underlie reduced formation of fatty streaks 
in NEU1-deficient and NEU3-deficient mice. No signif-
icant differences were observed in CD3 staining of the 
lesions for any strain (data not shown).

The analysis of mouse plasma did not reveal sig-
nificant differences in the levels of total cholesterol, 
LDL cholesterol, HDL cholesterol, or triglycerides 
between Apoe−/− and Apoe−/−CathAS190A-Neo mice 
(Figure 5C), suggesting that the decrease in the size 
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of the atherosclerotic lesions in NEU1-deficient mice 
was not associated with changes in plasma choles-
terol levels. Total, HDL cholesterol, and LDL cholesterol 
levels were slightly reduced in Apoe−/− Neu3−/− mice 
compared with the Apoe−/− Neu4−/− mice. The mech-
anisms underlying these data and their physiological 
importance remain to be studied; however, we did not 
detect any correlation between the LDL/total choles-
terol levels and the size of fatty streaks in the sinus 
of the individual Apoe−/− Neu3−/− mice (Figure S3). We, 
therefore, believe that the changes in total cholesterol 
and LDL cholesterol levels were not responsible for 
the reduction of atherosclerosis lesions in the NEU3-
deficient strain.

To further test whether deficiencies of individ-
ual neuraminidases caused changes in sialylation 
of glycolipids present in lipoproteins, we analyzed 
mouse plasma, where LDLs act as carriers for 
gangliosides.49 The major ganglioside observed in 
all samples was GM2, containing a Neu5Gc resi-
due (3–3.5 μg/mL), which was in accordance with 
previously reported data.50 Other detected minor 
gangliosides were GM1, GA2, GM3 containing 
Neu5Gc, GM3, and LacCer. The ganglioside compo-
sition was similar for Apoe−/−, Apoe−/− Neu3−/−, and 
Apoe−/− Neu4−/− mice, but the serum from Apoe−/− 
CathAS190A-Neo mice showed reduced levels of both 
the major Neu5Gc-GM2 and minor GM1, GA2, and 
GM3 gangliosides (Figure 5D). Because our previous 
work provided evidence against a direct involvement 

of NEU1 in ganglioside processing,24 we speculate 
that these changes in Apoe−/− CathAS190A-Neo mice 
are related to secondary increase in the expression 
of NEU3 and NEU4 that may occur to compen-
sate for NEU1 deficiency.24 Nevertheless, the major 
plasma ganglioside, Neu5Gc-GM2, although re-
duced by ≈30%, remained in high abundance in the 
NEU1-deficient mice. This, together with the absence 
of changes in the other mutants, suggested that vari-
ations in plasma ganglioside composition alone do 
not explain reduced lesion formation.

To test whether the delay of atherosclerosis in the 
NEU1-deficient mice is associated with increased ApoB 
sialylation, we analyzed LDLs purified from the pooled 
blood of Apoe−/−, Apoe−/− Neu3−/−, Apoe−/− Neu4−/−, 
and Apoe−/− CathAS190A-Neo mice by Sambucus nigra 
lectin blot. Quantification of the intensity of Sambucus 
nigra lectin–stained ApoB bands showed that ApoB 
sialylation in the blood from Apoe−/− CathAS190A-Neo, 
but not from Apoe−/− Neu3−/− and ApoE−/−Neu4−/−, 
mice was significantly increased compared with that in 
Apoe−/− mice (Figure 5E).

To test the hypothesis that deficiency of NEU1 
causes increased sialylation and reduced uptake of 
LDL, we measured LDL cholesterol in the blood plasma 
of C57Bl6 mice and in 3 strains of NEU1-deficient mice: 
CathAS190A-Neo mice and 2 constitutive NEU1 knock-
out strains. The previously described Neu1ENSMUSE141558 
mouse strain was generated by microinjection in 
C57BL6J blastocysts of the embryonic stem cells, with 

Figure 5. Early stages of atherosclerosis are delayed in Apoe−/− mice with neuraminidase 1 (NEU1) and neuraminidase 3 
(NEU3) deficiency.
A, Size of fatty streaks is reduced in the aortic root of Apoe−/− mice deficient in NEU1 and NEU3. Female Apoe−/− mice (n=17) and Apoe−/− 
mice deficient in NEU1 (n=9), NEU3 (n=17), or neuraminidase 4 (NEU4) (n=9) were euthanized at the age of 16 weeks. Atherosclerosis 
was analyzed by staining fatty streaks in the aortic root sections with Red Oil O. Microphotographs show representative images 
of aortic root sections. Bar=500 μm. The graph shows atherosclerotic lesion size in the aortic roots (µm2) measured by ImageJ 
software. *P<0.05 and **P <0.01 compared with Apoe−/− mice in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. 
B, Macrophage infiltration is reduced in atherosclerotic aortic root lesions of Apoe−/− mice deficient in NEU1. Macrophage infiltration 
was studied in 16-week-old Apoe−/− (n=8), Apoe−/−CathAS190A-Neo (n=9), Apoe−/− Neu3−/− (n=10), and Apoe−/− Neu4−/− (n=10) mice. 
Panels show representative photomicrographs of aortic root sections stained with anti–monocyte+macrophage antibody (MOMA-2) 
antibodies. Bar=50 μm. The graph shows areas of MOMA-2–positive area (µm2) measured by ImageJ software. At least 4 sections 
per mouse were examined. Data represent mean±SD. *P<0.05 in Kruskal-Wallis test, followed by the Dunn multiple comparisons 
test. C, Lipid plasma composition of 16-week-old female Apoe−/−, Apoe−/−Neu4−/−, Apoe−/−Neu3−/−, and Apoe−/−CathAS190A-Neo mice. 
Total cholesterol, triglyceride, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol levels were 
measured in plasma samples. Data represent mean±SD. *P<0.05, **P<0.01, and ***P<0.001 in 1-way ANOVA test, followed by the Tukey 
multiple comparisons test. D, Ganglioside composition of plasma from 16-week-old female Apoe−/−, Apoe−/−Neu4−/−, Apoe−/−Neu3−/−, 
and Apoe−/−CathAS190A-Neo mice. Values show mean±SD (n=3). The major glycan observed in all samples is GM2 containing a Neu5Gc 
residue (3–3.5 μg/mL).50 Other minor gangliosides are GM1, GA2, GM3 containing Neu5Gc, GM3, and LacCer. *P<0.05, **P<0.01, 
and ****P<0.0001 compared with Apoe−/− mice in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. E, Increased 
sialylation of LDL apolipoprotein B 100 (ApoB) in the blood of CathAS190A-Neo mice. Blood was collected by cardiac puncture into EDTA-
coated tubes from Apoe−/−, Apoe−/−Neu4−/−, Apoe−/−Neu3−/−, and Apoe−/−CathAS190A-Neo female 16-week-old mice (7–10 animals/group). 
For each group, LDL (d=1.019 to 1.063 g/mL) was isolated from 4 mL of pooled plasma by sequential density gradient ultracentrifugation. 
Sialylation of the ApoB was analyzed by lectin blotting using biotinylated Sambucus nigra lectin (SNL). The panel shows images of 
representative blots and corresponding membranes stained for protein by Ponceau S or Pierce Reversible Protein Stain. The graph 
shows results of quantification (SNL staining normalized for protein band intensity; mean values±SD) performed for 3 individual blots by 
ImageJ software. **P<0.01 compared with wild type (WT) in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. F, LDL 
levels are increased in the plasma of Neu1 knockout (KO) mice. LDL cholesterol levels were measured in plasma samples of 8-week-
old C57Bl6J (WT) and NEU1-deficient CathAS190A-Neo mice, as well as Neu1 KO Neu1ENSMUSE141558 and Neu1ΔEx3 mice. Data represent 
mean±SD. ****P<0.001 compared with WT mice in 1-way ANOVA test, followed by the Tukey multiple comparisons test.
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targeted disruption of the Neu1 gene generated by the 
European Conditional Mouse Mutagenesis Program 
consortia. The targeted Neu1ENSMUSE141558 allele con-
tains LacZ/BactPNeo cassette inserted into the intron 2 
of the mouse Neu1 gene, resulting in the expression of 
a fusion protein containing the mouse NEU1 amino acid 
sequence encoded by exons 1 to 2 and followed by the 
bacterial β-galactosidase encoded by the LacZ gene.24 
The second strain, Neu1ΔEx3, was obtained by crossing 
the Neu1ENSMUSE141558 mouse with C57Bl6J mice consti-
tutively expressing Cre recombinase that resulted in re-
moval of the entire exon 3 from the Neu1 gene. In both 
strains, intact Neu1 mRNA and NEU1 activity levels in 
tissues were below detectable levels (Figure S4).

As expected, LDL levels in the WT C57Bl6J 
mice were at or below the detection level (3 mg/dL) 
(Figure  5F). The CathAS190A-Neo mice also showed 
negligible LDL levels, but in both constitutive Neu1 
knockout strains, LDL levels were increased ≈3-fold 
(Figure  5F). These results not only independently 
confirmed our hypothesis about the NEU1-driven 
uptake of LDL but also established the safe thresh-
old for inhibition of NEU1 in circulation. The reduc-
tion of the residual NEU1 activity in the CathAS190A-Neo 
mice to 10% to 20% significantly delayed the ath-
erogenesis without interfering with the LDL level or 
causing lysosomal storage of sialoglycoconjugates 
in tissues.20
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Pharmacological Inhibition of NEU1 and 
NEU3 Reduces Atherosclerosis in Apoe−/− 
and Ldlr−/− Mice
We hypothesized that if genetic ablation of NEU1 
and NEU3 has preventive effect on atheroma forma-
tion, then pharmacological inhibition should provide 
similar outcome. To investigate this hypothesis, we 
used selective inhibitors of NEU1 and NEU3 en-
zymes with activity in the nanomolar range, devel-
oped in our laboratories14,51 (Table and Figure  S5). 
For comparison, we included in our study C9-BA-
DANA, an NEU1 inhibitor with micromolar potency,52 
as well as the pan-sialidase inhibitor DANA (Table 
and Figure S5).

In the first experiment, 14-week-old Apoe−/− fe-
male mice received intraperitoneal injections of 
DANA (30  mg/kg BW) or C9-BA-DANA (30  mg/kg 
BW) dissolved in saline or saline alone. Inhibitors 
were administered for 2 weeks: once every 2 days 
for the first week, then every day for the second 

week. In a separate group of mice, the treatment 
was followed by histochemical analysis of neuramin-
idase activity in mouse kidney tissues, where the 
NEU1 isoform is responsible for >90% of total neur-
aminidase activity (Figure  S6). This assay showed 
≈70% to 80% reduction in tissue staining, consis-
tent with almost complete inhibition of NEU1 activity 
(Figure S7). At 16 weeks, all mice were euthanized 
and atherosclerotic lesions were quantified in aortic 
root serial sections (Figure 6A). Both DANA and C9-
BA-DANA treatments significantly reduced the size of 
atherosclerotic lesions in 16-week-old Apoe−/− mice. 
In both cases, the lesions were on average reduced 
to 25% to 30% of those in untreated Apoe−/− mice 
(Figure 6A). More important, inhibitor treatment had 
no observable effect on mouse weight or behavior.

In a second experiment, compounds with 
greater potency and selectivity for NEU1 or NEU3 
were tested at lower dosages: CG17701 (an NEU3 
and NEU4 inhibitor) at 1  mg/kg BW, CG14601 (an 
NEU1 inhibitor) at 10 mg/kg BW, and CG22601 (an 

Figure 6. Pharmacological inhibition of neuraminidase 1 (NEU1) and neuraminidase 3 (NEU3) reduces atherosclerosis in 
Apoe−/− mice.
A, Reduced size of fatty streaks in the aortic root of 16-week-old Apoe−/− female mice treated for 2 weeks with pan-neuraminidase 
inhibitor 2,3-didehydro-2-deoxy-N-acetyl-neuraminic acid (DANA) and a NEU1 inhibitor, C9-butyl-N-amide-DANA (C9-BA-DANA). The 
14-week-old Apoe−/− female mice fed normal diet were treated intraperitoneally with DANA (30 mg/kg; n=4) or with C9-BA-DANA 
(30 mg/kg; n=3) for 2 weeks, as described. Serial sections of aortic root (10 µm) were collected using a cryostat and stained with 
Red Oil O to visualize atherosclerotic lesions. Panels show representative images of aortic root sections. Bar=500 µm. Graph shows 
atherosclerotic lesion sizes in the aortic roots (µm2) measured by ImageJ software. Data show mean±SD. *P<0.05 compared with 
control in Kruskal-Wallis test, followed by the Dunn multiple comparisons test. B, Reduced size of fatty streaks in the aortic root of 
16-week-old Apoe−/− mice treated for 4 weeks with a NEU1-specific inhibitor, a NEU3-specific inhibitor, or a NEU3/neuraminidase 4–
specific inhibitor. The 12-week-old Apoe−/− female mice fed normal diet received intraperitoneal injections of C9-BA-DANA (30 mg/
kg; n=6), CG14601 (10 mg/kg body weight [BW]; n=5), and CG22601 (10 mg/kg BW; n=6) in saline or saline as a control (n=13). In a 
separate experiment, mice were treated with CG17701 (1 mg/kg BW; n=6) in saline with 2% dimethyl sulfoxide (DMSO) (v/v) or saline 
with 2% DMSO as a control (n=5) for 2 weeks. Then, the injections were performed every 24 hours for another 2 weeks, mice were 
euthanized at 16 weeks, and data were analyzed as described above. Panels show representative images of aortic root sections 
stained with Red Oil O. Bar=500 µm. Graphs show atherosclerotic lesion size in the aortic roots (µm2) measured by ImageJ software. 
Data show mean±SD. The lesion sizes in C9-BA-DANA–, CG14601-, and CG22601-treated mice were compared with the saline-treated 
control using Kruskal-Wallis test, followed by the Dunn multiple comparisons test. The lesion sizes in CG17701-treated mice were 
compared with the 2% DMSO-treated control using Mann-Whitney test. *P<0.05, **P<0.01, and ***P<0.001 compared with control. C, 
Lipid plasma composition of 16-week-old Apoe−/− mice treated for 4 weeks with NEU3-specific inhibitor and NEU1-specific inhibitors. 
Total cholesterol, triglyceride, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol levels were 
measured in mouse plasma samples after treatment with CG22601, CG14601, or C9-BA-DANA. Data represent mean±SD.

Table 1. In Vitro Activity of NEU1 and NEU3 Inhibitors Used in This Study

Compound* IC50, μmol/L† Selectivity

Ki, μmol/L†

NEU1 NEU2 NEU3 NEU4

DANA 8/8 NEU3/NEU4; 4× 12±1 25±4 1.6±0.3 5.8±0.6

CG17701 0.7/0.5 NEU3/NEU4; 45× ND 48±9 0.28±0.04 0.26±0.04

CG22601 0.6 NEU3; 10× ND 17±4 0.32±0.04 5±1

CG14601 0.99 NEU1; 33× 0.24±0.03 ND ND ND

C9-BA-DANA 3 NEU1; 32× 0.83±0.15 ND ND ND

C9-BA-DANA, C9-butyl-N-amide-DANA; DANA indicates 2,3-didehydro-2-deoxy-N-acetyl-neuraminic acid; ND, not determined; NEU1, neuraminidase 1; 
NEU2, neuraminidase 2; NEU3, neuraminidase 3; and NEU4, neuraminidase 4.

*Full compound names, structures, and references provided in Figure S5.
†IC50 and Ki values were determined in our laboratory using the C1 carboxylate forms.12
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NEU3 inhibitor) at 10 mg/kg BW. Control mice were 
injected with saline or 2% DMSO (as the CG17701 
control group). Because the previous study did not 
identify any obvious adverse effects of systematic 

neuraminidase inhibition, treatments were extended 
to 1 month. Injections were started when mice were 
12 weeks old, and were given once every 2 days for 
the first 2  weeks, then every day for the third and 
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the fourth weeks. Mice were then euthanized, and 
atherosclerotic lesions in serial sections of the aortic 
root were quantified, as above (Figure 6B).

Treatment with all 3 inhibitors significantly reduced 
the size of atherosclerotic lesions in Apoe−/− mice, 
with a 25% to 30% reduction on average compared 
with untreated Apoe−/− mice. Although the use of 2% 
DMSO alone reduced the lesion sizes (most likely be-
cause of previously described anti-inflammatory action 
of DMSO53), they were significantly larger than those in 
mice injected with CG17701 (Figure 6B). Again, phar-
macological treatment did not affect mouse weight or 
behavior, or result in detectable pathological changes 
in tissues. Treatment with the inhibitors also did not 
affect the levels of total cholesterol, LDL cholesterol, 
HDL cholesterol, or triglycerides in the plasma of 
Apoe−/− mice (Figure 6C).

We further tested if NEU1 and NEU3 inhibitors also 
slow progression of atherosclerotic lesions in another 
commonly used mouse model of atherosclerosis, fe-
male hepatic LDLR knockout (Ldlr−/−) mice. These 
animals do not develop spontaneous lesions when 
fed the normal rodent diet, but show fatty streaks 
similar to those in Apoe−/− mice, when their food is 
supplemented with moderate amounts of choles-
terol.54 From the age of 8 weeks, Ldlr−/− mice were 
fed the diet containing 15% fat and 1.25% choles-
terol, and, starting from 10 weeks, were treated with 
the most potent NEU1 and NEU3 inhibitors, CG14601 
and CG22601, as described for Apoe−/− mice (the 
4-week regimen). Then, mice were euthanized, and 
the areas of atherosclerotic lesions in the hearts 
were analyzed (Figure  7A). This analysis confirmed 
that, in both CG14601- and CG22601-treated mice, 
the development of lesions was significantly reduced 
compared with the control group. As in the case of 
Apoe−/− mice, treatment with the inhibitors did not 
affect the levels of total cholesterol, LDL cholesterol, 
HDL cholesterol, or triglycerides in the plasma of 
Ldlr−/− mice (Figure 7B).

DISCUSSION
Previous observational data support a strong asso-
ciation between plasma LDL levels and augmented 
individual susceptibility to atherosclerosis and its 
complications, such as myocardial infarction and 
stroke. The current mainstay of therapeutic manage-
ment of atherosclerosis is lowering LDL levels using 
inhibitors of hydroxymethyl glutaryl coenzyme A re-
ductase, collectively known as statins, which dimin-
ish the likelihood of atherosclerotic events. However, 
statins only benefit ≈35% of patients with coronary 
artery disease.55 Moreover, >20% of patients will 
have a recurrent event within 30 months of an acute 
coronary syndrome, despite receiving high-dose 

statin treatment.56 Together, the above evidence un-
derlines the necessity of gaining further mechanistic 
insights into new targets for atherosclerosis thera-
peutic strategies.

Our current data demonstrate that desialylation of 
LDL by human neuraminidases constitutes a novel 
pathway contributing to atherosclerosis. It is now 
recognized that a major role in atherogenesis is 
played by biochemically modified LDLs, which have a 
longer circulation time because of a reduced affinity 
to LDLR11 and can provoke a cascade of responses 
that lead to disease in a previously unaffected ar-
tery. We show herein that atherogenic LDL can be 
produced by removal of terminal Sia from the glycan 
chains of the major LDL surface glycoprotein, ApoB, 
by human neuraminidases in vitro. Desialylation of 
LDLs increases their affinity for the scavenger asialo-
glycoprotein receptor ASGR1, resulting in augmented 
uptake by intimal macrophages. We, however, do not 
see increased uptake of desLDL by either cultured 
HepG2 cells or hepatocytes in live mice. On the 
other hand, we observed a remarkable increase in 
the uptake of desLDL by liver macrophages (Kupffer 
cells). This result is somewhat unexpected consider-
ing that Ashwell-Morell receptor is highly expressed 
in the hepatocytes. We speculate that LDLR recep-
tors on the surface of hepatocytes may play a pre-
dominant role in the uptake of LDL (whether native 
or desialylated). In contrast, for macrophages, the 
Asgr1-mediated uptake of desLDL makes drastic dif-
ference because these cells, in general, show limited 
uptake of native sialylated LDLs (Figure 1A). Besides, 
because our primary goal was to study LDL uptake 
by macrophages in the aortic sinus atheroma, in our 
studies, mice were euthanized 6 hours after LDL in-
jection and, at this point, most Alexa-labeled LDL in 
hepatocytes could already be degraded.

The importance of Ashwell-Morell receptor path-
way in atherosclerosis is strongly supported by the 
results of genome-wide association study that linked 
ASGR1 variant to a reduced risk of coronary artery 
disease in the population of Iceland.57 The current 
results are also consistent with our previous data 
demonstrating abolished atheroma plaque size 
progression and decreased leukocyte infiltration in 
Ldlr−/− mice with 90% reduced NEU1 activity in cells 
of the hematopoietic lineage.25 They also explain the 
mechanism underlying rapid endocytosis of LDL with 
low sialic acid content by human aortic intimal cells11 
and mouse peritoneal macrophages.58

While this article was under revision, White et 
al59 reported reduced atherosclerosis in Apoe−/− 
mice carrying so-called Neu1hypo allele, a naturally 
occurring in SM/J mice Leu209Ile variant, presum-
ably reducing neuraminidase activity in tissues to 
50% to 60%. The authors explain the reduction of 
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atherosclerosis by decreased serum levels of very-
low-density lipoprotein, LDL cholesterol, and circu-
lating monocytes. In the present work, we do not 
detect changes in LDL cholesterol levels in Apoe−/− 
CathAS190A-Neo mice with 90% reduction of NEU1 
activity, whereas we see increased LDL cholesterol 
in constitutive NEU1 knockout mice. Besides, in our 

study, the reduction in size of the lesions in the NEU-
deficient Apoe−/− mice does not directly correlate with 
the decrease in macrophage infiltration. Both lesion 
size and macrophage-positive area were reduced in 
NEU1-deficient mice. The Apoe−/− Neu3−/− mice did 
not show reduced macrophage infiltration compared 
with controls and, yet, had a reduced fatty streak 

Figure 7. Pharmacological inhibition of neuraminidase 1 (NEU1) and neuraminidase 3 (NEU3) reduces atherosclerosis in 
Ldlr−/− mice.
A, Reduced size of fatty streaks in the aortic root of 14-week-old Ldlr−/− female mice treated with a NEU1-specific inhibitor and a 
NEU3-specific inhibitor. The 8-week-old Ldlr−/− female mice were fed a proatherogenic diet containing 15% fat and 1.25% cholesterol. 
Starting from 10 weeks, mice received intraperitoneal injections of sterile solutions of CG22601 (10 mg/kg body weight [BW]; n=9) and 
CG14601 (10 mg/kg BW; n=8) in saline every 48 hours for 2 weeks. The frequency of the injections was then increased to every 24 hours 
for another 2 weeks. Saline-treated mice were used as controls (n=7). Panels show representative images of aortic root sections 
stained with Red Oil O. Bar=500 µm. Graphs show atherosclerotic lesion size in the aortic roots (µm2) measured by ImageJ software. 
Data show mean±SD. *P<0.05 compared with control in Kruskal-Wallis multiple comparisons test. B, Lipid plasma composition of 
14-week-old Ldlr−/− mice treated for 4 weeks with NEU1-specific inhibitor and NEU3-specific inhibitor. Total cholesterol, triglyceride, 
high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol levels were measured in mouse plasma 
samples after treatment with CG22601 or CG14601. Data show individual and mean values (n=4 or 5)±SD.
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formation in the aortic root. This indicates that most 
likely a mechanism behind the reduced fatty streak 
formation is the reduction of macrophage uptake 
of desLDL and not the reduced macrophage con-
tent of the lesion. However, in Apoe−/− CathAS190A-Neo 
mice, atherosclerosis can be also slowed down by 
decreased monocyte/macrophage infiltration into the 
plaque. We also cannot completely exclude that a 
deficiency of cathepsin A activity affects atherogen-
esis in CathAS190A-Neo mice, although this seems un-
likely considering that NEU1-specific inhibitors show 
similar antiatherosclerotic effect.

NEU1 and NEU3 can access LDL at the plasma 
membranes of circulating monocytes and tissue macro-
phages60-62 as well as in plasma,42 where both enzymes 
are present potentially as parts of extracellular vesicles.63 
Although both neuraminidases in the purified form have 
in vitro acidic pH optimum, they have been shown to be 
active at the membrane surface, most likely because of 
the presence of acidified microenvironment (reviewed by 
Pshezhetsky and Ashmarina64). Furthermore, the con-
stant retroendocytosis of LDL via acidic endosomes65 
may also bring them in contact with neuraminidases 
inside the cell, resulting in progressive desialylation of 
ApoB oligosaccharide chains. The existence of this 
mechanism is supported by the large amount of desi-
alylated oligosaccharides found in LDL from the blood 
of patients with coronary artery disease.7

Both NEU1 and NEU3 are induced in monocytes 
during their differentiation into macrophages and fur-
ther during the activation of macrophages, where 
NEU1 is directly involved in induction of the inflam-
matory response.47,66-70 Moreover, a recent study has 
directly demonstrated that NEU1 expression is drasti-
cally increased in macrophages in the intima layer, in 
calcified regions, and in the adventitia of the carotid 
artery plaques in human patients with atherosclero-
sis.66 It is, therefore, tempting to speculate that the 
increase in desialylated LDL in circulation occurs in 
response to NEU1 induction associated with inflam-
mation and atherosclerosis, resulting in a detrimental 
positive-feedback cycle: LDL desialylation→LDL up-
take by macrophages→recruitment/activation of fur-
ther macrophages→induction of NEU1/NEU3→LDL 
desialylation→LDL uptake by macrophages→foam 
cell formation→fatty streak formation. Our findings 
encourage further studies to test if low LDL sialylation 
and/or increased neuraminidase activity in leukocytes 
can serve as early biomarkers of atherosclerosis in a 
human population.

In addition to LDL uptake, neuraminidases may 
activate the earlier step of atherogenesis: the ap-
pearance of intercellular adhesion molecule 1 on the 
surface of endothelial cells, leading to an increase 
in binding and infiltration of leukocytes. Both NEU1 
and NEU3 are expressed in human endothelial cells, 

and NEU1 levels negatively correlate with their migra-
tion.71 Moreover, removal of sialic acids from β2-inte-
grin (CD18 and CD11b) and of intercellular adhesion 
molecule 1 by polymorphonuclear leukocyte neur-
aminidase exposes activation epitopes, enhancing 
their interaction and resulting in tight adhesion be-
tween polymorphonuclear leukocytes and endothelial 
cells.72 Atherosclerotic lesions are frequently found in 
areas of aortic endothelium with reduced sialic acid 
content, and removal of sialic acids from the intima of 
aorta by neuraminidases increases the adhesion of 
circulating platelets as well as the uptake of LDLs.73 
NEU3 can also modulate vascular smooth muscle cell 
response to inflammatory cytokines that may contrib-
ute to plaque instability in atherosclerosis.74

Our current data demonstrate that the genetic in-
activation of both NEU1 and NEU3, but not of NEU4, 
reduces the rate of atherosclerosis in the Apoe−/− mice. 
Furthermore, we provide direct evidence that specific 
pharmacological inhibitors of these enzymes can have 
a therapeutic effect on the development of atheroscle-
rotic lesions. These results make a compelling case for 
studying these inhibitors, or their analogs, as candidates 
for preventing or treating atherosclerosis. No diseases 
are associated with NEU3 genetic deficiency in hu-
mans, and Neu3 knockout mice are viable, fertile, grow 
normally, and have normal life span. Although complete 
genetic inactivation of NEU1 in humans blocks lyso-
somal catabolism of sialylated glycopeptides and oligo-
saccharides, and leads to severe neurological diseases 
sialidosis (Mendelian Inheritance in Man No. 256550) 
and galactosialidosis (Mendelian Inheritance in Man No. 
256540), this does not preclude a possibility of a ther-
apy based on partial or targeted NEU1 inhibition. The 
CathAS190A-Neo mouse model with ≈10% residual activity 
of NEU1 in tissues used in this study is not clinically af-
fected (unless challenged by a high-fat diet75), whereas 
a complete Neu1 knockout mouse develops a sys-
temic disease matching the human phenotype.46 We 
speculate, therefore, that it would be possible to find a 
dose threshold for partial pharmacological inhibition of 
NEU1, providing a preventive or therapeutic effect for 
atherogenesis without affecting catabolic pathways for 
sialoglycoconjugates. Besides, it is possible that inhi-
bition of specific NEU enzymes can affect the expres-
sion of other isoforms causing off-target effects, such 
as, observed in this study, changes in levels of plasma 
gangliosides in NEU1-deficient mice. Thus, definition of 
a therapeutic window may become a major challenge, 
and optimal dosing and duration will have to be care-
fully evaluated in future preclinical work. Besides, both 
safety and efficacy still need to be demonstrated in hu-
mans. However, overall, our study suggests that spe-
cific inhibitors of NEU1 and NEU3 or biological agents 
targeting these enzymes may become attractive candi-
dates for preclinical evaluation.
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SUPPLEMENTAL MATERIAL



Data S1. 

Supplemental Methods 

Synthesis of 3’-O-sulfated lactoside galectin inhibitors (Lot 20160705) 

Scheme 1. Synthetic steps leading to lactoside analogs and their 3’-O-sulfated derivatives. 

General synthetic methods 
All reactions in organic medium were performed in standard oven dried glassware under an inert 
atmosphere of nitrogen using freshly distilled solvents. Solvents and reagents were 
deoxygenated, when necessary by purging with nitrogen. All reagents were used as supplied 
without prior purification unless otherwise stated, and obtained from Sigma-Aldrich Chemical 
Co. Ltd. Reactions were monitored by analytical thin-layer chromatography (TLC) using silica gel 
60 F254 precoated plates (E. Merck) and compounds were visualized with a 254 nm UV lamp, a 
mixture of iodine/silica gel and/or mixture of ceric ammonium molybdate solution (100 mL 
H2SO4, 900 mL H2O, 25 g (NH4)6Mo7O24H2O, 10 g Ce(SO4)2) and subsequent spots development 
by gentle warming with a heat-gun. Purifications were performed by silica gel flash column 
chromatography using Silicycle (60 Å, 40-63 µm) with the indicated eluent. NMR spectroscopy 
was used to record 1H NMR and 13C NMR spectra at 300 and at 75 MHz, respectively, on Bruker 
300 MHz spectrometers.  Proton and carbon chemical shifts (d) are reported in ppm relative to 
the chemical shift of residual CHCl3, which was set at 7.27 ppm (1H) and 77.00 ppm (13C). Coupling 
constants (J) are reported in Hertz (Hz), and the following abbreviations are used for peak 
multiplicities: singlet (s), doublet (d), doublet of doublets (dd), doublet of doublet with equal 
coupling constants (tap), triplet (t), multiplet (m). Analysis and assignments were made using COSY 
(COrrelated SpectroscopY) and HSQC (Heteronuclear Single Quantum Coherence) experiments. 
High-resolution mass spectrometry (HRMS) data were measured with a LC-MS-TOF (Liquid 
Chromatography-Mass Spectrometry-Time Of Flight; Agilent Technologies) in positive and/or 
negative electrospray mode(s) at the analytical platform of UQAM. 

General synthetic procedure A: phase-Transfer Catalysis (PTC) reaction. PTC reactions were 
performed following the previously established protocols80-85 or under the slightly modified 
procedure as follows: to a solution of peracetylated lactosyl bromide 1 (Scheme 1)86 (1 equiv.) in 
dichloromethane (6 mL) was added the corresponding aromatic alcohol (1 equiv.), 



tetrabutylammonium bromide (TBAB, 0.5 equiv.) and KOH (1M, 6 equiv.). The mixture was stirred 
at room temperature for two h 30 min and then washed successively with water and brine. The 
organic layer was dried over Na2SO4 and concentrated under reduced pressure. Purification by 
silica gel column chromatography (Hex/AcOEt: 7/3) afforded the corresponding compounds 2 
and 3 as yellow oil (yield 70-81%).  
General synthetic procedure B: Zemplén transesterification reaction: To a solution of lactoside 
2 and 3 in dry methanol was added a solution of sodium methoxide (1 M in MeOH, 0.1 equiv.). 
After stirring at room temperature for 1 h, the reaction was completed and then neutralized by 
addition of ion-exchange resin (Amberlite IR 120 H+). The solution was filtered and evaporated in 
vacuo to afford the de-O-acetylated lactosides 4 and 6 as white powder (yield 95%-quant.) 
General synthetic procedure C: preparation of 3’-O-sulfated lactosides: A mixture of 
deacetylated lactoside 4 and 6 (1 equiv.) and dibutyltin oxide (1.15 equiv.) in DMF/toluene (6 
mL/3 mL) were stirred at 90°C for 6 h. The solution was then concentrated and Me3N.SO3 (1.3 
equiv.) and dry DMF (6 mL) were added. After stirring at room temperature for 17 h, the reaction 
was quenched with water and evaporated under vacuum. The residue was purified through a 
column of DOWEX Marathon C (Na+) and eluted with H2O to afford the pure 3’-O-sulfated 
lactosides 5 and 7 as white powder after lyophilization (yield 80-84%).  
2,3,6,2ʹ,3ʹ,4ʹ,6ʹ-Hepta-O-acetyl-β-d-lactopyranosyl bromide (1) 

To a solution of per-O-acetylated lactose86 (14.2 g, 21 mmol) in anhydrous CH2Cl2 (63 mL) was 
added hydrobromic acid (33% in AcOH, 47.9 mL). The reaction mixture was stirred at room 
temperature for 1 h, then neutralized with saturated aqueous NaHCO3 and washed with brine. 
The organic layer was dried over Na2SO4 and concentrated under reduced pressure to afford 
lactosyl bromide 1 (13.6 g, 93%) as a white solid. Its spetrosopic data agreed well with those of 
the literature.87 
2-Naphthyl 2,3,6,2ʹ,3ʹ,4ʹ,6ʹ-hepta-O-acetyl-β-d-lactopyranoside (2) 
Following the general procedure A. Compound 2 was obtained as a yellow oil, yield: 556 mg 
(73%), Rf 0.5 (Hex/EtOAc: 1/1). 1H NMR (300 MHz, CDCl3): d 7.74-7.64 (m, 3H, Ar), 7.40-7.32 (m, 
2H, Ar), 7.26 (d, 1H, Ar), 7.12-7.08 (dd, 1H, Ar), 5.37-5.36 (m, 1H, H-4’), 5.33-5.27 (m, 1H, H-3), 
5.27-5.18 (m, 2H), 5.0-5.96 (dd, 1H), 4.55-4.52 (m, 2H), 4.20-4.07 (m, 3H), 3.96-3.85 (m, 3H), 2.17-
1.98 (21H, 7OAc). Spectroscopic data agrees with those of the literature.88 
2-Naphthyl 2,3,6,2ʹ,3ʹ,4ʹ,6ʹ-hepta-O-acetyl-1-thio-β-d-lactopyranoside (3) 
Following the general procedure A. Compound 3 was obtained as a yellow oil, yield: 650 mg 
(83%), Rf 0.52 (Hex/EtOAc: 1/1). 1H NMR (300 MHz, CDCl3): d 7.95 (d, 1H, J = 1.2 Hz, Ar), 7.81-7.73 
(m, 3H, Ar), 7.53-7.45 (m, 3H, Ar), 5.31-5.28 (m, 1H, H-4’), 5.21 (t, 1H, H-3), 5.10-5.04 (dd, 1H, H-
2’), 4.95-4.93 (m, 1H, H-3’), 4.90 (t, 1H, H-2), 4.75 (d, 1H, J = 10.0 Hz, H-1), 4.54-4.49 (m, 1H, H-
6a), 4.47 (d, 1H, J = 7.8 Hz, H-1’), 4.12-4.10 (m, 1H, H-6b), 4.08-4.04 (m, 2H, H-6’ab), 3.85 (t, 1H, J 
= 6.7 Hz, H-5’), 3.72 (t, 1H, H-4), 3.69-3.65 (m, 1H, H-5), 2.13-1.93 (21H, 7OAc). Spectrocopic data 
agrees with those previously reported.89  
2-Naphthyl b-d-lactopyranoside (4) 
Following the general procedure B. Compound 4 was obtained as a white powder, yield: 209 mg 
(95%), Rf 0.55 (CH2Cl2/MeOH: 7/3). 1H NMR (300 MHz, MeOD): d 7.82-7.78 (m, 3H, Ar), 7.50-7.29 
(m, 4H, Ar), 5.14 (d, 1H, J = 7.62 Hz, H-1), 4.45 (d, 1H, J = 7.5 Hz, H-1’), 4.02-3.90 (m, 2H, J = 10.86 
Hz, H-6’), 3.86 (m, 1H, H-4’), 3.84-3.75 (m, 2H, J = 11.4 Hz, H-6), 3.73-3.71 (m, 3H, H-3,4,5’), 3.66 
(m, 1H, J = 7.62 Hz, H-2), 3.64 (m, 1H, H-5), 3.60 (m, 1H, J = 7.5 Hz, H-2’), 3.55-3.50 (m, 1H, H-3’). 



13C NMR (75 MHz, MeOD): d 155.3 (Cq Ar), 134.5 (Cq Ar), 129.9 (Cq Ar), 128.9, 127.2, 126.7, 
125.9, 123.8, 118.5, 110.6, 103.6 (C-1’), 100.7 (C-1), 78.8 (C-5’), 75.7 (C-5), 75.3 and 74.9 (C-3,4), 
73.4 (C-3’), 73.2 (C-2), 71.1 (C-2’), 68.9 (C-4’), 61.1 (C-6), 60.3 (C-6’). ESI-HRMS: m/z calcd for 
C22H28O11, 468.1632; found 468.1608. 
2-Naphthyl 3ʹ-O-sulfo-b-d-lactopyranoside, sodium salt (5)
Following the general procedure C. Compound 5 was obtained as a white powder, yield: 136 mg
(80%), Rf 0.48 (CH2Cl2/MeOH: 7/3). 1H NMR (300 MHz, D2O): d 7.85-7.77 (m, 3H, Ar), 7.5-7.42 (m,
3H, Ar), 7.27 (d, 1H, J = 9 Hz, Ar), 5.15 (d, 1H, J = 7.41 Hz, H-1), 4.51 (d, 1H, J = 7.7 Hz, H-1’), 4.28
(dd, 1H, J = 3.3, 9.7 Hz, H-3’), 4.22 (m, 1H, J = 3.3 Hz, H-4’), 3.95 (d, 1H, J = 11.58 Hz, H-6a), 3.75
(d, 1H, J = 11.58 Hz, H-6b), 3.71-3.66 (m, 6H, H-3,4,5,5’,6’ab), 3.64 (dd, 1H, J = 7.7, 9.7 Hz, H-2’),
3.59 (m, 1H, H-2). 13C NMR (75 MHz, D2O): d 154.3 (Cq Ar), 133.8 (Cq Ar), 129.9, 129.7 (Cq Ar),
127.7, 127.1, 126.9, 124.9, 118.5, 110.7, 102.5 (C-1’), 99.9 (C-1), 80.0 (C-3’), 78.0 (C-5), 74.9 (C-
3,5’), 74.1 (C-4), 72.6 (C-2), 69.1 (C-2’), 66.8 (C-4’), 60.8 (C-6’), 60.0 (C-6). ESI-HRMS: m/z calcd for
C22H28O14S, 548.1216; found 547.1144 [M-H]-.
2-Naphthyl 1-thio-b-d-lactopyranoside (6)
Following the general procedure B. Compound 6 was obtained as a white powder, yield: 401 mg
(quant.), Rf 0.57 (CH2Cl2/MeOH: 7/3). 1H NMR (300 MHz, MeOD): d 8.10 (s, 1H, Ar), 7.85-7.80 (m,
3H, Ar), 7.68-7.65 (m, 1H, Ar), 7.53-7.48 (m, 2H, Ar), 4.76 (d, 1H, J = 9.0 Hz, H-1), 4.39 (d, 1H, J =
7.38 Hz, H-1’), 3.99-3.85 (m, 2H, H-6’), 3.82 (m, 1H, H-4’), 3.79-3.67 (m, 2H, H-6), 3.61-3.59 (m,
3H, H-3,4,5), 3.57 (m, 1H, H-2’), 3.53 (m, 1H, H-5’), 3.51-3.47 (m, 1H, H-3’), 3.37-3.36 (m, 1H, H-
2). 13C NMR (75 MHz, MeOD): d  132.6 (Cq Ar), 130.9 (Cq Ar), 130.3 129.1 (Cq Ar), 129.0, 127.8,
127.2, 127.1, 126.1, 125.8, 103.5 (C-1’), 87.6 (C-1), 79.2 (C-5’), 78.7 (C-5), 76.6 and 75.7 (C-3,4),
73.4 (C-3’), 72.0 (C-2), 71.1 (C-2’), 68.9 (C-4’), 61.1 (C-6), 60.6 (C-6’). ESI-HRMS: m/z calcd for
C22H28O10S, 484.1403; found 484.1446.
2-Naphthyl 3ʹ-O-sulfo-1-thio-b-d-lactopyranoside, sodium salt (7)
Following the general procedure C. Compound 7 was obtained as a white powder, yield: 119 mg
(84%), Rf 0.5 (CH2Cl2/MeOH: 7/3). 1H NMR (300 MHz, D2O): d 7.92 (s, 1H, Ar), 7.79-7.72 (m, 3H,
Ar), 7.5-7.4 (m, 3H, Ar), 4.74 (d, 1H, J = 8.82 Hz, H-1), 4.42 (d, 1H, J = 7.83 Hz, H-1’), 4.23 (dd, 1H,
J = 3.2, 9.66 Hz, H-3’), 4.19 (t, 1H, J = 3.2 Hz, H-4’), 3.85 (d, 1H, J = 11.88 Hz, H-6a), 3.74 (d, 1H, J =
11.88 Hz, H-6b), 3.66 (s, 2H, H-6’ab), 3.63 (m, 1H, H-5’), 3.61 (d, 1H, J = 7.83 Hz, H-2’), 3.57-3.54
(m, 2H, H-3,4), 3.47 (s, 1H, H-5), 3.35 (m, 1H, H-2). 13C NMR (75 MHz, D2O): d 133.2, 132.1, 130.2,
129.5, 128.7, 127.6, 127.4, 126.9, 126.7, 102.46 (C-1’), 87.0 (C-1), 80.0 (C-3’), 78.6 (C-5), 77.9 (C-
3), 75.7 (C-4), 74.8 (C-5’), 71.5 (C-2), 69.0 (C-2’), 66.8 (C-4’), 60.8 (C-6’), 60.0 (C-6). ESI-HRMS: m/z
calcd for C22H28O13S2, 564.0982; found 563.0909 [M-H]-.



Table S1. Quantitation of ApoB100 N-glycan profiles after NEU2, NEU3, and NEU4 treatment ‡ 

peak RT LDL NEU2 Sia NEU3 Sia NEU4 Sia LDL NEU2 NEU3 NEU4 
1 9.01 1.3% 0.0% 0.00 0.0% 0.00 0.0% 0.00 

18.0% 24.4% 26.3% 8.0% 
2 10.28 7.2% 8.2% 0.00 5.4% 0.00 2.6% 0.00 
3 11.47 4.7% 5.7% 0.00 5.0% 0.00 1.9% 0.00 
4 12.79 4.8% 10.5% 0.13 15.9% 0.22 3.4% 0.29 
5 14.20 4.8% 3.3% 0.50 2.2% 0.44 0.0% 0.00 

48.6% 57.8% 62.8% 84.1% 
6 15.49 15.4% 17.2% 0.55 24.5% 0.56 60.9% 0.50 
7 16.90 26.1% 34.4% 0.90 32.6% 0.88 23.2% 0.90 
8 18.23 1.5% 2.9% 1.00 3.5% 1.00 0.0% 1.00 
9 19.75 0.8% 0.0% 1.50 0.0% 1.50 0.0% 1.50 

10 20.91 4.0% 2.0% 1.40 2.1% 1.60 2.0% 1.67 

30.5% 17.8% 10.9% 7.9% 
11 22.18 23.5% 14.3% 2.14 7.8% 2.17 5.9% 2.17 
12 23.74 1.9% 0.0% 1.00 0.0% 1.00 0.0% 1.00 
13 24.94 1.2% 1.5% 2.00 1.0% 2.00 0.0% 2.00 
14 28.82 0.6% 0.0% 3.00 0.0% 3.00 0.0% 3.00 

2.9% 0.0% 0.0% 0.0% 15 29.79 1.2% 0.0% 2.33 0.0% 2.33 0.0% 2.33 
16 31.03 1.0% 0.0% 3.00 0.0% 3.00 0.0% 3.00 

  %change: 0.0% 23.3% 33.6% 38.2% 
‡Percentages shown are normalized within each run. The average sialic acid content (Sia) was assigned using MS/MS fragmentation 
analysis to determine glycan structures found within each peak. The average number of Neu5Ac residues per peak was then used to 
sort into asialo-, monosialo-, disialo-, and trisialo-side groups. The total area of each group is totaled in the far-right columns for each 
sample. The % change in asialo+monosialo peaks is calculated in the bottom row. Abbreviations used: RT, retention time; Sia, sialic 
acid content. 



Table S2. Quantitation of ApoB100 N-glycan profiles after NEU1 treatment‡ 

peak RT LDL NEU1 Sia LDL NEU1 
1 10.53 25.6% 36.0% 0.00 

46.8% 62.8% 2 11.74 11.5% 15.5% 0.00 
3 13.17 9.8% 11.4% 0.00 
4 14.13 3.4% 3.7% 1.00 

20.2% 18.4% 5 15.26 6.3% 6.1% 0.60 
6 16.71 10.5% 8.6% 0.67 
7 18.05 25.4% 17.5% 1.00 

33.0% 18.8% 8 23.62 2.1% 0.0% 2.00 
9 25.34 5.5% 1.3% 2.00 

%change: 0.0% 14.2% 
‡Percentages shown are normalized within each run. The average sialic acid content 
(Sia) was assigned using MS/MS fragmentation analysis to determine glycan 
structures found within each peak. The average number of Neu5Ac residues per peak 
was then used to sort into asialo-, monosialo-, disialo-, and trisialo-side groups. The 
total area of each group is totaled in the far-right columns for each sample. The % 
change in asialo+monosialo peaks is calculated in the bottom row. Abbreviations used: 
RT, retention time; Sia, sialic acid content. 



Table S3. Glycopeptides identified for control ApoB100 

Peptide mass Peptide sequence Glycosylation sites Glycan structures assigned 

481.171 (Y)GNCST(H) N158 

Hex6HexNAc3NeuAc1 
Hex5HexNAc4NeuAc1 
Hex5HexNAc3NeuAc1 
Hex4HexNAc3NeuAc1 
Hex5HexNAc4 
Hex5HexNAc3 
Hex6HexNAc3 
Hex4HexNAc2 
Hex3HexNAc2 

519.241 (H)NGSEI(L) N4210 Hex5HexNAc5NeuAc2 
535.254 (A)MGNIT(Y) N3309 Hex5HexNAc3 NeuAc1 
566.242 (Y)SNASST(D) N956 Hex5HexNAc4 NeuAc2 

Hex5HexNAc4 NeuAc1 566.257 (N)QNFSA(G) N3074 
594.237 (S)NASSTD(S) N956 

Hex5HexNAc2 594.237 (G)GNTSTD(H) N1350 
607.268 (I)GNGT TSA(N) N2752 Hex9HexNAc2 
610.247 (L)FNQSD(I) N3331 Hex5HexNAc3NeuAc1 
610.283 (I)DFNKS(G) N2212 

Hex5HexNAc4NeuAc1 
Hex5HexNAc4NeuAc2 610.294 (L)RFNSS(Y) N1496 

612.262 (G)AYSNAS(S) N956 
612.299 (V)TKSYN(E) N3197 Hex5HexNAc3NeuAc1 670.286 (E)NLSFSC(P) N7 
731.295 (G)GNTSTDH(F) N1350 

Hex4HexNAc3NeuAc1 
Hex4HexNAc4NeuAc1 
Hex5HexNAc4NeuAc1 
Hex5HexNAc4 

731.295 (V)EGSHNST(V) N3384 
731.332 (D)ANADIGNG(T) N2752 
731.332 (G)SHNSTVS(L) N3384 
731.332 (E)NVSLVCP(K) N7 
731.376 (Y)NQNFSAG(N) N3074 
750.378 (E)NIDFNK(S) N2212 

Hex5HexNAc4NeuAc2 
Hex5HexNAc4NeuAc1 750.389 (S)NLRFNS(S) N1496 

750.389 (E)SNLRFN(S) N1496 
771.298 (L)DTVYGNC(S) N158 Hex5HexNAc3NeuAc1 

836.415 (E)LFNQSDI(V) N3331 Hex5HexNAc4NeuAc1 
Hex5HexNAc4NeuAc2 

849.41 (Y)NATWSASL(K) N3868 Hex5HexNAc3NeuAc2 



Table S4.  Glycopeptides identified for NEU3-treated ApoB100 

Peptide mass Peptide sequence Glycosylation sites Glycan structures assigned 

363.151 (Y)NET(K) N3197 Hex5HexNAc5NeuAc1 
Hex5HexNAc5 

594.237 (S)NASSTD(S) N956 Hex5HexNAc4 
Hex6HexNAc3 
Hex5HexNAc2 594.237 (G)GNTSTD(H) N1350 

610.247 (L)FNQSD(I) N3331 
Hex5HexNAc3NeuAc1 610.283 (I)DFNKS(G) N2212 

610.294 (L)RFNSS(Y) N1496 
612.262 (G)AYSNAS(S) N956 

Hex5HexNAc4 612.299 (V)TKSYN(E) N3197 
664.29 (G)NGTTSAN(E) N2752 Hex5HexNAc5 
656.271 (D)TVYGNC(S) N158 

Hex5HexNAc5 656.300 (V)HNGSEI(L) N4210 
668.289 (L)DTVYGN(C) N158 Hex5HexNAc4NeuAc1 
674.274 (G)NTSTDH(F) N1350 

Hex9HexNAc2 674.310 (D)ANADIGN(G) N2752 
674.372 (M)LENVSL(V) N7 

681.269 (Y)SNASSTD(S) N956 
Hex5HexNAc2 
Hex5HexNAc4 
Hex6HexNAc3 

731.295 (G)GNTSTDH(F) N1350 

Hex4HexNAc4 
Hex4HexNAc3 
Hex5HexNAc4 

731.295 (V)EGSHNST(V) N3384 
731.332 (D)ANADIGNG(T) N2752 
731.332 (G)SHNSTVS(L) N3384 
731.332 (E)NVSLVCP(K) N7 
731.376 (Y)NQNFSAG(N) N3074 
750.378 (E)NIDFNK(S) N2212 

Hex5HexNAc4 
Hex5HexNAc4NeuAc1 750.389 (S)NLRFNS(S) N1496 

750.389 (E)SNLRFN(S) N1496 
761.342 (A)NADIGNGT(T) N2752 Hex5HexNAc5 

836.415 (E)LFNQSDI(V) N3331 Hex5HexNAc4 
Hex4HexNAc3 



Figure S1. Pan-neuraminidase inhibitor DANA prevents desialylation of ApoB100 in LDL 
by neuraminidases.  

Purified human LDL were incubated with human recombinant NEU2,3 or 4 either with or without 
pan-neuraminidase inhibitor DANA (1 mM final concentration) and glycosylation of ApoB100 
was analyzed by blotting with MAL-II lectin. Ponceau S-stained membrane was used as a control 
for protein loading. Abbreviations used: ApoB, Apolipoprotein B 100; DANA, 2,3-didehydro-2-
deoxy-N-acetyl-neuraminic acid; LDL, low-density lipoprotein; MAL, Maackia amurensis lectin. 
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Figure S2. NEU1 deficiency reduces atherosclerotic lesions in the thoracic aorta of Apoe-/- 
mice  

(A) Representative photomicrographs of Red Oil O-stained fatty streaks in the intima of the 
thoracic aorta and (B) quantitative analysis of atherosclerotic lesion sizes.

For the en face analysis of the whole aorta  Apoe-/-  and Apoe-/-CathAS190A-Neo female mice fed with 
a normal diet were euthanized at 20 weeks and their aorta dissected out from the heart until 3-5 
mm after the iliac bifurcation. Fat and connective tissue were removed, and the heart and aortic 
arch separated from the aorta. The remaining aorta was opened longitudinally and pinned on silica 
Petri dish using 0.2-mm-diameter stainless steel pins (Fine Science Tools). The pinned vessels 
were stained the Sudan IV (Sigma-Aldrich, St. Louis, MO, USA). The images were captured with 
a PixeLINK PL-A686C camera attached to a Leica MZ6 dissecting microscope. The area of 
stained lesion size was determined using ImageJ analysis software. Bar graph shows mean values 
and SEM of data from 6 mice for each genotype; * statistically different from Apoe-/-  mice 
(p<0.05) according to t-test.  
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Figure S3. Plasma levels of total and  LDL cholesterol and atherosclerotic lesion size in the 
heart sinus of individual Apoe-/-Neu3-/- mice  

No correlation was observed between the size of fatty streaks and LDL or total cholesterol plasma 
levels. For both values the slope of linear regressions is not significantly different from zero. 
Abbreviations used: LDL, low-density lipoprotein; Neu, neuraminidase 
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Figure S4. Generation of Neu1 KO mouse strains 

(A) The targeted Neu1 ENSMUSE141558 allele contains LacZ/BactPNeo cassette inserted into the
intron 2 of the mouse Neu1 gene, resulting in the expression of a fusion protein containing the
mouse NEU1 amino acid sequence encoded by the exons 1-2 followed by the bacterial β-
galactosidase encoded by the LacZ gene under the control of the endogenous Neu1 promoter.24

In addition the exon 3 of the gene is flanked with LoxP sites. The Neu1DEx3 strand was obtained
by crossing the Neu1ENSMUSE141558 mouse with C57Bl6J mice with global constitutive expression
of Cre recombinase resulting in removal of the entire exon 3 from the Neu1 gene.
(B) The Neu1 ENSMUSE141558 and Neu1DEx3 mice from F2 generation were genotyped by PCR with
primers shown in (A) that amplify 998 and 1068 bp fragments from the targeted alleles and 550
bp fragment from the WT allele.
(C) Neu1 mRNA level was measured by RT-QPCR in kidney tissue of mice homozygous for the
targeted allele is reduced to less than 0.15% i.e. below the detection level. Three mice were
studied for each genotype. ** - significantly different from WT mice (p < 0.01) in Kruskal-
Wallis followed by Dunn's multiple comparisons test.
(D) Residual neuraminidase activity in kidney tissue from mice homozygous for the targeted
alleles is reduced to 3% of that in the WT similar to that in the previously reported Neu1 KO
mouse. Abbreviations used: Neu, neuraminidase.46  Three mice were studied for each genotype.
*** - significantly different from WT mice (p < 0.001) in Kruskal-Wallis followed by Dunn's
multiple comparisons test.
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Figure S5. Pharmacological inhibitors of human NEU used in this study. 
Compounds used in this study are summarized with literature references and reported selectivity 
for NEU enzymes. Compound C9-BA-DANA was originally named as a C9-butylamido 
compound, although it should be referred to as a pentyl amide derivative. We have kept this 
abbreviation for consistency with the literature. Structures are shown in the C1 methyl ester forms 
used for this study. Carbon atom numbering used for abbreviations is shown on the structure for 
DANA. The designations for compounds are shown from original references. 



Figure S6. NEU1 isoform is responsible for the majority of acidic neuraminidase activity in 
the mouse kidney  

Acidic neuraminidase activity was measured in the homogenates of Neu1DEx3 mice and their WT 
siblings using the fluorogenic substrate 4-methylumbelliferone-N-acetyl-neuraminic acid and in 
the absence (total neuraminidase activity) or the presence (NEU1 specific activity) of a specific 
neuraminidase 3 and 4 inhibitor, C9-4BPT-DANA (CG17701).12 In contrast to that in lungs, 
brain and spleen, total neuraminidase activity in kidney tissues is not inhibited by C9-4BPT-
DANA and is reduced almost to the background level in the kidney from Neu1DEx3 mice.  Data 
are shown as means of experiments (±SD) performed using 3 mice per genotype. Significant (*P 
< 0.05, **P < 0.01, ***P < 0.001) determined by ANOVA with a Tukey’s post-test. 
Abbreviations used: Neu, neuraminidase 
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Figure S7. In vivo treatment of mice with a specific NEU1 inhibitor C9-BA-DANA blocks 
neuraminidase activity in kidney tissues 

Four week-old WT mice were injected intraperitoneally with C9-BA-DANA (30 mg/kg) or 
saline for 2 consecutive days. NEU1 KO Neu1 ENSMUSE141558 mice were receiving saline injections 
only. Twenty hours after the last injection mice were sacrificed and their kidney removed and 
frozen in OCT. Five µm thick sections were stained with histochemical neuraminidase substrate, 
X-Neu5Ac. Tissue of saline-treated WT mouse but not of C9-BA-DANA-treated WT or NEU1
KO mouse shows staining the neuraminidase substrate. Panels show representative images of
triplicate experiments. Abbreviations used: Neu, neuraminidase
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