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Abstract

Background: Oxidation-specific epitopes (OSEs) are rich in atherosclerotic plagues. Innate and adaptive immune
responses to OSEs play an important role in atherosclerosis. The purpose of this study was to develop novel human
single-chain variable fragment (scFv) antibody specific to OSEs to image and inhibit atherosclerosis.

Results: Here, we screened a novel scFv antibody, named as ASA6, from phage-displayed human scFv library. ASA6
can bind to oxidized LDL (Ox-LDL) and atherosclerotic plaques. Meanwhile, ASA6 can also inhibit the uptake of
Ox-LDL into macrophage to reduce macrophage apoptosis. The atherosclerotic lesion area of Apof~'~ mice adminis-
trated with ASA6 antibody was significantly reduced. Transcriptome analysis reveals the anti-atherosclerosis effect of
ASAG6 is related to the regulation of fatty acid metabolism and inhibition of M1 macrophage polarization. Moreover,
we conjugated ASA6 antibody to NaNdF ,@NaGdF, nanoparticles for noninvasive imaging of atherosclerotic plagues
by magnetic resonance (MR) and near-infrared window II (NIR-Il) imaging.

Conclusions: Together, these data demonstrate the potential of ASA6 antibody in targeted therapy and noninvasive
imaging for atherosclerosis.
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Background

Cardiovascular disease (CVD) is the leading cause of
death worldwide which result in ~17.8 million deaths
globally, and the crude prevalence of CVD was 485.6 mil-
lion cases in 2017 [1]. Atherosclerosis is a chronic inflam-
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endothelium is impaired [5]. Then the reactive oxygen
species (ROS) in the subendothelial matrix could convert
LDL into Ox-LDL, which is identified as a high cardio-
vascular risk factor and could promote the uptake of Ox-
LDL into macrophages [6, 7]. The continuous engulfment
of Ox-LDL mediated by scavenger receptors (e.g. CD36
and SRA1) leads to the transformation of macrophages
into foam cells, which are the characteristic cells in the
atherosclerotic lesions [8]. Therefore, Ox-LDL could
induce chronic inflammation and eventually result in the
initiation and progression of atherosclerotic lesions [9,
10].

Due to the complexity and heterogeneity of Ox-LDL,
it harbours many modified lipid and neo-epitopes, such
as oxidized phospholipids (OxPL) and malondialde-
hyde (MDA) modified apolipoprotein B-100 (apoB-100)
epitopes, which are termed oxidation-specific epitopes
(OSEs) [11]. OSEs could trigger innate and adaptive
immunity, and IgM or IgG antibodies against oxidation
epitopes in LDL were found in patients with atheroscle-
rosis [12]. Previous studies showed that the level of OSEs
specific IgM antibody was inversely associated with the
incidence of carotid atherosclerosis and coronary artery
disease (CAD) [13, 14]. The immunization against Ox-
LDL may have an atheroprotective effect. A number of
studies have shown that immunization of hypercholes-
terolemic rabbits and mice with Ox-LDL or apoB-100
peptides could impede the progression of atherosclerosis
[15-17]. Previous studies have shown that specific anti-
bodies recognizing OSEs can inactive Ox-LDL and block
the uptake by macrophages, resulting in reducing foam
cell formation and atherosclerosis progression. These
OSEs specific antibodies are murine monoclonal anti-
bodies [18, 19] or recombinant antibody fragments iso-
lated from human antibody phage display library [20-23].

Phage display as a high-throughput in vitro display
technique allows to obtain antibodies that would be
extremely difficult, if not impossible, to generate by ani-
mal immunization [24]. In general, small antibody frag-
ments (e.g. Fab and scFv) are smaller in size, lack the Fc
region and possess unique tissue penetration properties
suitable to therapeutic and imaging applications [25].
Previous studies have demonstrated that elevated levels
of circulating OSEs is highly associated with presence
and progression of CAD, so development of sensitive
molecular imaging probes that target OSEs in the artery
wall may enable the noninvasive detection of vulner-
able plaques [26]. Due to the submillimeter resolution
with unlimited penetration depth, magnetic resonance
imaging (MRI) has been considered as a promising tech-
nique for noninvasive atherosclerotic lesion diagnosis
by the direct assessment of plaque burden and composi-
tion [27, 28]. However, MRI is limited by long scanning
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and post-analyzing times, and the sensitivity is very low
even with injected contrast. The fluorescence imaging
in the second near-infrared window (NIR-II, 1000—-1700
nm) has recently emerged as a promising noninvasive
angiographic method with the advantages of fast imaging
capability, deep tissue penetration, nonionizing radiation
and low cost [29-33]. However, human coronary vessels
NIR-II imaging will still be extremely challenging due to
the limited penetration of NIR light in human tissue. We
hypothesized that the conjugation of MRI/NIR-II molec-
ular probes to OSEs specific antibodies will achieve accu-
rate diagnosis of atherosclerotic lesions and will obtain
the characterization of vulnerable plaque.

Herein, we report a new human scFv antibody, named
as ASA6, which was isolated by screen a human anti-
body phage display library against human atheroscle-
rotic lesions (Fig. 1). We found ASA6 antibody could
bind to Ox-LDL and inhibit the uptake of Ox-LDL by
macrophages to reduce the apoptosis of macrophages.
In addition, ASA6 antibody can decrease atherosclerotic
plaque area in ApoE~'~ mice after in vivo treatment. The
ASAG6 antibody was then conjugated to MRI/NIR-II dual-
function probe, and imaging efficacy for noninvasive
detection of atherosclerotic plaques was investigated in
present study.

Materials and methods

Animals

Male 6-week-old C57BL/6] mice (wild type, Vital River,
Beijing, China) were used to evaluate biocompatibility
of nanoparticles. Male 6-week-old ApoE~'~ mice (Vital
River, Beijing, China) were fed with a high-fat diet (HFD)
(containing 15% fat and 1.5% cholesterol) to induce ath-
erosclerosis. All mice were maintained on 12-h dark/12-
h light cycles with access to food and drinking water, ad
libitum. Mice were euthanized by inhalation of 5% isoflu-
rane (RWD Life Science, Shenzhen, China) and cervical
dislocation to harvest organs.

Sample collection and RNA preparation

A total of 55 patients with angiographically defined coro-
nary artery disease from the Affiliated Hospital of Qing-
dao University (Shinan District) were selected and total
cholesterol (TG), total triglyceride (TC), high density
lipoprotein (HDL) and low density lipoprotein (LDL)
levels were measured (Additional file 1: Table S1). Then,
arterial blood samples from these patients were collected,
and lymphocytes were separated by using lymphocyte
separation medium (Solarbio, Beijing, China). Total RNA
was extracted from lymphocytes using the Trizol (Sigma-
Aldrich, St Louis, MO, USA). Meanwhile, several human
arteries with atherosclerotic plaques were obtained from
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Fig. 1 Schematic illustration of isolation of ASA6 and its application in imaging and treatment of atherosclerosis. ASA6 are screened from human
antibody phage display library based on peripheral blood of CAD patients. ASA6 can specifically bind to Ox-LDL particles to inhibit the uptake of
Ox-LDL by macrophages. ASA6 exhibits a therapeutic effect against atherosclerosis in ApoE”~ mice. Due to the specific binding to atherosclerotic
plaques, ASA6 can be used in MR/NIR-Il imaging of atherosclerosis by conjugated with NaNdF ,@NaGdF, nanoparticles

division of vascular surgery of the Affiliated Hospital of
Qingdao University (Shinan District).

Construction of scFv phage display library

Construction and biopanning of scFv phage display
library, identification of positive clones and scFv antibody
purification was performed according to the methods of

previously described [34, 35], with PCR primers listed in
Additional file 1: Table S2.

Immunofluorescence and oil-red O staining

A section of postmortem human atherosclerotic coro-
nary artery was embedded in OCT and snap-frozen
in liquid nitrogen. Series of 10-pm-thick slices were
transversely sectioned. Non-specific binding sites were
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blocked by 3% BSA in PBS at 37 °C for 1 h. The slides
were incubated with ASA6 (1 pg/mL) at 37 °C for 1 h.
Then the slides were incubated with anti-His tag mouse
mAb (1:5000) (Sino Biological, Beijing, China) at 37 °C
for 1 h and 1:100 diluted Cy3-labeled Goat anti-Mouse
IgG (H+L) (ABclonal, Wuhan, China) at 37 °C for 1 h.
DAPI was used for nuclear staining. The images were
captured using Nikon Eclipse Ti fluorescence micro-
scope (Nikon, Tokyo, Japan). Percentage of positively
stained areas within the lesion were evaluated by Image
] software 1.52 (National Institutes of Health, Bethesda,
MD, USA). Meanwhile, the atherosclerotic lesions were
stained by oil-red O and photographed.

Sequencing analysis of ASA6

The gene coding sequence of ASA6 was obtained using
forward primer ompseq (5-AAGACAGCTATCGCG
ATTGCAG-3') and backward primer gback (5'-GCC
CCCTTATTAGCGTTTGCCATC-3'), and the amino
acid sequence of ASA6 was analyzed with NCBI BlastP
online tool.

Synthesis of ASA6 antibody-conjugated NaNdF,@NaGdF,
nanoparticles (ASA6-NPs)
Step 1: preparation
nanoclusters.

An amount of 1 mL of neodymium (III) chloride hexa-
hydrate solution (NdCl;, 0.5 M) and 4 mL of sodium flu-
oride solution (NaF, 0.5 M) were added dropwise to the
homogeneous solution including 1.2 g sodium hydroxide
(NaOH), 9 mL of absolute ethanol, 4 mL of deionized
water and 20 mL of oleic acid. After stirring at RT for 1 h,
a-NaNdF, nanoclusters were precipitated by 35 mL of
absolute ethanol. The obtained a-NaNdF, nanoclusters
were washed twice by absolute ethanol, and finally dis-
persed in 2 mL of cyclohexane for further use.

Step 2: synthesis of B-NaNdF,@p-NaGdF, core-shell
nanoparticles (NPs).

An amount of 6 mL of oleic acid, 10 mL of 1-octa-
decene, and 2 mL of a-NaNdF, nanoclusters cyclohexane
solution (0.25 M) were added successively in a 100 mL
of three-neck flask. To ensure that cyclohexane is com-
pletely removed, the mixture was stirred under a stream
of nitrogen at 70 °C. The temperature was then raised
to 280 °C at a rate of ~15 °C/min, and the temperature
was lowered to 70 °C after 30 min of reaction at 280 °C.
After adding NaGdF, nanocluster solution (0.5 mM),
B-NaGdEF, shell growth was performed according to the
same reaction conditions of p-NaNdF, core nanocrystals.
After the reaction, the temperature was cooled to 70 °C,
and then NaGdF, nanocluster solution (0.25 mM) was
added, and the shell thickness was increased according
to the same shell reaction conditions. Finally, the reaction

of NaLnF, (Ln=Nd, Gd)
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temperature was cooled to RT, and the reaction produc-
tion was obtained after the centrifugation at 11,000 rpm
for 10 min. After washing twice by absolute ethanol, the
product was dispersed in chloroform.

Step 3. Typically, 10 mg NPs were mixed with phospho-
rylated brush polymer (50 mg) with overnight stirring.
Then, the polymer coated nanoparticles were precipi-
tated by cyclohexane and dried under a vacuum at room
temperature. The dried nanoparticles were redispersed in
the saline solution (5 mL), and further purified by ultra-
filtration at 1500 g for 3 times to remove free polymer.

Step 4. ASA6 was conjugated to NPs by EDC/NHS
reaction. Firstly, 5 mg of NaNdF,@NaGdF, nanoparticles
were concentrated by ultrafiltration at 1500 g for 8 min,
then the NPs were resuspended by 600 uL of PBS buffer
(pH 6.8). Then, 10 mg of EDC and 5 mg of NHS dissolved
in 200 uL of PBS (pH 6.8) were add to the solution above
and shake at 150 rpm for 30 min for activating the car-
boxyl group. The activated NPs were washed twice with
PBS buffer (pH 7.2) by ultrafiltration and resuspended
in 1 mL of PBS buffer (pH 7.2). 1 mL of ASA6 (3.67 mg/
mL) in PBS buffer (pH 7.2) was added to the solution
with EDC/NHS activated NPs and shaken at RT for 4 h.
After conjugation, the ASA6-NPs probe was washed five
times by PBS buffer (pH 7.2) and resuspended in 1 mL of
PBS buffer (pH 7.2) with 0.05% (w/v) NaN; and 1% (w/v)
BSA and store at 4 °C. TEM images were captured with
a FEI Tecnai G20 transmission electron microscope (FEI,
Hillsboro, USA) operating at an acceleration voltage of
120 kV. The hydrodynamic sizes of NPs and ASA6-NPs
were tested at 25 °C using Malvern Zetasizer Nano ZS90
with dynamic light-scattering (DLS) (Malvern, Worces-
tershire, UK) with a solid-state He—Ne laser (A=633
nm).

The biocompatibility assessment of ASA6-NPs probe

in vitro

The cytotoxicity of ASA6-NPs was determined by the
MTT assay in vitro. In brief, human aortic endothelial
cells (HAECs) were seeded into 96-well culture plates
and incubated at 37 °C in an incubator with 5% CO, for
24 h. Then, the cell culture medium was aspirated and
fresh culture media containing various concentrations
of ASA6-NPs (0.16, 0.32, 0.65, 1.30 mg/mL) were added.
After 6, 12 and 24 h, relative cell activity was analyzed by
MTT assay kit (Meilun, Dalian, China).

The biocompatibility assessment of ASA6-NPs probe

in vivo

Male 6-week-old C57BL/6] mice were divided into two
groups randomly: control group and ASA6-NPs injection
group, each group containing 5 mice. Mice in ASA6-NPs
treated group were injected with 100 pL of ASA6-NPs
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(Gd concentration of 1.39 mg/mL) per mouse via the tail
vein, while mice in the control group were injected with
100 pL PBS buffer via the tail vein. After seven days, mice
were sacrificed to harvest major organs (heart, liver, kid-
ney, spleen, bladder, cerebral cortex and hippocampus)
and blood samples. For H&E staining, organs were fixed
with 4% paraformaldehyde for 24 h. The total RNA from
liver and kidney tissue were extracted using Trizol Rea-
gent and cDNA was synthesized. Gene expression lev-
els of IL-6, IL-10, IL-11a, IL-11b, MCP-1 and TNF-a in
liver and kidney were quantified by TransStart® Green
qPCR SuperMix (Transgen, Beijing, China) by normal-
ized to GAPDH using comparative threshold (F=27"24Ct)
method. Serum CRP, IL-6 and TNF-«a levels were quanti-
fied by ELISA assay kit (Boster, Wuhan, China). Kidney
tissues were performed chlorophosphonazo III staining
to analyze the distribution of ASA6-NPs nanoparticles
[36]. The RGB values of chlorophosphonazo III staining
were analyzed by Matlab software.

MR/NIR-Il imaging for atherosclerotic plaque in vivo

Male 6-week-old ApoE~'~ mice were purchased from
Vital River (Beijing, China). ApoE~'~ mice were fed with
a high-fat diet (HFD) (containing 15% fat and 1.5% cho-
lesterol) for 12 weeks. After 12 weeks, mice (n=3) were
injected with 100 puL of ASA6-NPs (Gd concentration of
1.39 mg/mL) through the tail vein for MR/NIR-II imag-
ing at different time points. NIR-II imaging of athero-
sclerotic lesions were captured by NIR-II imaging system
(Serious II 900-1700 nm) (Suzhou NIR-Optics Co., Ltd.,
China). The power density of 808 nm laser was set to 150
mW /cm? for 1340 nm emission. The quantitative analysis
of the images was performed by Image ] software.

For MR imaging of atherosclerotic lesions, T,-weighted
images ApoE~'~ mice (n=3) were captured on MAG-
NETOM PRISMA 3T (SIEMENS, Erlangen, Germany)
using a 3D free-breathing STAR VIBE sequence with
the following parameters: TE, 2.91 ms; TR, 5.72 ms; flip
angle, 20°; spatial resolution, 0.30 x 0.30 mm?; slide thick-
ness = 1.5 mm. MRI images were analyzed by Syngo Fast-
View (SIEMENS, Germany) and Image ] software. After
imaging, mice were sacrificed and whole aorta were iso-
lated. For en face analysis of lesions, the entire aorta from
the aorta root to the iliac arteries was opened longitudi-
nally and stained with Oil Red O. Lesions were quantified
by morphometry of images using Image J software.

In vitro protective effect of ASA6 against atherosclerosis

The inhibition of Ox-LDL induced apoptosis by ASA6
was evaluated by the TUNEL assay. RAW 264.7 mac-
rophages were divided into five groups: control group
(RAW 264.7 macrophages), Ox-LDL group (RAW 264.7
macrophages + 50 pug/mL Ox-LDL), ASA6 group (RAW
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264.7 macrophages+ 100 pg/mL ASA6), ASA6+ Ox-
LDL group 1 (RAW 264.7 macrophages+50 pg/mL
ASA6+50 pg/mL Ox-LDL), ASA6+Ox-LDL group 2
(RAW 264.7 macrophages+ 100 ug/mLASA6+50 pg/
mL Ox-LDL). In brief, RAW 264.7 macrophages were
seeded into 24-well culture plates and incubated at 37 °C
in an incubator with 5% CO, for 24 h. The cell culture
medium was aspirated and fresh culture media contain-
ing 1% FBS and various concentrations of pre-mixed
Ox-LDL and ASA6 mixture were added. After 24 h, cell
apoptosis was analyzed by TUNEL assay kit (Yeasen,
Shanghai, China).

The inhibition of Ox-LDL uptake into macrophages by
ASAG6 was assessed using Dil-Ox-LDL (Yeasen, Shanghai,
China). RAW 264.7 macrophages were divided into three
groups: control group (RAW 264.7 macrophages), Dil-
Ox-LDL group (RAW 264.7 macrophages+40 pg/mL
Dil-Ox-LDL), ASA6+ Dil-Ox-LDL group (RAW 264.7
macrophages + 50 pg/mL ASA6+ 40 ug/mL Ox-LDL). In
brief, RAW 264.7 macrophages were seeded into 24-well
culture plates and incubated at 37 °C in an incubator with
5% CO, for 24 h. The cell culture medium was aspirated
and fresh culture media containing 1% FBS and various
concentrations of pre-mixed Dil-Ox-LDL and ASA6 mix-
ture were added. After 6 h, cells were washed three times
by PBS buffer then fixed in 4% paraformaldehyde for
30 min at RT. After washing, DAPI was used for nuclear
staining. The experiments were repeat three times, and
positive cells were quantified by Image J software.

The assessment of anti-atherosclerotic effect by ASA6

in vivo

Male 6-week-old ApoE~'~ mice were fed with a high-fat
diet (HFD) (containing 15 % fat and 1.5% cholesterol) for
12 weeks. ApoE~'~ mice were divided into two groups
(control group and ASA6 group), each group containing
10 mice. ApoE~'~ mice in ASA6 group were intraperito-
neally administrated with ASA6 at a dose of 2.5 mg/kg
twice a week when starting with HFD, and mice in con-
trol group were intraperitoneally administrated with PBS
buffer twice a week, respectively. After 12 weeks, mice
were sacrificed to harvest heart and aorta. After fixation
with 4% paraformaldehyde, heart was embedded in OCT
compound, and serial frozen sections (10 pm) of aor-
tic root were obtained. Atherosclerotic lesions in aortic
sinus were stained by Oil Red O. Percentage of the lesion
area in the intima was analyzed by Image J software.

The aorta was subjected to transcriptome analysis.
Total RNA of aorta tissues was extracted using Trizol
reagent (Sigma-Aldrich, St Louis, MO, USA) accord-
ing to RNA extract protocol, and were used to construct
sequencing library. The RNA purification, reverse tran-
scription, library construction, and sequencing were



Zhang et al. J Nanobiotechnol (2021) 19:296

performed at Majorbio Bio-pharm Biotechnology Co.,
Ltd (Shanghai, China) using Illumina HiSeq X10 (Illu-
mina, San Diego, CA, USA) according to the manufac-
turer’s instructions. RNA-seq transcriptome library was
prepared following TruSeqTM RNA sample prepara-
tion Kit from Illumina (San Diego, CA, USA) using 1 pg
of total RNA. After quantified by TBS380, paired-end
RNA-seq sequencing library was sequenced with the Illu-
mina HiSeq xten/NovaSeq 6000 sequencer (2 x 150 bp
read length). The raw paired end reads were trimmed
and quality controlled by SeqPrep (https://github.com/
jstiohn/SeqPrep) and Sickle (https://github.com/najoshi/
sickle) with default parameters. Then clean reads were
separately aligned to reference genome with orientation
mode using TopHat (http://tophat.cbcb.umd.edu/, ver-
sion2.0.0) [37] software.

To identify DEGs (differential expression genes)
between two different samples, the expression level of
each transcript was calculated according to the frag-
ments per kilobase of exon per million mapped reads
(FRKM) method. RSEM (http://deweylab.biostat.wisc.
edu/rsem/) [38] was used to quantify gene abundances.
R statistical package software EdgeR (Empirical analysis
of Digital Gene Expression in R, (http://www.bioconduct
or.org/packages/2.12/bioc/html/edgeR.html) [39] was
utilized for differential expression analysis. In addition,
functional-enrichment analysis including GO and KEGG
were performed to identify which DEGs were signifi-
cantly enriched in GO terms and metabolic pathways at
Bonferroni-corrected P-value <0.05 compared with the
whole-transcriptome background. GO functional enrich-
ment and KEGG pathway analysis were carried out by
Goatools (https://github.com/tanghaibao/Goatools) and
KOBAS (http://kobas.cbi.pku.edu.cn/home.do) [40].

Statistical analysis

The results were expressed as means=+SD of at least
three independent experiments. The differences among
experimental groups were evaluated by one-way ANOVA
or Student’s ¢ test analysis of variance. p <0.05 was con-
sidered statistically significant. GraphPad Prism-8 sta-
tistic software (La Jolla, CA, USA) was used for all data
analysis.

Results

The construction of scFv library and biopanning

Total cellular RNA was extracted from human periph-
eral blood lymphocyte of patients with myocardial
infarction from the Affiliated Hospital of Qingdao Uni-
versity (Shinan District). And then mRNA was puri-
fied and transcribed into cDNA for antibody variable
fragment amplification. Single-chain variable fragment
(scFv) phage display library was constructed with a size
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of 2.5 x 107 clones. The phage library was then screened
against human atherosclerosis plaque through three
rounds of panning. The input of phages in each round
panning were approximately 10'? and the output ranged
from 10* to 10° The ratios of output to input phages
increased 10*-fold after three rounds of panning (Addi-
tional file 1: Table S3), indicating that the phages targeted
to atherosclerotic plaque were enriched successfully. To
isolate scFv antibodies with high affinity, 24 phage clones
were randomly selected from the output plate of the last
round and screened by phage-ELISA. There were 12
phage clones exhibited high affinity for atherosclerotic
plaques compared to BSA control, with one phage clone,
named as ASA6, showing the strongest affinity (Addi-
tional file 1: Fig. S1).

Amino acid sequence analysis of scFv antibody

The deduced amino acid sequences of ASA6 are shown
in Fig. 2A. The framework regions (FRs) and complemen-
tary-determining regions (CDRs) in the V}; and V| chains
of ASA6 were predicted by IgBlast database (https://
www.ncbi.nlm.nih.gov/igblast) and the result showed
that ASA6 have complete human Vy; and V| domain
(Fig. 2A), and the amino acid sequences of ASA6 was
never reported previously.

Expression, purification and characterization of ASA6

To prepare soluble ASA6 antibody, pComb3XSS-ASA6
phagemid was transformed into E. coli TOP10. After
IPTG-induced expression and purification by Ni-NTA
agarose, the concentration of soluble antibody was about
350 pg/mL. After further concentration by ultrafiltra-
tion, the concentration of soluble antibody was 7 mg/
mL. Meanwhile, purified ASA6 antibody was identified
by SDS-PAGE with a molecular weight about 25 kDa
(Fig. 2B).

In order to identify the interaction between ASA6
and human atherosclerotic plaques, we performed
western blot (Fig. 2C and D). The result showed that
ASA6 antibody strongly bound to the protein com-
ponents of human atherosclerotic plaques and Ox-
LDL (Fig. 2C). The grey value analysis of western blot
showed ASA6 antibody binding to human athero-
sclerotic plaques and Ox-LDL was statistically higher
than to BSA control (p<0.001) (Fig. 2D). These results
showed that ASA6 can specifically recognize athero-
sclerotic plaques and Ox-LDL which is present within
atherosclerotic lesions of arteries. In order to prove
the antigen-antibody affinity at the histological level,
we performed immunofluorescence experiment and
Oil-red O staining using human atherosclerotic artery
segments. Atherosclerotic lesions were stained red
by Oil-red O and the immunofluorescence signals
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demonstrated that ASA6 can recognize atherosclerotic
lesions, which enriched in intima of the artery (Fig. 2E).
Due to normal artery tissue also has some component
similar to the lesion, there was very weak fluorescence
signal in normal control. However, the statistical analy-
sis of immunofluorescence signals showed there was

statistically significant difference (p<0.001) between
normal and atherosclerotic artery (Fig. 2F). The marked
area in atherosclerotic plaque is much more than that
in normal artery tissue. Thus, we have evidence that
ASAG6 can target to atherosclerotic plaques, as well as
Ox-LDL in vivo within atherosclerotic lesions.
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Synthesis of ASA6 conjugated nanoparticle (ASA6-NPs)
probe

Mixed NdCl; and NaF with homogeneous solution
including NaOH, absolute ethanol, deionized water
and oleic acid leaded to the production of a-NaNdF,
nanoclusters, which can be used as near-infrared (NIR)
probe with good photostability after high-temperature
treatment for nanocrystal growth. To make nanoparti-
cles have the contrast-enhancing performance for MRI
and improve the second near-infrared window (NIR-II,
1000-1700 nm) imaging ability, NaGdF, was selected
to coat NaNdF, cores to achieve high performance
MRI/NIR-IT bifunctional nanoparticles. As shown in
Fig. 3A, NaNdF,@NaGdF, nanoparticles were highly
monodisperse with an average size of 9.51+0.88 nm.
The NaNdF,@NaGdF, nanoparticles also showed good
absorption with main absorption peaks at 574 nm, 741
nm, 795 nm and 865 nm (Additional file 1: Fig. S2).
The NIR-II fluorescence spectrum showed a maximum
NIR-II emission peak at 1059 nm (Additional file 1:
Fig. S3). The longitudinal relaxivity against the con-
centrations of RE3>T jons (Nd** 4+ Gd3*) under 3 Tesla
magnetic field was measured to be 4.27 mM ' §~!
(Additional file 1: Fig. S4). To detect atherosclerosis by
targeted MR/NIR-II imaging, ASA6 was conjugated to
NaNdF,@NaGdF, nanoparticles by EDC-NHS reaction
to form ASA6-NPs probe. As Fig. 3B shown, this conju-
gate of ASA6 and NaNdF,@NaGdF, nanoparticles was
highly monodisperse, and the average size increased to
14.424+1.59 nm with a low-density layer also observed
on ASA6-NaNdF ,@NaGdF, surface under transmission
electron microscopy. The hydrodynamic size of ASA6-
NaNdF,@NaGdF, (129.99+£2.35 nm) was reasonably
larger than NaNdF,@NaGdF, (21.76£0.14 nm) due
to surface attachment of antibody molecular (Fig. 3C).
After conjugation reaction, the surface zeta potential
of nanoparticles was changed from — 8.06 +0.34 mV to
—19.4940.60 mV (Fig. 3D). The ASA6 protein concen-
tration on nanoparticles was 12.21 mg/mL in solution,
which demonstrated 50 % of ASA6 protein was conju-
gated to NaNdF,@NaGdF, particles (Fig. 3E). Immuno-
blot assay proved ASA6-NaNdF,@NaGdF, (ASA6-NDPs)
retained 94.98 % and 95.36 % binding activity to the tar-
get of human aortic plaque and Ox-LDL protein com-
pared with unconjugated ASA6 (Fig. 3F). These results
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supported the successful formation of ASA6-NaNdF,@
NaGdF, conjugate.

The biocompatibility of ASA6-NPs probe

Firstly, we evaluated the toxicity of ASA6-NPs probe to
the human aortic endothelial cells (HAEC) in vitro, for the
reason that the probe was directly injected into circulation
system during targeted MR/NIR-II imaging. We used Gd*"
concentration to represent the concentration of ASA6-
NPs probe. HAECs were exposed to various concentration
of ASA6-NPs (0, 0.1625, 0.325, 0.65, 1.3 and 2.6 mg/mL)
and in different exposure time (12 and 24 h). Cell viabil-
ity was analyzed by MTT assay, and the result showed no
significant difference in cell viability between control and
ASA6-NPs treated cells (Fig. 4A). This result suggesting
that ASA6-NPs probe have no obvious cytotoxicity effect
on endothelial cells.

Then, we tested the biocompatibility of ASA6-NPs probe
in vivo. To assess inflammatory response in mice intrave-
nously administrated with the probe (Gd*" concentration
4.3 mg/kg, equal to 0.13 mg/mL for a 30 g mouse with 1
mL of blood), serum cytokine levels, inflammatory factor
expression and major organ histopathology were examined
at 7 days after intravenous administration of ASA6-NDPs.
As is shown in Fig. 4B-D, there were no significant differ-
ence in serum levels of tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6) and C-Reactive protein (CRP) after
administration of ASA6-NPs, suggesting that no obvi-
ous inflammatory responses were triggered, particularly
in acute inflammatory responses. Meanwhile, we tested
inflammatory factor expression in major detoxification
organs (liver and kidney). As is shown in Fig. 4E—], the gene
expression levels of TNF-a, IL-1a, IL-1f, IL-6, IL-10 and
monocyte chemotactic protein-1 (MCP-1) in ASA6-NPs
treated group were identical to the levels in control group,
suggesting that ASA6-NPs probes do not lead to inflamma-
tory responses in liver and kidney. In addition, no necro-
sis, congestion, inflammatory lesions and tissue damage
was found in heart, kidney, liver, lung, spleen, bladder and
brain in treated group at 7 days after intravenous injection
of ASA6-NPs (Fig. 4K).

Next, in order to evaluate whether ASA6-NPs can be
excreted via kidney, the biodistribution of ASA6-NPs in
kidney was detected using chlorophosphonazo III, accord-
ing to previous report [36]. From Fig. 4L, we can find that
staining colors of ASA6-NPs treated group after 7 days

(See figure on next page.)

Fig.3 Evaluation of ASA6 conjugated nanoparticles. ATEM images and size histograms of NaNdF,@NaGdF, nanoparticles. B TEM images and size
histograms of ASA6-NaNdF,@NaGdF, nanoparticles. C Hydrodynamic size distribution profiles, and zeta potential histogram (D) of NaNdF,@NaGdF,
and ASA6-NaNdF,@NaGdF, nanoparticles. E Amount of ASA6 conjugated to NaNdF,@NaGdF, nanoparticles. F Binding capability of ASA6 to target

before and after conjugation
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and control group appear to be magenta, but the color of
ASA6-NPs treated group at 1 day tend to be purple. As
shown in Fig. 4L, red—green—blue (RGB) value analysis
demonstrated the blue value of ASA6-NPs treated group
after 1 day was much more than the value of control group
and ASA6-NPs treated group after 7 days. Chlorophospho-
nazo III can react with Gd*>* component and become blue
color, these results showed that there are almost no ASA6-
NPs in the mouse kidney of ASA6-NPs treated group after
7 days. In addition, there was a peak of concentration of
Gd>* in urine at 6 h post-injection, and the concentration
came down to near pre-injection level at 120 h post-injec-
tion (Additional file 1: Fig. S5). This result suggested that
ASA6-NPs can be excreted in 7 days via kidney.

Atherosclerosis targeted MR/NIR-Il imaging with ASA6-NPs
probe

For atherosclerotic imaging, an animal model with ath-
erosclerotic plaques was established with ApoE~'~ mice
which were fed a high-cholesterol diet. Upon intra-
venous injection of the ASA6-NPs probes, the NIR-II
images were acquired at serial time points. Compared to
pre-contrast image, ASA6-NPs probes accumulated in
atherosclerotic plaques of aortic arch from 45 min after
intravenous injection (Fig. 5A, B), and the increased fluo-
rescence intensity at aortic arch was also observed during
time span of 90 min. Then, the aortic arch and abdominal
aorta of ApoE~'~ mice undergo NIR-II imaging were dis-
sected, and the atherosclerotic plaque was observed, indi-
cating the mice had remarkable atherosclerosis (Fig. 5C)
which was consistent with NIR-II imaging result. In addi-
tion, the ASA6-NPs probe was also observed enriched
in liver in the reason that liver is the primary metabolic
center, and ASA6-NPs probe can also target to athero-
sclerotic plaques in liver artery (Fig. 5A, B). Meanwhile,
distinctive fluorescence signal from abdominal aorta was
also enhanced during NIR-II imaging (Fig. 5A, B).

We also perform targeted MR imaging for atheroscle-
rosis using ASA6-NPs probes. Before and upon intra-
venous injection of ASA6-NPs probes, the MRI images
were acquired in different organs at serial time points.
As shown in Fig. 5D, MRI signal occurred immediately at
heart, liver, kidney and abdominal aorta after ASA6-NPs
probes injection, indicating atherosclerotic plaques were
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present in the artery. MRI images of the heart showed
that several positive signals of atherosclerotic plaques
derived from coronary artery. In detail, the results given
in Fig. 5D showed that MRI signals of atherosclerotic
plaques located in the right coronary artery (RCA) as
well as left anterior descending (LAD), and signal in LAD
was much stronger than RCA, indicating atherosclero-
sis in LAD was more serious than in RCA. As shown in
liver image of Fig. 5D, positive signals of atherosclerotic
plaques located in liver artery. The results given in kid-
ney image of Fig. 5D showed signals of atherosclerotic
plaques appeared in left renal artery. MRI signal peak
appeared at 2 h after injection (Fig. 5E), indicating the
accumulation of ASA6-NPs probes in atherosclerotic
plaque, and the signal was still detectable at 24 h after
injection (Fig. 5F). In order to evaluate the imaging speci-
ficity of ASA6-NPs, unconjugated NPs and non-athero-
sclerosis specific AFB1 scFv conjugated AFB1-NPs were
intravenously injected into atherosclerosis model mice to
perform MR imaging. As shown in Additional file 1: Fig.
S6, the MRI signal in heart, liver and kidney of NPs group
and AFB1-NPs group decreased significantly compared
with ASA6-NPs group (Additional file 1: Fig. S6).

Therapeutic effect of ASA6 antibody on atherosclerosis
Previous study proved that Ox-LDL can induce cell apop-
tosis [41], so we assumed that ASA6 can inhibit Ox-LDL
induced apoptosis by neutralizing Ox-LDL. TUNEL
results in Fig. 6A, B showed that compared with Ox-
LDL alone, ASA6 (50 and 100 pg/mL) can inhibit Ox-
LDL induced RAW 264.7 macrophage cell apoptosis.
To further investigate the protective effect of ASA6 to
macrophage, we next performed the Dil-Ox-LDL uptake
assay. As is shown in Fig. 6C, D, compared to Ox-LDL
treated group, ASA6 can significantly inhibit the uptake
of Ox-LDL by macrophages. The anti-atherosclerotic
protective effect of ASA6 in vivo was also evaluated. As
shown in Fig. 6E, F, the aortic root atherosclerotic lesion
areas in ASA6 treated ApoE~'~ mice were decrease by
almost 50% compared with ApoE~'~ control group. These
results demonstrated ASA6 antibody can inhibit the
uptake of Ox-LDL by macrophages, and attenuate Ox-
LDL induced cell apoptosis to produce anti-atheroscle-
rotic effect and decrease the lesion area.

(See figure on next page.)
Fig. 4

indicated, one-way ANOVA

In vitro and in vivo biocompatibility assessment of ASA6-NPs probe. A The MTT assays of HAECs after incubated with ASA6-NPs probe

for 12 and 24 h. B-D The serum levels of inflammation factors tumor necrosis factor-a (TNF-a), interleukin-6 (IL.-6) and C-reactive protein (CRP) in
different time points after the probe injection in mouse. E-J Mouse mRNA expression levels of inflammatory cytokines TNF-q, IL-1a, IL-18, IL-6, IL-10
and monocyte chemoattractant protein-1 (MCP-1) in liver and kidney at 7 days post-injection. K The HE staining (including heart, kidney, liver, lung,
spleen, bladder, cerebral cortex and hippocampus) of mice at 7 days post-injection. L The chlorophosphonazo Ill staining of mouse kidney at 1

day and 7 days after injection, and their RGB value analysis. Data represent means % s.d. from three independent replicates. NS, no significance as
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Therapeutic mechanisms of ASA6 antibody

on atherosclerosis

To further understand the therapeutic mechanism of
ASAG6 antibody, we performed transcriptome analysis on
ASA6- and non-ASA6-treated ApoE~'~ mouse aorta. As
shown in Additional file 1: Fig. S7A, the unguided prin-
cipal component analysis (PCA) showed substantially
different transcriptomic profiles between ASA6- and
non-ASA6-treated ApoE~/~ mouse aorta. The heatmap of
correlation between samples, shown in Fig. S7B, revealed
that biological duplicates of each group were highly cor-
related. The Venn diagram shown in Additional file 1: Fig.
S7C revealed that 13,764 genes were co-expressed in the
two groups, while 374 genes were exclusively expressed
in ASA6-treated group. The heatmap (Fig. 7A) and vol-
cano plots in Additional file 1: Fig. S7D showed 179
significantly differentially expressed genes (DEGs), of
which 128 genes were downregulated and 51 genes were
upregulated.

Then we performed Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis based
on DEGs. Interestinglyy, KEGG pathway enrichment
analysis (Fig. 7B) indicated that PPAR signaling pathway,
fatty acid degradation and elongation pathway, glycer-
ophospholipid metabolism pathway and AMPK pathway
were highly associated with the therapeutic mechanisms
of ASA6 treatment. Nine significant KEGG terms are
showed in chord plot (Fig. 7C), and the genes expression
level related to the KEGG terms are shown in Fig. 7D.
The genes related to fatty acid biosynthesis, including
Fasn and Acach, were downregulated in ASA6-treated
group. Meanwhile, the down-regulated genes, such as
UCPI, Cptlb, Gk, Scdl, Acaalb, Scl27a2, Plin5, Plin2
and Acadl, may suggest that PPAR pathway was down-
regulated in ASA6-treated mouse. Notably, some of these
genes are also related to lipolysis, such as fatty acid deg-
radation and oxidation. In addition, we noticed that the
genes related to lipid oxidative phosphorylation (Cox7al,
Cox8b, Cycl, Ugcrq, Cox5a) were also down-regulated in
ASAG6-treated group, which was consistent with the inac-
tivation of PPAR pathway. Besides that, the genes related
to fatty acid degradation and elongation (ElovI3, Elovl6,
Acaalb, Acadvl, Hadhb, Merc, Hadha, Acadl) were also
down-regulated. Notably, genes related to Th1/Th2 cell
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differentiation and MAPK signaling pathway, including
Fos and Nr4al, were significantly up-regulated, suggested
a shift of macrophage phenotype from a pro-inflamma-
tory M1-like to a non-inflammatory M2-like after ASA6
antibody treatment. To analyze lipid metabolism, we
perform plasma lipid analysis on ASA6- and non-ASA6-
treated ApoE~'~ mouse, including LDL, CHO, and TG.
As shown in Fig. 7E-G, the plasma LDL and CHO levels
in the ASA6-treated group were significantly decreased
compared with the control group, but still higher than
the levels when fed with normal diet (Additional file 1:
Fig. S8). Whereas, there was no significant change in the
plasma TG, HDL, and Glucose levels between the two
groups (Fig. 7G; Additional file 1: Fig. S9). GSEA analysis
(Additional file 1: Fig. S10 A—C) revealed an enrichment
of fatty acid biosynthesis and elongation pathway related
genes in non-ASA6-treated ApoE~'~ control. To show
the overview of changed metabolic pathways, we next
performed interactive pathway (iPath) analysis (Addi-
tional file 1: Fig. S11), and the result showed the regu-
lated metabolic pathways after ASA6 treatment mainly
involved in lipid metabolism.

Discussion

This study has demonstrated that human-derived ASA6-
scFv can target to atherosclerotic plaques and inhibit
atherosclerotic lesion formation in ApoE~/~ mice. Our
data support that ASA6 antibody binds to oxidation-spe-
cific epitopes (OSEs) which are present on Ox-LDL and
human atherosclerotic lesions. However, the exact struc-
ture of epitope to which ASA6 binds is not fully charac-
terized until now.

There is overwhelming evidence that Ox-LDL is hall-
marks of high cardiovascular disease risk and prevalent
within atherosclerotic plaques [42]. Native LDL pen-
etrates the intima and is modified into Ox-LDL by oxida-
tive stress during atherogenesis. Ox-LDL is immunogenic
and can be recognized by pattern recognition receptors
(PPRs) of innate immunity, such as scavenger receptors
(SRs) [43]. The recognition and uptake of Ox-LDL by SRs
(e.g. CD36, SRA1, SRA2, SRB1 and LOX1) leads to cho-
lesterol crystals formation and chronic inflammation. The
hypothesis that the inhibition of SRs mediated uptake of
Ox-LDL with oxidation-specific antibody could treat

(See figure on next page.)

Data represent means % s.d. from three independent replicates

Fig.5 MR/NIR-Ilimaging of atherosclerotic plaque in atherosclerotic mice. A The NIR-Il fluorescence imaging at different time points before and
after the injection of ASA6-NPs probe in Apo£™~ mice. B The pseudo-color image of NIR-Il imaging at 0 and 90 min after ASA6-NPs probe injection.
Close-up views of selected regions with positive signals were indicated. C The aortic arch and abdominal aorta in ApoE™
with Qil-red O. Yellow arrows indicate the atherosclerotic lesions. D The MRI of various mouse organs (including heart, liver, kidney and abdominal
aorta) at different time points after ASA6-NPs injection. White arrows indicate the atherosclerotic lesions. E The dynamic changes of the MRI signals
of various organs at different points. F The pseudo-color image of MRI signal in coronal position. White arrows indicate the atherosclerotic plaques.

/= mice and lipid staining
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atherosclerosis in animal model has been proved [23, 44].
Our results showed ASA6-scFv could inhibit the uptake
of Ox-LDL by macrophages and attenuate the mac-
rophage apoptosis induced by Ox-LDL. The inhibition
of ASA6 to Ox-LDL was achieved by binding to OSEs on
Ox-LDL other than by interfering with macrophage SRs
function. This result support the hypothesis that thera-
pies by binding and inactivating Ox-LDL with specific
antibodies may be beneficial for treating atherosclerosis.
Due to the complexity and heterogeneity of Ox-LDL,
B cells can react with various autoantigens derived from
Ox-LDL by producing either IgM or IgG antibodies [2].
In general, these autoantibodies to Ox-LDL can be found
in patients with coronary artery disease [13, 14]. The sin-
gle-chain antibody phage library in this study was made
from rearranged V}; and V, gene pools from 50 patients
undergoing clinical indicated coronary angiography. The
oxidation-specific ASA6-scFv isolated from this phage
library is a linear protein in which the antigen-binding
domains (Vi and Vi) are joined by a flexible peptide
linker that allows appropriate folding of the expressed
protein. The ASA6-scFv lacks the Fc fragment of intact
antibodies, so the anti-atherosclerosis effect was caused
solely by binding to oxidation-specific epitopes and
inhibit Ox-LDL uptake by macrophages. The ASA6 anti-
body fragment also has the potential to be engineered
into full-length antibody or scFv-Fc fusion, which can
improve pharmacokinetics and effector function. More
importantly, given ASA6-scFv is derived from human
antibody library and the immunogenicity is very low, it
will be theoretically safer for clinical translation with no
need of structural optimization for human use.
Transcriptome analysis of mouse aorta was performed
to reveal the mechanism of atherosclerosis therapy
by ASA6. Interestingly, the transcriptomic changes of
ASA6-treated group were observed mainly involved in
lipid metabolism-related pathways, such as PPAR, lipol-
ysis and lipogenesis pathways. Among these pathways,
lipolysis related genes (e.g., UCPI1, Cptlb, Cox7al and
Cox8b) are crucial enzymes for oxidative and lipid deg-
radation, and are observed down-regulated after ASA6
treatment. This result is consistent with previous findings
that uncoupling protein 1 (UCP1)-dependent lipolysis
could promote atherosclerotic plaque growth and insta-
bility [45]. The genes related to lipid metabolism pathway,
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including cholesterol metabolism and PPAR signaling
pathways were highly expressed in foamy macrophages
[46], and PPAR pathway was found to improve lipid accu-
mulation in immune cells [47]. The repression of PPAR
pathway related genes was also proved to play a protec-
tive role in atherosclerosis [48]. So, the down-regulation
of PPAR pathway in our study indicated that the forma-
tion of foam cells was suppressed after ASA6 treatment.

We also found that genes involved in fatty acid biosyn-
thesis, such as Slc27a2, Acach, ElovI3 and Elovl6, were
down-regulated in ASA6-treated mouse. Interestingly,
ASAG6 can also reduce the fatty acid transport proteins
(FATP) gene expression, indicating that the free fatty acid
(FFA) transport from the extracellular into the intracellu-
lar may be inhibited. The FATP protein family, which are
classified as members of solute carrier 27 (Slc27), are the
key transporter and enzyme of fatty acid, especially long
chain fatty acids (LCFAs) [49, 50]. Moreover, ASA6 can
inhibit the gene expression of acetyl-Coenzyme A car-
boxylase beta (Acach) and reduce the production of mal-
onyl-CoA, and is supposed to inhibit endogenous fatty
acid synthesis. Besides, long-chain fatty acid elongase
(e.g., Elovl3 and Eviov6) play very important roles in the
elongation of very long chain-saturated fatty acids (VLC-
SFA) [51]. We speculate ASA6 can reduce VLS-SFA
levels through reducing Elovi3 and Eviov6 gene expres-
sions. Consistent with transcriptomic analysis, both the
plasma LDL level and the plasma total cholesterol (CHO)
level in ASA6-treated group were lower than that in
ApoE~'~ group. Taken together, ASA6 can decrease the
macrophage intracellular lipid accumulation by directly
blocking Ox-LDL uptake and decreasing plasma LDL and
CHO level. Consistent with this speculation, oil red O
staining results showed ASA6 could decrease the amount
and size of atherosclerotic lipid lesion in aorta.

The changes in intracellular metabolic pathways can
alter the function of highly plastic cells, such as mac-
rophages, which is known as immunometabolism [52,
53]. Our results showed ASA6 single-chain antibody
could regulate lipid metabolism pathway, we assume this
could also influence the function of macrophages. In ath-
erosclerosis, the heterogeneity of macrophages is simpli-
fied as M1/M2 classification [54]. The M1 macrophages
are driven by INFy, LPS, Ox-LDL and cholesterol crys-
tals, and display a pro-inflammatory profile associated

(See figure on next page.)

Fig.6 The therapeutic effects of ASA6 on atherosclerosis in vitro and in vivo. A Representative images of RAW 264.7 cell apoptosis detected by
TUNEL staining. RAW 264.7 cells were treated with various concentrations of ASA6 and Ox-LDL. B The quantitative analysis of TUNEL positive cells.
CThe Dil-Ox-LDL uptake by RAW 264.7 cells. RAW 264.7 cells were treated with various concentrations of ASA6 and Ox-LDL. Blue fluorescence
indicates cell nuclear. Red fluorescence indicates Dil-ox-LDL particles in RAW 264.7. D The quantitative analysis of the Dil-ox-LDL uptake. E Oil-red

O staining of atherosclerotic lesions in aortic sinus in ApoE ™/~

mice injected with PBS control or ASA6. F The quantitative analysis of atherosclerotic

lesions. Data represent means = s.d. from three independent replicates. “p < 0.01, one-way ANOVA (D) or Student's t test (F)
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with plaque instability. The M2 macrophages are induced
by IL-4 which are anti-inflammatory and prevent foam
cell formation. Nuclear receptor NR4A1 (Nur77) was
reported to be indispensable for monocyte differentiation
into M2 macrophage, and the deletion of NR4A1 could
increase atherosclerosis [55, 56]. Transcription factor
c-Fos was also found to play an important role in regu-
lation of macrophages differentiation into M2 phenotype
[56]. Our study showed the genes expression of NR4A1
and c-Fos were up-regulated after ASA6 treatment. This
result indicates ASA6 can facilitate a shift of macrophage
phenotype from inflammatory M1 to attenuated M2,
which is consistent with the result of another oxidized
phospholipids (OxPL) specific antibody therapy study
[44]. Taken together, ASA6 can regulate lipid metabolism
further to produce “lipid blockade” effect, and this phe-
nomenon is rarely reported. Therefore, we will study the
functions and mechanisms of the “lipid blockade” effect
in atherosclerosis in the future, by analyzing metabolism
and gene expression in foam cells, and to illustrate more
definite mechanisms of ASA6 therapeutic effects.

Animal and clinical studies demonstrated that Ox-
LDL was enriched in vulnerable atherosclerotic plaques
[57, 58], and the prevalent of OSEs were closely related
to plaque disruption and acute coronary syndromes in
patients [59, 60]. The specific uptake of ASA6 by human
atherosclerotic plaques was proved in this study. Thus,
OSE targeted ASA6-NPs probe might allow for the iden-
tification and quantification of atherosclerotic lesions
and evaluation of plaque vulnerability. The NaNdF, inner
core and NaGdF, outer shell endow ASA6-NPs with
NIR-II fluorescence and MR properties with low auto-
fluorescence background, minimal scattering and unlim-
ited penetration depth for in vivo dual-modal imaging.
The hydrated mean diameter of ASA6-NPs was 14.42 nm
which was much smaller than mouse aortic endothelial
gap junctions (approximately 147 nm to 437 nm) [61].
Small size of ASA6-NPs facilitated the uptake and dif-
fusion into arterial wall, and also help the excretion out
of the body. Maximum MRI signal enhancement in this
study was observed at 2 h post-injection, which was
earlier than previous reports using oxidation-specific
antibody conjugated Gd or Mn contrast agent (48-72 h
post-injection) [26, 62], suggesting a fast uptake of ASA6-
NPs probe by atherosclerotic lesions. In this study, ASA6-
NPs probe can be excreted through kidney within 7 days
after injection. With the help of high imaging quality,
sensitivity and resolution of MRI imaging, the oxidation-
specific epitope was also observed in liver and kidney
in our study, which will be potentially beneficial for the
diagnosis of steatosis disease in these organs. The advan-
tages of fluorescence-based optical image technique are
high temporal resolution and fast imaging capability

Page 17 of 19

[63]. In our study, NIR-II signal was detectable as early
as 45 min after injection of ASA6-NPs probe. The in vitro
and in vivo biocompatibility of ASA6-NPs and success of
atherosclerotic imaging in this study demonstrates the
promise of antibody based molecular probe for clinical
translation. We will focus on investigating the long-term
toxicity of ASA6-NPs and eventually translating into clin-
ical applications in the future.

Conclusions

In summary, we demonstrated that human oxidation-
specific scFv antibody ASA6 can inhibit the uptake of
Ox-LDL by macrophages, and reduce the macrophage
apoptosis induced by Ox-LDL. When treated ApoE~/~
mouse with ASA6, the progression of atherosclerotic
lesions was inhibited. Interestingly, when injected in
mouse model, ASA6 can regulate the lipid metabolism
and macrophage polarization pathway related genes
expression, which may contribute to the anti-athero-
sclerotic effect. ASA6 antibody has been shown strongly
binding to human aortic plaques, and can be used in ath-
erosclerosis MR/NIR-II imaging when conjugated with
nanoparticles. Our results have solidly demonstrated the
potential of ASA6 antibody in clinical use for therapy and
imaging of atherosclerosis.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512951-021-01047-4.

Additional file 1: Figure S1. Phage ELISA of selected individual clones
towards human atherosclerotic plague. Figure $2. The absorption spectra
of NaNdF ,@NaGdF, nanoparticles. Figure S3. The NIR-Il fluorescence
spectrum of NaNdF ,@NaGdF,under 808 nm excitation. Figure S4.

In vitro longitudinal relativity against concentration gradient of RE**
(N> + Gd3™*) ions of NaNdF,@NaGdF,. Figure S5. Concentration of Gd
in urine at different time points. Figure S6. MR imaging of atheroscle-
rotic plaque using NaNdF,@NaGdF, and AFB1-NaNdF,@NaGdF,. Figure
S7. Mice aorta transcriptome analysis after ASA6 treatment. Figure S8.
Plasma LDL, CHO and TG levels in ApoE’/’ mice when fed with normal
diet. Figure S9. Plasma glucose (GLU) and high-density lipoprotein (HDL)
levels in ApoE™~ control and ASAG treated groups. Figure $10. Gene set
enrichment analysis of lipid metabolism between ASA6-treated group
and control group. Figure S11. iPath analysis of the differently expressed
genes (DEGs) after ASA6 treatment. Table S1. Clinical characteristics

of CAD patients who donated blood samples. Table S2. Sequences of
the primers used for scFv phage display library construction. Table S3.
Enrichment of specific recombinant phages to human atherosclerosis
during panning cycles. Table S4. Sequences of the primers used for
inflammatory cytokines gRT-PCR.

Acknowledgements
The authors thank Dr. Fei Yu and Dr. Wenxiu Zhu for the help in collecting
atherosclerotic artery samples.

Authors’ contributions

SXand ZL conceived and designed the research. SX and LZ performed animal
experiments. LZ, SH and YW contributed to cell experiments, HE staining,
microscopy and gRT-PCR experiments. FR contributed to NaNdF,@NaGdF,


https://doi.org/10.1186/s12951-021-01047-4
https://doi.org/10.1186/s12951-021-01047-4

Zhang et al. J Nanobiotechnol (2021) 19:296

nanoparticle synthesis and characterization and NIR-Il imaging. RZ and CZ
helped with MR imaging. SX, ZL, LZ and FR analyzed data and wrote the paper.
All' authors read and approved the final manuscript.

Funding
This work was financially supported by National Natural Science Foundation of
China (Grant No. 81900395, 81971671).

Availability of data and materials
All data associated with this study are present in the paper or Supplementary
Materials.

Declarations

Ethics approval and consent to participate

The study was conducted according to the Declaration of Helsinki and
approved by the ethical committee of Affiliated Hospital of Qingdao
University. For all participants in this study, information about their demo-
graphic characteristics and clinical biochemistry were collected by trained
interviewers. All subjects or their guardians gave written informed consent to
participate in this study.All animal studies and procedures were performed in
accordance with the Guide for the Care and Use of Laboratory Animals (NIH,
USA). The experiment protocols were approved by the Animal Ethics Commit-
tee of the Affiliated Hospital of Qingdao University.

Consent for publication
All authors consent to publish.

Competing interests
The authors declare no competing interests.

Author details

lInstitute for Translational Medicine, The Affiliated Hospital of Qingdao
University, College of Medicine, Qingdao University, Qingdao 266021, China.
“Center for Molecular Imaging and Nuclear Medicine, State Key Laboratory
of Radiation Medicine and Protection, School for Radiological and Interdis-
ciplinary Sciences (RAD-X), Soochow University, Collaborative Innovation
Center of Radiological Medicine of Jiangsu Higher Education Institutions,
Suzhou 215123, China. *Department of Radiology, The Affiliated Hospital

of Qingdao University, Qingdao University, Qingdao 266021, China.

Received: 15 July 2021 Accepted: 17 September 2021
Published online: 28 September 2021

References

1. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson AP,
et al. Heart disease and stroke statistics—2020 update: a report from the
American Heart Association. Circulation. 2020;141:2139-596.

2. Gisterd A, Hansson GK. The immunology of atherosclerosis. Nat Rev
Nephrol. 2017;13:368-80.

3. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS,
et al. Atherosclerosis. Nat Rev Dis Primers. 2019;5:56.

4. Ference BA, Ginsberg HN, Graham |, Ray KK, Packard CJ, Bruckert E, et al.
Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1.
Evidence from genetic, epidemiologic, and clinical studies. A consensus
statement from the European Atherosclerosis Society Consensus Panel.
Eur Heart J. 2017,38:2459-72.

5. Borén J, Williams KJ. The central role of arterial retention of cholesterol-
rich apolipoprotein-B-containing lipoproteins in the pathogenesis of
atherosclerosis: a triumph of simplicity. Curr Opin Lipidol. 2016;27:473-83.

6. Navab M, Ananthramaiah GM, Reddy ST, Van Lenten BJ, Ansell BJ,
Fonarow GC, et al. The oxidation hypothesis of atherogenesis: the role of
oxidized phospholipids and HDL. J Lipid Res. 2004;45:993-1007.

7. Tsimikas S, Willeit P, Willeit J, Santer B, Mayr M, Xu Q, et al. Oxidation-spe-
cific biomarkers, prospective 15-year cardiovascular and stroke outcomes,
and net reclassification of cardiovascular events. J Am Coll Cardiol.
2012;60:2218-29.

20.

21.

22.

23.

24.

25.

26.

27.

Page 18 of 19

Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a
dynamic balance. Nat Rev Immunol. 2013;13:709-21.

Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res.
2019;124:315-27.

. Valk FMvd, Bekkering S, Kroon J, Yeang C, Bossche JVd B, JDv, et al.

Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflamma-
tion and an inflammatory monocyte response in humans. Circulation.
2016;134:611-24.

. Senders ML, Que X, Cho YS, Yeang C, Groenen H, Fay F, et al. PET/MR

imaging of malondialdehyde-acetaldehyde epitopes with a human
antibody detects clinically relevant atherothrombosis. J Am Coll Car-
diol. 2018;71:321-35.

. Tsiantoulas D, Diehl CJ, Witztum JL, Binder CJ. B cells and humoral

immunity in atherosclerosis. Circ Res. 2014;114:1743-56.

. Mayr M, Kiechl S, Tsimikas S, Miller E, Sheldon J, Willeit J, et al. Oxidized

low-density lipoprotein autoantibodies, chronic infections, and
carotid atherosclerosis in a population-based study. J Am Coll Cardiol.
2006;47:2436-43.

. Tsimikas S, Brilakis ES, Lennon RJ, Miller ER, Witztum JL, McConnell JP,

et al. Relationship of IgG and IgM autoantibodies to oxidized low den-
sity lipoprotein with coronary artery disease and cardiovascular events.
J Lipid Res. 2007;48:425-33.

. Palinski W, Miller E, Witztum JL. Immunization of low density lipopro-

tein (LDL) receptor-deficient rabbits with homologous malondialde-
hyde-modified LDL reduces atherogenesis. Proc Natl Acad Sci USA.
1995;92:821-5.

. Ameli S, Hultgardh-Nilsson A, Regnstrém J, Calara F, Yano J, Cercek B,

et al. Effect of immunization with homologous LDL and Oxidized LDL
on early atherosclerosis in hypercholesterolemic rabbits. Arterioscler
Thromb Vasc Biol. 1996;16:1074-9.

. Fredrikson GN, Séderberg |, Lindholm M, Dimayuga P, Chyu K-Y, Shah

PK, et al. Inhibition of atherosclerosis in ApoE-null mice by immuniza-
tion with ApoB-100 peptide sequences. Arterioscler Thromb Vasc Biol.
2003;23:879-84.

. Shaw PX, Horkko S, Chang M-K, Curtiss LK, Palinski W, Silverman GJ,

et al. Natural antibodies with the T15 idiotype may act in atheroscle-
rosis, apoptotic clearance, and protective immunity. J Clin Invest.
2000;105:1731-40.

Cherepanova OA, Srikakulapu P, Greene ES, Chaklader M, Haskins RM,
McCanna ME, et al. Novel autoimmune IgM antibody attenuates ath-
erosclerosis in IgM deficient Low-Fat diet-fed, but not western diet-fed
Apoe™~ mice. Arterioscler Thromb Vasc Biol. 2020;40:206-19.

Shaw PX, Horkké S, Tsimikas S, Chang M-K, Palinski W, Silverman GJ,

et al. Human-derived anti-oxidized LDL autoantibody blocks uptake of
oxidized LDL by macrophages and localizes to atherosclerotic lesions
in vivo. Arterioscler Thromb Vasc Biol. 2001;21:1333-9.

Schiopu A, Bengtsson J, Séderberg |, Janciauskiene S, Lindgren S, Ares
MPS, et al. Recombinant human antibodies against aldehyde-modified
apolipoprotein B-100 peptide sequences inhibit atherosclerosis. Circu-
lation. 2004;110:2047-52.

Schiopu A, Frendéus B, Jansson B, Séderberg I, Ljungcrantz |, Araya Z,
et al. Recombinant antibodies to an oxidized low-density lipoprotein
epitope induce rapid regression of atherosclerosis in Apobec-177/
Low-Density Lipoprotein Receptor”~ mice. J Am Coll Cardiol.
2007;50:2313-8.

Tsimikas S, Miyanohara A, Hartvigsen K, Merki E, Shaw PX, Chou M-Y, et al.
Human oxidation-specific antibodies reduce foam cell formation and
atherosclerosis progression. J Am Coll Cardiol. 2011;58:1715-27.
Bradbury ARM, Sidhu S, Diibel S, McCafferty J. Beyond natural anti-
bodies: the power of in vitro display technologies. Nat Biotechnol.
2011;29:245-54.

Holliger P Hudson PJ. Engineered antibody fragments and the rise of
single domains. Nat Biotechnol. 2005;23:1126-36.

Briley-Saebo KC, Shaw PX, Mulder WJM, Choi S-H, Vucic E, Aguinaldo JGS,
et al. Targeted molecular probes for imaging atherosclerotic lesions with
magnetic resonance using antibodies that recognize oxidation-specific
epitopes. Circulation. 2008;117:3206-15.

Fayad ZA, FusterV, Fallon JT, Jayasundera T, Worthley SG, Helft G, et al.
Noninvasive in vivo human coronary artery lumen and wall imag-

ing using black-blood magnetic resonance imaging. Circulation.
2000;102:506-10.



Zhang et al. J Nanobiotechnol (2021) 19:296

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Cai J, Hatsukami TS, Ferguson MS, Kerwin WS, Saam T, Chu B, et al. In vivo
quantitative measurement of intact fibrous cap and lipid-rich necrotic
core size in atherosclerotic carotid plaque. Circulation. 2005;112:3437-44.
Huang J, Pu K. Activatable molecular probes for second near-infrared
fluorescence, chemiluminescence, and photoacoustic imaging. Angew
Chem Int Ed Engl. 2020,59:11717-31.

Huang J, Xie C, Zhang X, Jiang Y, Li J, Fan Q, et al. Renal-clearable molecu-
lar semiconductor for second near-infrared fluorescence imaging of
kidney dysfunction. Angew Chem Int Ed Engl. 2019;58:15120-7.

Miao Q, Pu K. Organic semiconducting agents for deep-tissue molecular
imaging: second near-infrared fluorescence, self-luminescence, and
photoacoustics. Adv Mater. 2018;30:1801778.

Zhou H, Li S, Zeng X, Zhang M, Tang L, Li Q, et al. Tumor-homing peptide-
based NIR-Il probes for targeted spontaneous breast tumor imaging.
Chinese Chem Lett. 2020;31:1382-6.

An F, Chen N, Conlon WJ, Hachey JS, Xin J, Aras O, et al. Small ultra-red
fluorescent protein nanoparticles as exogenous probes for noninvasive
tumor imaging in vivo. Int J Biol Macromol. 2020;153:100-6.
Andris-Widhopf J, Steinberger P, Fuller R, Rader C, Barbas CF. Genera-

tion of human scFv antibody libraries: PCR amplification and assembly

of light- and heavy-chain coding sequences. Cold Spring Harb Protoc.
2011;2011:1139-50.

Xue S, Li H-P, Zhang J-B, Liu J-L, Hu Z-Q, Gong A-D, et al. Chicken
single-chain antibody fused to alkaline phosphatase detects Aspergillus
pathogens and their presence in natural samples by direct sandwich
enzyme-linked immunosorbent assay. Anal Chem. 2013;85:10992-9.
Huang J, Hou Y, MaT, Zhang P, LiY, Liu C, et al. A novel histochemi-

cal staining approach for rare-earth-based nanoprobes. Adv Ther.
2018;1:1800005.

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions
with RNA-SEq. Bioinformatics. 2009;25:1105-11.

Dewey BLCN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinf. 2011;12:323.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics. 2010;26:139-40.

Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server
for annotation and identification of enriched pathways and diseases.
Nucleic Acids Res. 2011;39:W316-22.

Chen J, Mehta JL, Haider N, Zhang X, Narula J, Li D. Role of caspases in
Ox-LDL-induced apoptotic cascade in human coronary artery endothelial
cells. Circ Res. 2004;94:370-6.

Binder CJ, Papac-Milicevic N, Witztum JL. Innate sensing of oxidation-spe-
cific epitopes in health and disease. Nat Rev Immunol. 2016;16:485-97.
Miller Y1, Choi S-H, Wiesner P, Fang L, Harkewicz R, Hartvigsen K, et al.
Oxidation-specific epitopes are danger-associated molecular patterns
recognized by pattern recognition receptors of innate immunity. Circ Res.
2011;108:235-48.

Que X, Hung M-Y, Yeang C, Gonen A, Prohaska TA, Sun X, et al. Oxidized
phospholipids are proinflammatory and proatherogenic in hypercholes-
terolaemic mice. Nature. 2018;558:301-6.

Dong M, Yang X, Lim S, Cao Z, Honek J, Lu H, et al. Cold exposure pro-
motes atherosclerotic plaque growth and instability via UCP1-dependent
lipolysis. Cell Metab. 2013;18:118-29.

Kim K, Shim D, Lee JS, Zaitsev K, Williams JW, Kim K-W, et al. Transcrip-
tome analysis reveals nonfoamy rather than foamy plaque macrophages

Page 19 of 19

are proinflammatory in atherosclerotic murine models. Circ Res.
2018;123:1127-42.

47. Yin X, Zeng W, Wu B, Wang L, Wang Z, Tian H, et al. PPARa inhibition over-
comes tumor-derived exosomal lipid-induced dendritic cell dysfunction.
Cell Rep. 2020;33:108278.

48. Oppi S, Nusser-Stein S, Blyszczuk P, Wang X, Jomard A, Marzolla V, et al.
Macrophage NCOR1 protects from atherosclerosis by repressing a pro-
atherogenic PPARy signature. Eur Heart J. 2019;41:995-1005.

49. Anderson CM, Stahl A. SLC27 fatty acid transport proteins. Mol Aspects
Med. 2013;34:516-28.

50. Schaffer JE, Lodish HF. Expression cloning and characterization of a novel
adipocyte long chain fatty acid transport protein. Cell. 1994;79:427-36.

51. Guillou H, Zadravec D, Martin PGP, Jacobsson A. The key roles of elon-
gases and desaturases in mammalian fatty acid metabolism: insights
from transgenic mice. Prog Lipid Res. 2010;49:186-99.

52. O'Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. 2016;16:553-65.

53. Tabas |, Bornfeldt KE. Intracellular and intercellular aspects of macrophage
immunometabolism in atherosclerosis. Circ Res. 2020;126:1209-27.

54. Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage phenotypes in athero-
sclerosis. Immunol Rev. 2014;262:153-66.

55. Hanna RN, Shaked |, Hubbeling HG, Punt JA, Wu R, Herrley E, et al. NR4A1
(Nur77) deletion polarizes macrophages toward an inflammatory pheno-
type and increases atherosclerosis. Circ Res. 2012;110:416-27.

56. Nus M, Basatemur G, Galan M, Cros-Brunsé L, Zhao TX, Masters L, et al.
NR4A1 deletion in marginal zone B cells exacerbates atherosclerosis in
mice—brief report. Arterioscler Thromb Vasc Biol. 2020;40:2598-604.

57. Nishi K, Itabe H, Uno M, Kitazato KT, Horiguchi H, Shinno K; et al. Oxidized
LDL in carotid plaques and plasma associates with plague instability.
Arterioscler Thromb Vasc Biol. 2002;22:1649-54.

58. van Dijk RA, Kolodgie F, Ravandi A, Leibundgut G, Hu PP, Prasad
A, et al. Differential expression of oxidation-specific epitopes and
apolipoprotein(a) in progressing and ruptured human coronary and
carotid atherosclerotic lesions. J Lipid Res. 2012;53:2773-90.

59. Tsimikas S, Mallat Z, Talmud PJ, Kastelein JJP, Wareham NJ, Sandhu MS,
et al. Oxidation-specific biomarkers, lipoprotein(a), and risk of fatal and
nonfatal coronary events. J Am Coll Cardiol. 2010;56:946-55.

60. Tsimikas S, Bergmark C, Beyer RW, Patel R, Pattison J, Miller E, et al.
Temporal increases in plasma markers of oxidized low-density lipoprotein
strongly reflect the presence of acute coronary syndromes. J Am Coll
Cardiol. 2003;41:360-70.

61. Yeh H-l, Lu C-S,Wu Y-J, Chen C-C, Hong R-C, Ko Y-S, et al. Reduced expres-
sion of endothelial Connexin37 and Connexin40 in hyperlipidemic mice.
Arterioscler Thromb Vasc Biol. 2003;23:1391-7.

62. Briley-Saebo KC, Cho YS, Shaw PX, Ryu SK, ManiV, Dickson S, et al.
Targeted iron oxide particles for in vivo magnetic resonance detection
of atherosclerotic lesions with antibodies directed to oxidation-specific
epitopes. J Am Coll Cardiol. 2011,57:337-47.

63. Shou K, QuC, SunY,Chen H, Chen S, Zhang L, et al. Multifunctional
biomedical imaging in physiological and pathological conditions using a
NIR-Il probe. Adv Funct Mater. 2017;27:1700995.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	An atherosclerotic plaque-targeted single-chain antibody for MRNIR-II imaging of atherosclerosis and anti-atherosclerosis therapy
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Animals
	Sample collection and RNA preparation
	Construction of scFv phage display library
	Immunofluorescence and oil-red O staining
	Sequencing analysis of ASA6
	Synthesis of ASA6 antibody-conjugated NaNdF4@NaGdF4 nanoparticles (ASA6-NPs)
	The biocompatibility assessment of ASA6-NPs probe in vitro
	The biocompatibility assessment of ASA6-NPs probe in vivo
	MRNIR-II imaging for atherosclerotic plaque in vivo
	In vitro protective effect of ASA6 against atherosclerosis
	The assessment of anti-atherosclerotic effect by ASA6 in vivo
	Statistical analysis

	Results
	The construction of scFv library and biopanning
	Amino acid sequence analysis of scFv antibody
	Expression, purification and characterization of ASA6
	Synthesis of ASA6 conjugated nanoparticle (ASA6-NPs) probe
	The biocompatibility of ASA6-NPs probe
	Atherosclerosis targeted MRNIR-II imaging with ASA6-NPs probe
	Therapeutic effect of ASA6 antibody on atherosclerosis
	Therapeutic mechanisms of ASA6 antibody on atherosclerosis

	Discussion
	Conclusions
	Acknowledgements
	References




