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Chapter I General Introduction

I-1. Onset mechanism of atherosclerosis by oxidized LDL hypothesis
Myocardial and cerebral infarction are currently the main causes of deaths in the world's demographics [1],

and they are mainly caused by atherosclerosis. Historically, "response-to-injury hypothesis" [2] or 

“response-to-retention hypothesis” [3] were proposed to explain a mechanism of atherogenesis, however, 

"oxidized LDL hypothesis” [4] described below is being supported as the most potent atherogenic mechanism in 

recent years [5].

Oxidized low density lipoprotein (OxLDL) is taken up into vascular endothelial cell by the specific receptors 

expressing on the cell surface, and activates multiple inflammatory signal pathways causing endothelial cell 

dysfunction. It promotes LDL and monocyte in the blood to adhere to vascular endothelial cells, and to infiltrate 

into intima. LDL changes to OxLDL, and monocytes differentiate into macrophages in intima. Macrophages

uptake large amounts of OxLDL through phagocytosis then change to foam cells. As this accumulates in intima, 

fatty streaks are formed and become atheroma plaques. Dysfunctional endothelial cells and foam cells due to 

OxLDL produce and secrete various inflammatory cytokines, growth factors, and adhesion factors. They 

promote smooth muscle cells migration into the intima. Along with these cascade, intimal thickness and lipid 

deposition in artery occur, and plaque growth progresses. Plaque ruptures eventually, and a thrombus is formed. 

Finally, blood flow decreases due to stenosis or occlusion in blood vessels, causing a cardiovascular accident 

[6,7].

I-2. Oxidized LDL receptor protein; LOX-1
Lectin-like OxLDL receptor-1 (LOX-1) (gene name; OLR1) was found as a major OxLDL receptor 

expressing on vascular endothelial cells [8]. It is a membrane glycoprotein of about 50 kDa consisting of 273 

amino acids. The C-terminal extracellular domain is named C-type lectin-like domain (CTLD) [9], forms a 

homodimer and functions as an OxLDL binding site [10,11]. LOX-1 is highly expressed in atherosclerotic 

plaque lesions in the early stages of atherogenesis [12], and internalizes OxLDL into cells by 

clathrin-independent endocytic pathway [13–15]. Previous studies on X-ray crystal structure of LOX-1 CTLD 

homodimer have proposed the interaction mechanism for OxLDL binding [16–20]. OxLDL binding interface 

on CTLD exposes some positively charged arginine residues which have a characteristic arrangement named 

"basic spine" [16]. LOX-1 CTLD recognizes not only OxLDL and modified LDLs [5] but also various 

substances including advanced glycation end products (AGEs) [21], and C-reactive protein (CRP) [22] etc. Thus, 
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LOX-1 plays a major role in the progression of the early stages of atherosclerosis.

I-3. Relationship between LOX-1 and cancer, autoimmune disorder, and other 
diseases

In recent years, previous studies reporting that LOX-1 is associated with not only atherosclerosis [5] but also

tumorigenesis [23–25] are increasing [26]. LOX-1 is up-regulated in several different types of malignant tumor.

For example, in colorectal cancer cells, LOX-1 level increases significantly, which correlates with cancer cell 

growth rate and invasiveness [23]. Furthermore, large Japanese epidemiological cohort studies have also 

demonstrated that serum OxLDL levels correlate with the risk of developing colorectal cancer [27]. These 

evidences link colorectal cancer with LOX-1. Similarly, serum OxLDL levels are positively correlated with 

breast and ovarian cancer risk [27]. LOX-1 seems to be involved in tumorigenesis by stimulating angiogenesis 

[28–30]. LOX-1 acted as an enhancer of tumor angiogenesis in prostate cancer [24,31]. Liang et al. have

reported that LOX-1 mediates the adhesion and trans-endothelial migration of breast cancer cells, and promotes

the breast cancer metastasis [32]. Importantly, It has been demonstrated in the article that the adhesion of breast 

cancer cells to endothelial cells and the trans-endothelial migration could be blocked by both the anti-LOX-1

antibody and the recombinant LOX-1 protein [32]. LOX-1 also promotes the development and progression of 

gastric cancer [33], and pancreatic cancer through epithelial- mesenchymal transition [34]. Previous 

epidemiological research has shown that a combination of LOX-1 expression levels and degrees of obesity for 

individual patients is a prognostic prediction factor for squamous non-small cell lung cancer [35] . Thus, it is 

clear that LOX-1 is becoming an important part of oncology research.

Also, there seems to be a link between LOX-1 and autoimmune disorder. Akagi et al. have reported that 

LOX-1 is also associated with osteoarthritis and cartilage degeneration [36]. OxLDL binding to LOX-1

enhances monocyte chemoattractant protein 1 (MCP-1) expression in cultured human articular chondrocytes,

however, it was suppressed markedly by anti-human LOX-1 monoclonal antibody (mAb) [36]. LOX-1 seems 

to be a potent biomarker and therapeutic target for rheumatoid arthritis [37] .

As for hypercholesterolemia, there are reports that the expression levels of proprotein convertase 

subtilisin/kexin type 9 (PCSK9) and LOX-1 positively correlate [38]. PSCK9 promotes lysosomal degradation 

of LDL receptor, and increases serum LDL level. Selective PCSK9 inhibition by anti-PCSK9 mAb; 

evolocumab and alirocumab, which have been approved to be launched as biopharmaceutical by FDA and 

EMA in 2015, has emerged as a novel lipid-lowering therapy to treat hypercholesterolemia and associated 

diseases [39]. The combination of LOX-1 inhibition may further enhance its PCSK9 targeting therapeutic effect.

Thus, the importance of drug discovery research targeting LOX-1 is increasing more and more.
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I-4. Prior drug discovery research targeting LOX-1
The accumulation of many previous studies [7] convinces us that LOX-1 is a promising drug target for the 

treatment and prevention of the above diseases, however, there are no LOX-1 selective inhibitors or drug 

delivery system (DDS) carriers that can be used clinically. Various artificial substances targeting LOX-1 have 

developed to date. They include synthetic small molecule compounds [40,41], monoclonal antibodies (mAbs) 

[8,42], single chain variable fragment (ScFv) [43], radioisotope (99mTc) labeled mAb [44], mAb conjugated

immunoliposome [45,46], antisense oligonucleotide [47], DNA nanocage [48], and so on. Vigorous research 

activities aimed at clinical application are being continued [7,49,50]. The development of better LOX-1 selective 

inhibitors or DDS carriers will present new treatments for the above mentioned diseases.

I-5. Purpose and structure of this doctoral dissertation
In this doctoral dissertation, two different types of artificial ligands specifically bind to LOX-1 were focused 

on, and their interaction mechanisms with LOX-1 were studied. One is anionic liposome (small unilamellar 

vesicle), and the other is monoclonal antibody (mAb). This is because these are promising agents for LOX-1

targeting therapy.

In chapter II, the feasibility of nano-liposomes as LOX-1 selective DDS carrier was investigated and 

discussed based on a pharmaceutical science approach. Small unilamellar vesicles (SUVs) composed of 

negatively charged phospholipid DOPG or neutrally charged phospholipid DOPC were prepared in different 

sizes, and their affinities toward LOX-1 on SPR sensor chip or living cell surface were evaluated.

In chapter III, I focused on a chicken-derived anti-LOX-1 mAb, named as HUC52. It binds to human LOX-1

CTLD and inhibits uptake of OxLDL. It has two cysteine residues capable of forming disulfide bond in the third 

complementarity-determining region of heavy chain (CDR-H3). Since this is a rare sequence in human or 

mouse-derived mAbs, HUC52 may form a special CDR-H3 conformation. Three-dimensional structure

models of the Fab domain, and its interaction mechanism with CTLD homodimer were estimated by using 

computer simulation techniques.

Chapter IV summarizes finally the findings obtained in this research.
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Chapter II DOPG small unilamellar vesicles function as 

nano-carriers targeting the clustered lectin-like oxidized LDL 

receptor (LOX-1) on the cell surface

II-1. Introduction
LOX-1 localizes to caveolae/lipid rafts of the cell membrane by subjecting its cytoplasmic domain to 

palmitoyl modification [15,51], and internalizes OxLDL ligands into cells by caveolae/raft-dependent [15], or 

clathrin-independent endocytosis pathway [13,14]. The basal LOX-1 expression level is low in cells under 

physiological conditions, whereas it is upregulated in dysfunctional cells under pathological conditions, and 

increases the uptake of OxLDLs [52–54]. That is, LOX-1 expression is an obvious biomarker for cell 

dysfunction in the progression of atherosclerosis [5,55].

Several previous studies have revealed the structure and the ligand binding mechanism of LOX-1 CTLD

homodimer [16,20,56]. The CTLD has the ‘basic spine structure’ comprising an array of arginine residues on the 

dimer surface (Fig. II-1), and it explains the preferential binding of LOX-1 to negatively charged ligands such as 

OxLDL [16,17,56,57]. LOX-1 homodimer units on the cell membrane can self-associate, and exist as higher 

order irregular oligomers (it is described as a “cluster” in this chapter), consisting of tetramer (two homodimer 

units), hexamer (three homodimer units), or possibly more [52,58]. Surface plasmon resonance (SPR) 

experiments in the previous study by Ohki et al. have demonstrated that biotinylated LOX-1 CTLD clusters 

reconstituted on streptavidin coated sensor bound to OxLDL in a multivalent manner, and exerted 104 to 105

times stronger affinity toward OxLDL when compared with the homodimer alone [19]. Cao et al. have also 

reported that LOX-1 oligomerization of tetramer or higher with an orientation of the interfaces of all the CTLDs 

in the same direction is essential for high-affinity binding to OxLDL by using a LOX-1 CTLD-IgG Fc fusion 

proteins cross-linked with anti-Fc antibody to form CTLD octamers at maximum [59]. These evidences suggest 

that the clustering state of LOX-1 on the cell membrane and orientation control of CTLD strongly influence the 

ligand uptake activity.

Despite the importance, the detailed structure and functions of the clustering LOX-1 are still almost unknown. 

There are various questions to be elucidated, for example, how LOX-1 clusters interacts with OxLDL 

multivalently, and what is the correlation between the number of associated LOX-1 molecules and the OxLDL 

affinity. Although the exact clustering state and numbers of LOX-1 expressing on atherosclerotic plaque or 

cancer cells are still elusive, understanding them in detail would lead to the creation of inhibitors or drug delivery 
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system (DDS) carriers that selectively target to LOX-1 cluster with a stronger affinity than OxLDL.

Native LDL comprises ApoB-100 as the only protein constituent [17]. Oxidation of LDL modifies lysine and 

arginine residues in ApoB-100 by removing their positive side chain charges to form OxLDL, which has an 

overall negative charge [60]. The zeta-potential of LDL changes from -8 to -21 mV following oxidation, which 

happens during storage of LDL over four weeks [61]. The more oxidized LDL would increase affinity toward 

LOX-1 on cells because of an increase in the number of electrostatic interactions between the OxLDL and the 

basic spine structure on the CTLD of LOX-1.

Nanoparticles (NPs) represented by liposome are expected to be suitable template of DDS carrier targeting 

LOX-1 cluster because of their similar shape and size to OxLDL. Then, it was envisaged that NPs with negative 

charge greater than OxLDL would function as a selective ligand to LOX-1 clusters on cells. Several liposome 

DDS therapeutic agents such as Doxil® are already in clinical use as commercial products [62,63]. The 

development of nanoparticle DDS carriers is at the forefront of DDS research and is a rapidly progressing area

[64]. Despite the growing importance of LOX-1 as a therapeutic target, there are only a few reports describing 

NPs that target LOX-1 [45,46,48].

In this chapter, the feasibility of nano-liposomes as LOX-1 selective DDS carrier was investigated and 

discussed. Specifically, anionic small unilamellar vesicles (SUVs) composed of negatively charged phospholipid

DOPG (1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]) or neutrally charged phospholipid DOPC 

(1,2-dioleoyl-sn-glycero-3-phosphocholine) were prepared in various sizes. Their affinities toward LOX-1

clusters were compared by SPR experiments. The SPR sensor chips were designed to immobilize LOX-1

extracellular domain (ECD) on a self-assembled monolayer (SAM) so as to mimic the clustering state of 

LOX-1s on the cell membrane (Fig. II-2). In addition, competitive cellular uptake assays for fluorescently

labeled DOPG-SUV and acetylated LDL (AcLDL, a chemically stable surrogate reference substance equivalent 

to OxLDL) into LOX-1 expressing CHO cells were conducted to evaluate which is preferentially internalized 

into the cells.

II-2. Materials and methods
II-2-1. Materials

Lipids used for making small unilamellar vesicles (SUV); DOPG 

(1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysl(1-glycerol))]) (Fig. II-3A) and DOPC 

(1,2-dioleoyl-sn-glycero-3-phosphocholine) (Fig. II-3 B), and 30, 100 nm sizing filters were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The fluorescent probe DiI (1,1’-dioctadecyl-1 to 

3,3,3’,3’-tetramethylindocarbocyanine per-chlorate) and DiD 

-dioctadecyl- -tetramethylindocarbocyanine per-chlorate) were purchased from Invitrogen (Carlsbad, 
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CA, USA). AcLDL was purchased from Biomedical Technologies (Stoughton, MA, USA).The self-assembled

monolayer (SAM) used in the SPR experiments was prepared with OEG-OH (Hydroxy-EG3-undecanethiol) 

(Dojindo Laboratories, Kumamoto, Japan) and OEG-NTA (HS-(CH2)11-EG3-NTA) (ProChimia Surfaces, Gyand, 

Poland).The CHO cell line was obtained from RIKEN Cell Bank (Tsukuba, Japan).

II-2-2. Preparation of LOX-1 extracellular domain fragment
Recombinant LOX-1 extracellular domain (ECD; residues 61–273) fused His6-tag at its N-terminus was 

expressed in Escherichia coli (E.coli) cells, prepared by refolding from the inclusion bodies, and purified 

according to the procedure described before [16,19]. The LOX-1 ECD protein used for SPR experiments was 

retained His6-tag for anchoring it to the sensor chip. The prepared LOX-1 ECD was confirmed to be in a 

disulfide linked homodimer by SDS-PAGE.

II-2-3. Preparation of small unilamellar vesicles (SUVs)
A 100 chloroform solution containing 5 mg of DOPG (Fig. II-3A) or DOPC (Fig. II-3 B) in glass tube was 

subjected to N2 gas flow to evaporate the solvent. The solvent-purged lipid was further dried in a desiccator 

connected to a vacuum pump for ~12 hours. The extensively dried lipid sample in a glass tube was dispersed in 1

mLsolution to be used in the intended experiments by vigorous mixing and kept at room temperature for 30 min.

For fluorescence labeling to SUV, 32 of DiI DMSO solution (50 mg/ml) was added at this step. The solution 

was vigorously mixed by vortexing. The glass tube was immersed in liquid nitrogen to make the lipid film inside 

the glass tube, and then the frozen lipid film was thawed in a warm bath at 42°C. This freeze-thaw cycle was 

repeated for five times.

The prepared liposome solution was then subjected to sizing to make unilamellar vesicles with the extruding 

device (Avanti Polar Lipids, Inc.).Two types of sizing polycarbonate membrane filter, 30 nm or 100 nm in pore 

diameter were used to give the unilamellar vesicles in different sizes. Extruding the liposome solution between 

two connected syringes was repeated at least 90 times through the membrane to make SUVs in a narrow size 

distribution with polydispersity index (PDI) less than 0.2. Hereafter, DOPG-SUV prepared with 30 nm filter is 

abbreviated as “DOPG-SUV30”. Similarly, DOPG-SUV prepared with 100 nm filter is abbreviated as 

“DOPG-SUV100”, and DOPC-SUV prepared with 30 nm filter is abbreviated as “DOPC-SUV30”, respectively.

The hydrodynamic diameters, surface potentials (zeta potentials), and PDI of the SUVs dispersed in 

ultra-pure water (Merck-Millipore KGaA, Darmstadt, Germany) were measured with dynamic light scattering 

(DLS) using Zetasizer Nano (Malvern Instruments Ltd.).

The prepared SUVs were stored in water at 25 °C. The physicochemical stability of DOPG-SUV30 was 

monitored at the time points of 1, 47, 71, 93 and 109 days after preparation.

The statistical errors for each particle size and surface potential were estimated as the standard deviations 
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through the serially repeated triplicate experiments.

II-2-4. SPR measurement
II-2-4-1. Preparation of the SPR sensor chip coating NTA self-assembled monolayer (SAM)

In this experiments, the self-assembled monolayer (SAM) on SPR sensor chip was made of 10% OEG-NTA 

and 90% OEG-OH. The NTA moiety in OEG-NTAis used to anchor LOX-1 ECD fusing HIS6-tag at its 

N-terminus (Fig. II-2). The SAM coated SPR sensor chip was prepared in the following procedure. 

The gold thin plate, SIA-Kit Au (GE Healthcare) was sank into the Piranha solution comprising of 30 mL 

H2O2 and 70 mL conc. H2SO4. The gold plate was kept in the solution for 30 min to generate clean gold surface. 

The gold plate was extensively rinsed by ultra-pure water and then dried up by blowing dried N2 gas on its 

surface. The cleaned gold plate was immediately put in the 2 mL solution containing 0.1 mM OEG-NTA and 

0.9 mM OEG-OH in dark at room temperature for 24 hours. The SAM coated gold plate was carefully washed 

with ethanol four times then dried by blowing the air onto the surface. The SAM coated gold plate was mounted 

onto the Biacore sensor frame and kept in dark at 4°C until it is used. The SAM sensor was prepared just prior to 

every experiment.

II-2-4-2. SPR experiments of SUVs with LOX-1 ECD clusters anchored to the SAM sensor

SPR experiments were performed by using Biacore X system (GE Healthcare, Buckingham, UK) and 

SPR02 system (Optoquest Co.Ltd., Tokyo, Japan). LOX-1 EDC was dissolved in the buffer A (10 mM HEPES, 

pH 7.4, 150 mM NaCl) to give 100 g/mL concentration. The NTAgroup on the SAM sensor was activated by 

loading Ni2+ ions with 20 flow of 0.5 M NiCl2in buffer A. LOX-1 ECD was immobilized by flowing 40 

LOX-1 ECD solution onto the Ni-loaded SAM at the flow rate of 10 /min. LOX-1 ECD was immobilized 

up to in the range from 4000 to 4500 resonance unit (RU). After washing the sensor surface with 80 buffer B 

(10 mM HEPES, pH 7.4, 150 mM NaCl, 50 EDTA), the analytes dissolved in the buffer B were flowed to 

the sensor chip. For the binding of AcLDL to LOX-1 ECD, 250 of AcLDL solution was flowed at 5 /min. 

In using SUVs, 100 analyte solution was flowed at 20 /min. All the experiments were carried out at 25°C.

Equilibrium dissociation constants (KD) values were estimated from the equilibrium data at the ends of the 

adsorbing phase sensorgrams without using kinetic analysis [19]. Accurate kinetic analysis was not possible 

because the classical one-to-one binding model is inappropriate due to the multivalent interaction between the 

ligands and the clustered LOX-1 ECD on the sensor surface.

The statistical errors for each KD value were estimated by co-variances in fitting calculations with the program 

Scrubber-2 (BioLogic Software, Campbell, Australia).

II-2-5. Competitive cellular uptake assay of DOPG-SUV30 and AcLDL using LOX-1 expressing 
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cells
DiI-labeled DOPG-SUV was prepared as described above. The used DOPG-SUV was sized with the 30 nm 

pore diameter membrane filter (DiI-DOPG-SUV30). DiD-AcLDL was prepared as described before [52]. In 

this uptake experiments, CHO cell line expressing stably cyan fluorescent protein (CFP) tagged LOX-1 at the 

level to elicit AcLDL uptake (T-CHO cells) [52] was used. Cells grown on cover slides were incubated with 

DiD-AcLDL and DiI-DOPG-SUV30 in defined amounts for 10 min on ice. The final concentration of 

DiD-AcLDL in the cell medium ranged from 0.4 g/mL to 8.0 g/mL, while the concentration of 

DiI-DOPG-SUV30 was changed from 0.25 M to 5.0 M. The excessed DiD-AcLDL and DiI-DOPG-SUV30 

were gently washed out with fresh cold medium without fetal calf serum (FCS). The cells were then chemically 

fixed with a 2% formaldehyde/PBS (-) solution. Each cover slip was mounted onto a glass slide. 

The treated cells were measured with a Leica DM IRE2 microscope (Leica Microsystems, Wetzler, 

Germany) equipped with a ×100, NA 1.4 objective and a Cool SNAP HQ digitized cooled CCD camera (Roper 

Scientific, Trenton, NJ) controlled by MetaMorph software (Universal Imaging, Downingtown, PA). The 

fluorescence derived from CFP was measured using an E4 filter with excitation at 436 nm (7-nm bandpass) and 

a 470-nm long-pass emission filter. The DiD-AcLDL derived fluorescence was measured using an Y5 filter with 

excitation at 620 nm (50 nm bandpass) and a 700 nm (75 nm bandpass) emission filter. For detecting 

DiI-DOPG-SUV30, the fluorescence was measured using an Y3 filter, with excitation at 535 nm (50-nm 

bandpass) and a 610 nm (75 nm bandpass) emission filter. All images were acquired at 0.1 sec exposures. The 

input amounts of AcLDL and DOPG-SUV30 were compared in molar units using the molecular weights 

estimated for each of them, as described below.

The molecular weight of AcLDL was assumed to be the same as for LDL reported in the literature, 2.5 × 106

Da [65], because the particle size of AcLDL is very close to those of LDL and OxLDL [66]. The number of 

DOPG molecules per single DOPG-SUV30 particle was estimated as 2.3 × 104 on the basis of the geometric 

requirements in a lipid vesicle bilayer [67]. In the calculation, we assumed the average volume per lipid 

molecule (the specific volume) of DOPG to be the same as that for phosphatidylcholine [67], which is 

acceptable because they share similar alkyl chain chemical structures. The thicknesses of the outer and inner 

monolayers in the DOPG-SUV30 were also assumed to be the same as those for a phosphatidylcholine SUV, 

i.e., 2.1 nm (outer) and 1.6 nm (inner) [67]. The molecular weight of DOPG-SUV30 was estimated to be 1.8 × 

107 Da.

 
II-2-6. VCAM-1 induction assay

Human aortic endothelial cells (HAEC) were cultured in medium containing 10% FCS for 5 h before adding 

DiI-OxLDL (1.6 nM) or DiI-DOPG-SUV30 (25 pM). After the addition of DiI-OxLDL or DiI-DOPG-SUV30

into the HAEC culture in 0.2% FCS, the cells were cultured for 16 h before chemical fixation of the cells using 
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2% formaldehyde in PBS (-), i.e., phosphate buffer saline without calcium and magnesium. The chemically 

fixed cells were incubated with anti-vascular cell adhesion molecule-1 (VCAM-1) antibody at 5 g/mL (Rabbit 

polyclonal; Abcam, Cambridge, UK) for 2 h at room temperature. The cells were then incubated for another 1 h 

at room temperature in PBS(-) containing 10% FCS and anti-rabbit IgG labeled with Alexa Fluor 633 at 5 g/ml 

(Molecular Probes, Eugene, OR, USA). The fluorescence derived from Alexa Fluor 633 was observed with the

fluorescence microscope above. In the experiments, HAEC were not permeabilized, and the antibodies stained 

VCAM-1 expressed on the cell surface.

 
 
II-3. Results
II-3-1. Optimization of LOX-1 immobilized SAM-SPR sensor chip

In this study, to analyze quantitatively the affinities between SUVs and LOX-1 cluster, SPR sensor chip was 

designed to make LOX-1s on the sensor closer to the state on the cell membrane by introducing NTA 

self-assembled monolayer (SAM) composed of OEG-NTA and OEG-OH. N-terminal His6-tagged LOX-1

ECD containing CTLD and NECK domain was immobilized on the sensor chip by anchoring to OEG-NTA.

On this sensor surface, LOX-1 ECDs were aligned unidirectionally as envisaged for LOX-1 receptors on the 

cell surface (Fig. II-2).

The OEG-NTA content was optimized through SPR sensorgram responses upon binding of LOX-1 ECD to 

the SAM surface preliminarily. Data were collected with SPR02 system (Optoquest Co.Ltd.) at 25 °C (Fig. II-4). 

In a series of experiments using 0.3 to 50% OEG-NTA content in the SAM, the results for the 10% content of 

OEG-NTA indicated complete coverage by LOX-1 ECDs without cryptic attenuation of SPR responses.

Increasing the OEG-NTA content above 10% (25 and 50%) did not lead to a uniform increase in sensor 

response. These observations suggest that there should be steric clashes among the LOX-1 ECDs on the SAM 

surface because of receptor overcrowding when OEG-NTA contents above 25% are used. LOX-1 receptors on 

the cell surface may also need space to neighboring receptors to allow for rearrangement of the CTLDs to tightly 

capture vesicles with various sizes. Overcrowding of LOX-1 ECDs on the sensor surface will not properly

mimic the state of LOX-1 clusters on cells. Therefore, the 10% OEG-NTA content was chosen in the present 

work. 

Aspecific SPR response arisen from AcLDL (a chemically stable surrogate reference substance equivalent to 

OxLDL) binding was observed only in the SAM sensor with LOX-1 ECD. On the other hand, The 

SAM-sensor without LOX-1 ECD showed negligible response to AcLDL, indicating that the SAM surface 

does not display non-specific binding toward AcLDL(Fig. II-5).
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II-3-2. The size and surface charge of SUV determine the binding affinity to LOX-1 cluster
Negatively charged liposome; DOPG-SUV was prepared with 30 or 100 nm pore sizing filters 

(DOPG-SUV30, DOPG-SUV100) respectively, and neutrally charged liposome; DOPC-SUV was also 

prepared with a 30 nm pore filter (DOPC-SUV30). The size distributions and surface charges (zeta-potentials)

of these SUVs and AcLDL were measured by dynamic light scattering (Fig. II-6). The binding affinities of these 

to LOX-1 ECD clusters on SAM sensor were measured by using Biacore X system (GE Healthcare) (Fig. II-7).

The resulting sizes (hydrodynamic diameters), zeta-potentials, and dissociation constants (KD) with LOX-1

ECD clusters of these ligands are listed in Table II-1.

AcLDL was used as a surrogate reference substance more chemically stable than OxLDL in order to avoid the 

influence on the reproducibility of the measurement result arising from the oxidation level heterogeneity found in 

OxLDL. AcLDL and OxLDL are known to have comparable binding affinity to LOX-1 [57]. The hydrodynamic 

diameter of AcLDL was 38.2 nm, and the zeta potential was -41.0 mV. The affinity for LOX-1 was KD of 95×10-12

M (Fig. II-7A).

The zeta potential of the DOPG-SUV30 (-42.2 mV) was close to that of AcLDL. Its size was 70.6 nm in 

hydrodynamic diameter, which was twice size relative to AcLDL. DOPG-SUV30 showed KD = 5.0 × 10-12 M

(Fig. II-7 B), it was almost 20 times stronger affinity toward LOX-1 ECD clusters when compared with that of 

AcLDL. Therefore, the observed difference in their affinities toward LOX-1 ECD clusters was defined by their 

particle sizes. DOPG-SUV30 had a larger diameter, and should interact with more LOX-1 ECDs on the sensor 

surface when compared with that of AcLDL, which enhances the apparent affinity of DOPG-SUV30 over 

AcLDL according to the number of engaged LOX-1 receptors.

DOPG-SUV100 had an average diameter of 124 nm, which was 1.8 times larger than that of DOPG-SUV30. 

It showed -41.6 mV zeta potential as well as DOPG-SUV30 and AcLDL. Irrespective of the larger size, 

DOPG-SUV100 showed only a marginal increase in affinity toward LOX-1 ECD clusters; KD = 3.9×1012 M

(Fig. II-7 C), when compared with that of DOPG-SUV30.

In contrast, the LOX-1 affinity loss due to the reduction of the negative charge on DOPC-SUV surface was 

remarkable. DOPC-SUV30 showed a diameter of 68.2 nm and -8.4 mV zeta potential. Its KD with LOX-1 ECD 

clusters was 1300×10-12 M, and resulted in about 260 times weaker affinity to LOX-1 than DOPG-SUV30 (Fig. 

II-7 D). The low affinity of DOPC-SUV30 to LOX-1 ECD clusters was not unexpected because its neutral 

surface charge was similar to that of native LDL(-8.3 mV) that does not bind to LOX-1 [8,61].

These SPR sensorgrams obtained in this experiments were not fit to one-to-one binding model functions. This 

suggests that multiple LOX-1 ECDs on the sensor interact with the ligand in a multivalent manner.

II-3-3. Competitive uptake of DOPG-SUV against AcLDLvia LOX-1 on cell surface
Native CHO cells expressed LOX-1 at a very low level, and uptake of DiD-labeled AcLDL or DiI-labeled 
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DOPG-SUV30 was not observed (Fig. II-8A). In contrast, substantial uptakes of DiI-labeled DOPG-SUV30 and 

DiD-labeled AcLDL into the CHO cells stably expressing CFP-tagged LOX-1 (T-CHO cells) was observed (Fig. 

II-8 B) as demonstrated in previous study [52].Therefore, uptakes of AcLDLand DOPG-SUV30 into T-CHO 

cells were mediated by LOX-1-dependent endocytosis.

In the presence of 1.5 times amount of DiD-labeled AcLDL, uptake of DiI-labeled DOPG-SUV30 into T-CHO 

cells was almost exclusive (Fig. II-9A). In contrast, at 1.4 times amounts of DOPG-SUV30 relative to AcLDL, 

AcLDL uptake was almost completely abolished (Fig. II-9 B). Even in the presence of about 150-times excess 

AcLDL, DiI-labeled DOPG-SUV30 uptake was still observed (Fig. II-9 C).Approximately 300-times the amount 

of DiD-labeled AcLDL was required to completely inhibit the uptake of DOPG-SUV30 into the cells (Fig. II-9

D).

These results demonstrated that DOPG-SUV30 had a strong antagonist activity against AcLDL binding to 

LOX-1 clusters on cell surface and therefore preventedAcLDL uptake through LOX-1-mediated endocytosis.

DOPG-SUV30 would work as a nano-DDS carrier to deliver payloads through LOX-1-dependent endocytosis 

pathway.

II-3-4. DOPG-SUV does not induce VCAM-1 expression
The cytotoxicity derived from DOPG-SUV30 in human aortic endothelial cell (HAEC) was assessed based 

on the induction level of VCAM-1 as a molecular marker for dysfunctional cells (Fig. II-10). OxLDL binding to 

LOX-1 induces the production of cell adhesion molecules including VCAM-1 to recruit monocytes to the 

endothelium to initiate atherosclerosis [49,54]. Also in this study, OxLDL induced VCAM-1 expression. In 

contrast, DOPG-SUV30 did not induce VCAM-1 expression. No cell deformity due to DOPG-SUV30 addition 

was also observed.

II-3-5. Physicochemical stability of DOPG-SUV
Changes in the physicochemical properties of DOPG-SUV30 during storage in water at 25 °C were 

monitored (Fig. II-11). The particle size became slightly larger over the first 70 days of storage, while the

polydispersity index (PDI), which provides information about the particle size distribution, and surface charge 

changed slightly. At the time of storage at 70 days, the DOPG-SUV30 remains less than 90 nm in diameter with 

an improved particle size distribution (smaller PDI) and a slightly enhanced negative surface charge. On the 

other hand, at 93 days after preparation, the diameter of DOPG-SUV 30 increased to 120 nm. The PDI rose to 

0.35 and the surface charge reached to -80 mV. These observations indicated that DOPG-SUV30 is stable for 70 

days after preparation.
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II-4. Discussion
II-4-1. Structure of LOX-1 ECD clusters formed on a SAM-SPR sensor

In this study, SPR sensor chips harboring LOX-1 ECD clusters on the self-assembled monolayer (SAM)

surface was designed to mimics the clustering state of LOX-1s expressing on plasma membrane surface. On the

sensor surface, LOX-1 ECDs are aligned unidirectionally (Fig. II-2). This LOX-1 ECD-SAM sensor showed 

the affinity to AcLDL with KD = 95×10-12 M (Table. II-1). This value was about 40 times stronger than the 

previous SPR study result using biotinylated CTLD homodimer-immobilized on streptavidin-coated sensor with 

AcLDL (KD = 3.9×10-9 M) reported by Ohki et al. in 2011 [19]. In addition, this is nearly 180 times stronger 

than OxLDL affinity (KD = 1.7×10-8 M) reported for human coronary artery endothelial cells (HCAECs) 

expressing LOX-1 [68].

These differences in the affinities are considered due to the fact that the SAM sensor surface prepared in this 

study formed LOX-1 clusters plane with a higher density and a larger area than the previous SPR study or 

LOX-1 expressing cell surface. LOX-1 ECD was immobilized on the 10% NTA-SAM sensor chip to show a 

response of 4000 to 4500 resonance unit (RU). In Biacore system, the change of 1000 RU corresponds to the 

binding of about 1 ng/mm2 of substance onto the sensor chip. That is, about 4 ng/mm2 of LOX-1 ECD was 

immobilized on the NTA-SAM sensor chip to get a response of 4000 RU. Since an area of one measurement 

flow cell is 1.25 mm2, it is calculated that about 5 ng (approximately 6×1010 molecules) of LOX-1 ECD covered 

completely the flow cell surface of the SAM-SPR sensor chip.

Native LOX-1 is localized in caveolae/lipid rafts on the plasma membrane of endothelial cells [15,51]. The 

diameter of lipid raft is known to be about 50 to 100 nm [69], and native LOX-1 is considered to exist mainly as 

tetramer or hexamer as one cluster unit [52]. Although the exact number of LOX-1 molecules expressing per 

one lipid raft on the cells is unknown, about several tens to at most 100 LOX-1 molecules could express there

and form the clusters when calculated roughly from their sizes. The density of LOX-1 on the SAM sensor chip 

must be much denser than that on the native lipid raft. However the planarly clustered structure could have been 

reproduced faithfully. This LOX-1 ECD clusters -SAM sensor chip prepared in this study worked well as an

analysis tool to detect the LOX-1 binding affinity of various SUV ligands with enhanced sensitivity.

II-4-2. Interaction between DOPG-SUVs and LOX-1 clusters on SAM-SPR sensor
Anionic liposomes with a uniform negative charge on the surface (-42 mV) equivalent to AcLDL were

prepared from phospholipid DOPG in this study. DOPG-SUV30 sized to an average diameter of 70 nm showed 

20 times stronger affinity to LOX-1 ECD clusters than AcLDL(Table. II-1). This is because DOPG-SUV30 had 

an about twice larger particle size than AcLDL, and thus more LOX-1s on the sensor bound to one 

DOPG-SUV30 particle multivalently than binding to AcLDL (Fig. II-12). LOX-1 CTLD is connected to a 

flexible NECK domain (Fig. II-1) [18], and the flexibility of the NECK domain may be able to rearrange the 
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CTLDs to capture ligands with various sizes synergistically.

On the other hand, the affinity of DOPG-SUV100 with a diameter of 124 nm to LOX-1 clusters was not 

significantly different from that of DOPG-SUV30 (Table. II-1). An enhancement of ligand binding affinity to 

LOX-1 clusters showed a size limit. About twice change in the diameter from 70.6 nm (DOPG-SUV30) to

124.4 nm (DOPG-SUV100) did not increase the LOX-1 affinity, as observed between AcLDL (38.2 nm) and 

DOPG-SUV30 (Fig. II-13). The result that both KDs of DOPG-SUV30 and DOPG-SUV100 were nearly equal

would imply that the number of LOX-1 ECDs on SAM sensor which interacted with one DOPG-SUV100 

particle was the same as in the case of DOPG-SUV30. As shown in the schematic diagram of spheres of 

DOPG-SUV100 and SUV30 (Fig. II-14), the larger diameter of particle, the more surface area should contact 

with the plane of LOX-1 clusters on sensor surface. One hypothesis to explain this is that DOPG-SUV30 and 

SUV100 may have different rigidities and elasticities respectively [70]. In fact, DOPG-SUV100 filtered with a 

100 nm filter showed a diameter of 124 nm, while the SUV30 showed a hydrodynamic diameter of 70 nm 

despite being filtered with a 30 nm pore filter. This result implies that DOPG-SUV30 may be a softer and more 

deformable liposome than DOPG-SUV100 by being exposed to physical stress passing through a narrow 

membrane pore of 30 nm. DOPG-SUV30 may form a flatter spherical shape flexibly, and adhere to the sensor 

surface. As a result, it is inferred that the contact areas of DOPG-SUV30 and the SUV100 particles to the 

LOX-1 clusters plane on sensor were almost the same substantially. To clarify this, structural characterization of 

DOPG-SUVs using atomic force microscopy (AFM) etc. will be required [66,71]. This is an issue to be clarified 

in the future.

Looking at the SPR sensorgrams of DOPG-SUV30 and SUV100, their association and dissociation profiles

with LOX-1 clusters plane appear to be different for both (Fig. II-7 B and C). DOPG-SUV30 saturated rapidly 

LOX-1 clusters plane and hardly dissociated thereafter (Fig. II-7 B). On the other hand, DOPG-SUV100 

particles at the same molar concentration as DOPG-SUV30s took more times to saturate LOX-1 clusters plane 

than DOPG-SUV30. In addition, obvious dissociations were observed after the saturation only in the SUV100 

injections (Fig. II-7 C). Focusing on the Resonance Unit (RU; Y-axis) of their SPR sensorgrams, when 35 pM 

DOPG-SUV30 was injected into the sensor, it reached a response of 6000 RU at saturation state (Fig. II-7 B). 

On the other hand, when 35 pM DOPG-SUV100 was injected into the sensor in the same way, it was limited to

5000 RU at saturation (Fig. II-7 C). In the Biacore system, a change of 1000 RU corresponds to approximately 1 

ng/mm2 of material bound onto the sensor. That is, it is calculated that DOPG-SUV100 reached the saturation 

with LOX-1 clusters plane in an amount of about 1 ng/mm2 less than DOPG-SUV30.

This limited enhancement in the affinity and binding amount of DOPG-SUV100 can be ascribed to steric 

exclusion effect of unbound SUVs by vesicles bound to LOX-1 clusters on the sensor surface (Fig. II-15), which 

results in a reduced number of bound SUV100 particles to the sensor. More frequent steric clashes among 

DOPG-SUV100 particles might be caused on the SAM sensor than in case of DOPG-SUV30. The small 
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difference in the affinities between DOPG-SUV30 and SUV100 is reminiscent of the size-dependent change in 

the binding abilities of LDLs to the LDL receptor (LDLR) clustered on the cell surface, in which fewer larger 

than small LDLs were bound to the LDLRs [65]. The size-dependent change in LDL binding to LDLR clusters

on the cell surface was explained by steric hindrance among the LDL particles on the receptor lattice in LDLR 

cluster expressed on cells (the lattice model) [65]. LOX-1 ECD clusters-SAM SPR sensor reproduced the

size-exclusion effect that should occur in ligand binding to LOX-1 receptor-lattice on the cell surface.

Mukhamadiyarov et al. have reported that they prepared multilamellar vesicles composed of egg lecithin and 

cholesterol (molar ratio; 7: 5) by sizing them with using polycarbonate filters with pore sizes of 30 or 100 nm in 

almost the same way as in this study, and obtained two groups of the liposomes with an average diameter of 70 

nm or 110 nm [72]. Although the surface charges have not been analyzed in their studies, Nguyen et al. have 

reported that liposomes composed of soy lecithin and cholesterol indicated -41.7 mV zeta potential values [73].

From this, it can be inferred that the liposomes composed of egg lecithin and cholesterol also had a negative 

surface charge close to the latter soy lecithin liposomes. The negative charge value was equivalent to that of 

DOPG-SUVs obtained in this study. The key point in the study of Mukhamadiyarov et al. is that they have 

demonstrated that 70 nm liposomes were taken up into ischemic rat cardiomyocytes about six times more 

efficiently than the 110 nm liposomes [72]. The authors did not discuss the involvement of LOX-1 in their 

experimental results, but it is already well known that LOX-1 expression is up-regulated in the myocardial 

ischemia lesion area [49], therefore I consider that LOX-1 was involved in the phenomena. The experimental

results presented in this study that smaller (70 nm) negatively charged liposomes (DOPG-SUVs) bound more to 

the LOX-1 clusters plane than the larger liposomes with 124 nm, and the hypothesis above that the reason was 

due to the flexibility and size exclusion effect of the liposomes would support logically the previous research by 

Mukhamadiyarov et al.

From these SPR experiments, it was demonstrated that DOPG-SUV30 with an average diameter of 70 nm

had a sufficient size and surface charge for strong interaction with LOX-1 clusters. 

II-4-3. Mechanisms of LOX-1-mediated endocytosis of DOPG-SUV30 and OxLDL uptake 
inhibition

LOX-1 mediated endocytosis relies on clathrin-independent endocytosis (CIE) [13–15], which limits the 

vesicle size to a diameter of ~90 nm [74]. The average diameter size of DOPG-SUV30 was 70.6 nm, which was 

below the CIE size limit, whereas the average diameter of DOPG-SUV100 (i.e., 124.4 nm) was above the limit.

Therefore, DOPG-SUV30 was evaluated the competitive cellular up-taken activity against AcLDL through 

LOX-1-mediated endocytosis.

Competitive cellular uptake assay using fluorescently labeled DOPG-SUV30 and AcLDL on LOX-1

expressing CHO cells revealed that DOPG-SUV30 was preferentially taken up into the cells rather than AcLDL.
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Even in the presence of a 150 fold excess amount of AcLDL, DOPG-SUV30 was internalized efficiently (Fig. 

II-9). This suggests that DOPG-SUV30 should also have a stronger affinity with LOX-1 clusters expressing on

the living cell membrane than AcLDL.

Each CIE cavity on the plasma membrane could accept only one DOPG-SUV30 particle and sterically 

exclude AcLDL/OxLDL binding to LOX-1 cluster on the cavity (Fig. II-16). As schematically drawn in Fig. 

II-16, the number of LOX-1 receptors engaged in binding to DOPG-SUV30 in the cavity for CIE would be

much greater when compared with that of AcLDL/OxLDL to give DOPG-SUV30 higher affinity toward 

LOX-1 clusters than AcLDL/OxLDL. DOPG-SUV30 would kinetically exclude OxLDL binding to LOX-1

clusters, thereby blocking uptake of the pathogenic OxLDL into cells. Besides the antagonistic effect against 

OxLDL, DOPG-SUV30 can deliver therapeutic reagents through LOX-1 mediated CIE pathway to 

dysfunctional cells.

II-4-4. Feasibility of clinical use of DOPG-SUV as LOX-1 selective DDS carrier
The physicochemical properties of nanoparticles (NPs) such as their sizes, surface charges, shapes, and 

rigidities determine the cellular pathways utilized to internalize NPs [74–77]. Positively charged NPs no larger 

than 100 nm are internalized through clathrin-mediated endocytosis via a non-targeting process, in which the 

positively charged NPs interact with the negatively charged matrix formed by glycosaminoglycans on the cell 

surface [78]. Negatively charged particles such as OxLDL, AcLDL and DOPG-SUV30 do not interact with the 

negatively charged cell surface and are not internalized into cells in a non-targeting manner. Instead, these 

particles are up-taken exclusively through LOX-1-mediated CIE in a receptor-targeting manner. This 

characteristic of DOPG-SUV30 is therapeutically advantageous in delivering a payload to cells in pathological 

conditions, where LOX-1 expression is highly upregulated [79,80].

Safety of the internalized vesicle is an issue to consider when applying DOPG-SUV for therapeutic purposes. 

DOPG-SUV30 did not induce VCAM-1 expression, a biomarker of cell dysfunction. No cell deformity due to 

DOPG-SUV addition was also observed. Several liposome DDS therapeutics such as Doxil® are already in 

clinical use as commercial products [62,63]. Kapoor et al. have developed SUV liposome consisting of 40% 

DOPG and 60% DOPE (zwitterion lipid) as DDS nano-carrier of siRNAto breast cancer cells, and reported that 

it has no cytotoxicity, and that it was stable at least for 4 hours in serum [81]. DOPG-SUV30 used in this study 

would also be expected to show no cytotoxicity in vivo similar to these previous findings.

The physical stability of DOPG-SUV30 is another concern in the practical use. This study showed that 

DOPG-SUV30 was stable in water at room temperature for 70 days after preparation. While the diameter of 

DOPG-SUV30 increased to 120 nm at 93 days after preparation (Fig. II-11). This would be because SUVs have 

merged and become larger. The merged SUVs would not function as DDS nano-carriers, since ligands larger 

than 90 nm are not internalized by CIE due to their size limitations [74].



 19 

In considering therapeutic applications, further characterization for the safety and stability of DOPG-SUV30 

under physiologically relevant conditions by animal studies etc. will be required, and this represents a future 

study. Taken together, it was confirmed that DOPG-SUV30 is a suitable DDS nano-carrier targeting LOX-1 at 

least for in vitro use.

II-5. Conclusions 
In this chapter, small unilamellar vesicles (SUVs) composed of negatively charged phospholipid DOPG or 

neutrally charged phospholipid DOPC were prepared in different sizes (70 nm or 124 nm in a diameter), and their 

affinities toward LOX-1 ECD clusters immobilized on the self-assembled monolayer (SAM)-SPR sensor chips were 

compared to AcLDL (a chemically stable surrogate reference substance equivalent to OxLDL). Anionic 

DOPG-SUV sized with 30 nm pore diameter filter (DOPG-SUV30) (70 nm, -42 mV), which was about twice 

the diameter and an equivalent surface charge to AcLDL, showed about 20 times stronger affinity to LOX-1

ECD clusters than AcLDL. This explains that the enhancement of LOX-1 affinity correlated positively with the 

size of negatively charged ligands, and it was due to the multivalent interaction of more LOX-1s with one 

DOPG-SUV30 particle than with AcLDL. DOPG-SUV30 were internalized more preferentially into living cells 

expressing LOX-1 than AcLDL, even in the presence of a 150 fold excess amount of AcLDL.

On the other hand, DOPG-SUV100 (-42 mV, 124 nm), having the same surface charge and about twice the 

diameter compared to DOPG-SUV30, demonstrated almost the same LOX-1 affinity as that of DOPG-SUV30.

These results indicated that the affinity with LOX-1 clusters was not further enhanced even if the particle size 

exceeds 70 nm. This was probably due to the difference in elasticity between DOPG-SUV30 and SUV100, 

which can make DOPG-SUV30 more flexible and flatter, and the fact that the more bulky DOPG-SUV100 had 

a larger size exclusion effect to unbound particles on LOX-1 clusters plane. This means that there is an optimum 

particle size (70 nm) in ligand binding onto LOX-1 clusters surface. In case of DOPC-SUV30 (-8.4 mV, 68 nm), 

the LOX-1 affinity was lost due to the reduction of the negative charge on SUV surface.

As for the safety, DOPG-SUV30 did not show a cell teratogenicity and VCAM-1 induction, which is a 

biomarker of cellular dysfunction triggered by LOX-1 signaling, indicating a low risk of safety for in vivo use.

In summary, the present study demonstrated that DOPG-SUV30 inhibits OxLDL/AcLDL binding to LOX-1

clusters on the cell surface, and can function as a DDS carrier targeting LOX-1 expressing pathological sites of 

atherosclerosis and cancer at least for in vitro use.
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II-6. Figures and Tables

Fig. II-1.

Structure model for LOX-1 extracellular domain (ECD) (Left panel). The CTLD structure is the crystal structure 

(PDB code: 1YXK). The coiled-cold structure for the NECK domain is modeled based on the structure of 

myosin heavy chain. The LOX-1 ECD used in this SPR experiments harbors His6-tag at its N-terminus for 

anchoring it to the sensor surface. Surface potential on LOX-1 CTLD dimer (Right panel). The positively 

charged sites are shown in blue, and the negatively charged sites are shown in red respectively. Arginine residues 

including R229, R231, and R248 form a belt of the basic residues on the flat surface of the CTLD dimer (Basic 

spine structure), which poses LOX-1 the preferential binding to the negatively charged ligands such as OxLDL. 

The image was produced using PyMOL v2.0.4 (Schrödinger, LLC).
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Fig. II-2.

Schematic diagram of the surface plasmon resonance (SPR) experiment used in this study.
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(A) The chemical structure of the self-assembled monolayer (SAM) on the SPR sensor surface consists of 10% 

OEG-NTA and 90% OEG-OH. (B) Schematic drawing of the sensor surface doped with LOX-1 ECD via the 

His6-tag and Ni 2+-NTA interaction on the SAM. The figure is drawn by considering the relative sizes of the 

LOX-1 EXD and SAM (2 nm in thickness) with 10% OEG-NTA. (C) Injection workflow of this SPR 

experiment. LOX-1 ECDs were immobilized onto the Ni2+ loaded NTA-SAM sensor chip, and the affinity of 

AcLDL or DOPG/DOPC SUVs to LOX-1 clusters was measured.
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Fig. II-3.

Chemical structures for DOPG (A) and DOPC (B) used as raw materials for SUVs.
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Fig. II-4.

Optimization of SPR sensor responses for immobilizing LOX-1 ECD to SAM surfaces with different contents 

of OEG-NTA moieties with Ni loaded (A) and without Ni loading (B). The arrows indicate the times for 

switching the solutions flowing onto the sensor chip. The solutions contained (a) 0.1 mg/mLHis6-tagged LOX-1

ECD, (b) no solute and (c) 300 mM imidazole in 10 mM HEPES (pH 7.4) with 150 mM NaCl and 0.05 mM 

EDTA. (C) Comparison of the SPR sensor responses measured by the reflected light angle shifts at time point 

(b). Data from the sensor with Ni loaded to NTA (blue bars) and the corresponding data from the sensor without 

Ni loading (yellow bars). Data were collected with a SPR02 system (Optoquest Co.Ltd., Tokyo, Japan) at 25 °C.
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Fig. II-5.

The SPR sensorgrams for AcLDL binding to the sensor with LOX-1 ECD loaded onto the SAM (green) and the 

sensor coated with SAM but without LOX-1 ECD (red). The data were collected with a SPR02 system

(Optoquest Co. Ltd., Tokyo, Japan) at 25 °C.
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Fig. II-6.

The particle size (hydrodynamic diameter) distribution of DOPG-SUV30 (A), DOPG-SUV100 (B), and 

DOPC-SUV30 (C). All data were collected with a ZetaSizer Nano (Malvern Instruments Ltd., UK) at 25°C,

which uses dynamic light scattering (DLS).
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Fig. II-7.

SPR sensorgrams of each ligand binding to LOX-1 ECD clusters immobilized on SAM sensor chip. (A)

AcLDL at concentrations of 9.8, 19.5, 39.0, 78.1, 156.3, 312.5 and 625.0 pM. (B) DOPG-SUV30 at 

concentrations of 0.55, 1.1, 2.2, 4.4, 8.8, 17.5 and 35.0 pM. (C) DOPG-SUV100 of the same concentration 

series as (B). (D) DOPC-SUV30 at concentrations of 71, 142, 284, 568, and 1136 pM.
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Fig. II-8.

Ligand uptake experiments using (A) native CHO cells and (B) CHO cells stably expressing CFP-fused LOX-1

(T-CHO). The data from native CHO cells contain phase contrast images (left) and fluorescence images (right) 

for DiD-AcLDL (excitation 620 nm) or DiI-DOPG-SUV30 (excitation 535 nm). The microscopic images from 

T-CHO cells are shown phase contrast images (left), the fluorescence images for CFP-LOX-1 (excitation 436 

nm) (middle) and DiD-AcLDL (excitation 620 nm) or DiI-DOPG-SUV30 (excitation 535 nm) (right).
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Fig. II-9.

Competitive uptake into T-CHO cells between DiI-DOPG-SUV30 and DiD-AcLDL. The amounts of 

DiD-AcLDL and DiI-DOPG-SUV30 were visually compared by fluorescence images for DiD-AcLDL 

(excitation 620 nm; red) and DiI-DOPG-SUV30 (excitation 535 nm; green) with monitoring of the 

CFP-LOX-1 expression by fluorescence images (excitation 436 nm; blue). The molar concentrations for the 
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input AcLDL and DOPG-SUV30 for each experiment are indicated in each set of images. R denotes the molar 

ratio defined as [DiD-AcLDL] / [DiI-DOPG-SUV30]. The molar ratios (Rs) for the input varied: (A) 1.5, (B)

0.7, (C) 148, and (D) 296. Each set of microscopic images includes the phase contrast cell images (left), and 

fluorescence images of CFP-LOX-1 (2nd left), DiI-DOPG-SUV30 (3rd left) and DiD-AcLDL (right).
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Fig. II-10. 

VCAM-1 induction assay of DOPG-SUV30 against HAEC (human aortic endothelial cells). HAEC cultured 

without ligands did not express VCAM-1 (A). Phase contrast image of the cells (left) and the fluorescence 

image (excitation at 620 nm) stained with the anti-VCAM-1 antibody detected by the secondary antibody 

conjugated with Alexa Fluor 633 (right). The uptake of DiI-OxLDL into HAEC induced VCAM-1 on the 

surface (B). Phase contrast image (left), the fluorescence image for the internalized DiI-OxLDL (excitation at 

535 nm) (middle) and the fluorescence image of detected VCAM-1 using the anti-VCAM-1 antibody (right). 

The representative spot detected on the cell is marked by an arrow. (C) HAEC internalized DiI-DOPG-SUV30 

but did not induce VCAM-1. Phase contrast image (left), the fluorescence image of the internalized 

DiI-DOPG-SUV30 (middle) and the fluorescence image of cells stained with the anti-VCAM-1 antibody 

(right).
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Fig. II-11. 

The physicochemical stability of the DOPG-SUV30 during storage in water at 25 °C. (A) The hydrodynamic 

diameter, (B) the polydispersity index, and (C) the zeta potential. Data were collected with a ZetaSizer Nano

system (Malvern Instruments Inc., UK) at the time points of 1, 47, 71, 93 and 109 days after preparation.
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Fig. II-12. 

Schematic images showing the interaction of the LOX-1 ECDs-SAM sensor with DOPG-SUV30 (A) and 

AcLDL (B). The diameters of DOPG-SUV30 (70 nm) and AcLDL (38 nm), and the molecular size of LOX-1

ECD are considered in the drawings. The CTLDs of LOX-1 in direct contact with the vesicle are shown in red. 
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Fig. II-13. 

The size dependency of the affinities of the negatively charged vesicles toward the LOX-1 ECD-SAM sensor.
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Fig. II-14. 

Comparison of the sizes of DOPG-SUVs and AcLDL. The drawings consider the relative sizes of the vesicles to 

LOX-1 ECD.
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Fig. II-15. 

Schematic images describing the steric clash among vesicles on the LOX-1 ECD-SAM sensor surface. Smaller 

vesicles (A) bind to the surface more than larger vesicles (B). On the limited surface of the SPR sensor, the total 

number of bound vesicles will be reduced because of steric clashes that prohibit the interaction of additional 

vesicles with the surface.
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Fig. II-16. 

Schematic drawings of the interactions of OxLDL (A) and DOPG-SUV30 (B) with LOX-1 clusters at the 

clathrin-independent endocytosis (CIE) entry site to be internalized into the cell. The drawings consider the

plausible size for the CIE entry site, and also the sizes of OxLDL (23 nm in diameter), DOPG-SUV30 and 

LOX-1 ECD. 
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Table. II-1

List of hydrodynamic diameters, zeta potentials and dissociation constants (KD) with LOX-1 ECD clusters for 

AcLDL and each SUV

Ligand
Hydrodynamic diameter

(nm)

Zeta potential

(mV)

KD

( 10-12 M)

AcLDL 38.2 ± 0.5 -41.0 ± 2.1 95 ± 1

DOPG-SUV30 70.6 ± 0.2 -42.2 ± 0.2 5.0 ± 0.7

DOPG-SUV100 124 ± 0.4 -41.6 ± 2.1 3.9 ± 0.5

DOPC-SUV30 68.2 ± 0.1 -8.4 ± 0.4 1300 ± 100
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Chapter III  The role of disulfide bond in CDR-H3 of 

chicken-derived anti-LOX-1 monoclonal antibody HUC52 for 

the antigen recognition

III-1. Introduction
A number of studies using mouse-derived anti-LOX-1 mAbs, for example, named TS92 (aka JTX92) 

[8,36,82–84], JTX-20 [11,85] and #10-1 [86], have been reported to date. Those mAbs inhibited LOX-1

signaling pathways, and improved the pathology progressions effectively [6,36,83,87,88]. These results 

demonstrate that anti-LOX-1 mAbs are promising therapeutic or diagnostic agents for LOX-1 targeting therapy.

A chicken-derived anti-LOX-1 mAb named HUC52 has been generated by Iwamoto et al. [42]. Since 

chickens are phylogenetically distant from mammals, when antigens are highly conserved between humans and 

mice, it is used as an immune host animal which has the possibility to produce antibodies that can’t be produced 

in mammals [89]. In fact, HUC52 binds to human LOX-1 CTLD strongly, and inhibits uptake of OxLDL. It 

cross-reacts with human, pig and rabbit LOX-1 orthologs, but does not bind to mouse LOX-1. It has two 

cysteine residues capable of forming a disulfide bond in the third complementarity-determining region of heavy 

chain (CDR-H3) [90], which should be the center of antigen binding [91]. Disulfide bridged complementarity 

determining regions (CDRs) are often found in chicken antibodies [92,93], and thought to be important for 

antigen binding. On the other hand, those are rarely seen in mouse or human-derived mAbs [94]. This is a 

unique feature of chicken antibodies, but there are only a few studies that elucidated precisely the structure and 

epitope recognition mechanisms of disulfide-bridged CDRs [93].

In this chapter, I analogized that HUC52 would have a characteristic CDR-H3 structure constrained by a 

disulfide. To understand what structure CDRs of HUC52 shape and how they interact with CTLD dimer is an 

important research topic for considering antibody biology and development of LOX-1 targeting 

biopharmaceuticals. Based on these backgrounds, computer simulation studies were conducted to construct the 

three-dimensional (3D) structure models of HUC52 fragment antigen-binding (Fab) domain and its complex 

with LOX-1 CTLD dimer in order to estimate their interaction mechanism. For each HUC52 Fabs with and 

without disulfide bond in CDR-H3, their binding manners to LOX-1 CTLD were compared. The mechanism 

for the cross-reactivity of HUC52 to LOX-1 orthologs was also investigated from the simulated model.
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III-2. Materials and methods
III-2-1. Amino acid sequence information

Sequences of three CDRs of heavy chain of HUC52, i.e. CDR-H1, CDR-H2 and CDR-H3, were obtained 

from published patent information (WO/2010/147171A1) [90] (Table. III-1).

All sequences of HUC52 were not disclosed except for the heavy chain CDRs. Therefore, sequences of 

heavy chain (VH-CH1) and light chain (VL-CL) of a chicken-

(PDB) code: 4GLR) [93], which was obtained by fusing variable region of a chicken-derived antibody binding 

III-S1). Heavy chain CDRs of template and those of HUC52 were replaced to generate HUC52 Fab model.

III-2-2. Construction of HUC52 Fab structure model
An initial 3D structural model of HUC52 Fab was generated by using Phyre2 server system [95] under 

intensive modeling mode. Since only single sequence could be input in the system, a Fab heavy chain 

(VH-CH1) model alone was obtained at first. PyMol Molecular Graphics System, Version 2.0 (Schrödinger, 

LLC) (PyMOL) was used for graphicization of those models. Then, the coordinate of initial Fab heavy chain 

model and that of template Fab crystal structure were superimposed with an align function of PyMOL. It was 

fitted for C atoms of both molecules. Finally, a coordinate of virtual Fab consisting of the heavy chain having 

CDRs of HUC52 and the light chain of template was generated by removing the template heavy chain from the 

superimposed coordinates (HUC52 Fab). This model was refined by ModRefiner [96]. This was further 

processed to patch disulfide bonds explicitly between C99H and C107H in CDR-H3, C22H and C96H in VH, 

C152H and C208H in CH1, C23L and C89L in VL, C138L and C197L in CL and refined the overall structure 

additionally by using MODELLER software version 9.20 [97] (Hereafter, amino acid residues of CTLD 

A-chain, B-chain, and HUC52 Fab heavy chain and light chain are designated by the superscript chain 

identifiers A, B, H, and L, respectively). Five models were generated, and confirmed that all models are almost 

the same. Therefore, the lowest DOPE score [98] model (-42218 points) was regarded as a representative 

structure of HUC52 Fab with disulfide bond in CDR-H3.

In order to compare the effect of absence of disulfide in the CDR-H3, another 3D model of HUC52 Fab 

without the disulfide bond was also generated by MODELLER. The coordinate refined by ModRefiner was 

processed additionally by explicitly patching disulfide bonds on the four sites other than C99H-C107H in the 

CDR-H3. Five models were generated in the same way as above, and the lowest DOPE score model (-42186

points) was subjected subsequently to loop modeling only for the region of CDR-H3 to generate 100 models.

Among these, a model with no steric hindrance and the lowest DOPE score (-1856 points) was taken as a 

representative structure of HUC52 Fab without disulfide bond in CDR-H3. Hydrogen atoms were loaded into 

both models finally.
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III-2-3. Docking simulation of HUC52 Fab and CTLD dimer
Docking simulation was conducted by using ZDOCK version 3.0.2 [99,100]. Coordinate of X-ray crystal 

structure of human LOX-1 CTLD dimer (PDB code: 1YXK) [16] was used, and hydrogen atoms were loaded 

on PyMOL. Coordinates of HUC52 Fab with or without disulfide in CDR-H3 generated by MODELLER were

used as ligands. In addition, template Fab was also used as a negative control ligand. In simulation condition 

setting, Non-CDR regions of Fabs were excluded from antigen binding site since control IgG did not react with 

LOX-1 in the previous study [42]. In addition, CDRs of light chain were also excluded since these were derived 

from template. The qualities of local structures of each complex model were checked using the Fine Packing 

Quality Control module [101] of WHAT IF server [102]. There were no residues judged wrong.

III-3. Results
III-3-1. Structural models of HUC52 Fab

Two virtual Fab models having CDRs of HUC52 heavy chain were generated by in silico approach. One 

forms a disulfide bond in the CDR-H3 (Fab with disulfide) and the other doesn’t form it (Fab without disulfide). 

In case of Fab with disulfide, the CDR- Fig. III-1 A). A 3 dihedral angle of the 

disulfide formed in CDR-H3 was 153.125 degree. On the other hand, The CDR-

hairpin structure, and instead shaped a random coil-like region (Fig. III-1 B). From observations of the models 

generated by loop modelling, there is a high possibility that CDR-H3 without disulfide is fluctuating randomly 

without shaping a specific structure. These results suggest that the disulfide bond constrain CDR-H3 loop to a 

specific conformation. Only in CDR-H3 with disulfide, the side chain of Y105H protruded to the antigen side 

(outer side). The orientation of Y101H also changed (Fig. III-1 C).

III-3-2. Effect of the disulfide bond in CDR-H3 for antigen binding
III-3-2-1. Evaluation of complex models by ZDOCK scores

As a result of docking simulation by ZDOCK program, 2000 decoys were calculated for each Fab-CTLD 

complex. A higher ZDOCK score means that the charge and shape complementarity between the Fab and 

CTLD dimer in the complex model is better [103]. Distributions of ZDOCK scores for all decoys were plotted 

in Fig. III-2. The 1st ranked model of HUC52 Fab with disulfide and CTLD dimer complex resulted in the 

highest ZDOCK score (1189.735 points) among all models compared. In case of HUC52 Fab without disulfide, 

ZDOCK score of the 1st ranked complex model was 1047.274 points at most. In case of template Fab used as a 

negative control, the highest ZDOCK score was 823.626 points.
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III-3-2-2. Comparison of binding positions of each Fab on CTLD dimer

Spatial distributions of center of mass of each Fab ligand binding to CTLD dimer with the top 100 ZDOCK 

scores were plotted in Fig. III-3. Fabs bound to OxLDL interface on CTLD in the majority of complex models. 

A clear trend difference was not found among Fab ligands for the binding positions. Template Fabs also bound 

predominantly to OxLDL interface on CTLD. However, template Fab and HUC52 Fab without disulfide were 

found to be distributed more on the opposite side of OxLDL interface of CTLD than one with disulfide. In order 

to compare this with numerical values, the number of basic spine arginine (Arg) residues on CTLD dimer (R208, 

R229, R231, and R248) that interacted with each Fab was counted for the complex models up to the top 20 

ZDOCK score ranks. An average of 1.95 Arg residues interacted with HUC52 Fab with disulfide. On the other 

hand, an average of 1.35 Arg residues interacted with Fab without disulfide. In case of template Fab, an average 

of 1.40 Arg residues bound to it. Thus, HUC52 with disulfide tended to contact with more Arg residues of basic 

spine than the others.

III-3-3. Interaction mechanism between HUC52 Fab and CTLD dimer
The 1st ranked complex model in ZDOCK score (1189.735 points) were regarded as a representative result of 

the docking simulation using HUC52 Fab with disulfide (Fig. III-4), and details of its interaction mechanism 

were analyzed. The correlation diagrams for interaction between epitopes and paratopes are shown in Fig. III-5

A. Looking at the number of interactions in the complex model, 4 hydrogen bonds and 308 non-bonding atomic 

contacts were found between the Fab and CTLD dimer (Table. III-2).

Identified interaction sites were mapped on 3D structural model (Fig. III-6). For this complex model, 25 

residues of Q192A, I195A, S196A, Y197A, S198A, S199A, F200A, P201A, R231A, G232A, A233A, Y245A, Q247A,

R248A, Y252A, A253A, E254A, L258A, A259A, A260A of CTLD A-chain, S160B, G161B, S162B, F200B, and 

F261B of CTLD B-chain were found as candidate epitopes (Fig. III-6 A). For HUC52 Fab, 13 residues of S52H,

T54H, G55H, S56H, Y57H belonging to CDR-H2, Y101H, S102H, S103H, G104H, Y105H, D106H belonging to 

CDR-H3, D31H of CDR-H1 and R72H of framework region were estimated as candidate paratopes (Fig. III-6

B). Four hydrogen bonds were formed between S52H and Y245A, Y101H and S199A, S103H and S198A, Y105H

and S160B. Atomic contacts by hydrophobic interaction were observed in regions of Y101H-D106H, T54H-Y57H,

R72H, and D31H of HUC52 with their corresponding epitopes. Y105H contacted with the area formed by 

S160B-S162B and F261B (Fig. III-6 C). Y101H interacted so as to enter into space among S199A, Q247A and 

R248A. S103H and G104H interacted with their epitopes (Q192A, S196A, S198A, etc.) so that the tip of CDR-H3 

entered into the bottom area of groove at boundary between CTLD A-chain and B-chain. Y57H contacted 

extensively with the epitopes (R231A, G232A and Y252A etc.). D31H and S102H contacted to F200A and F200B

respectively. Contacts of D106H and R72H to CTLD were very small, and their contribution would be limited.

Docking simulation for CTLD dimer and HUC52 Fab without disulfide resulted in a decoy complex model 
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of 1047.274 points with the highest score. The complex model is shown in Fig. III-7. Fab without disulfide also 

bound to OxLDL interface on CTLD (Fig. III-7 A), but its position and correspondence between epitopes and 

paratopes were quite different from those of Fab with disulfide above. Eight hydrogen bonds and 368 

non-bonded contacts were found (Table. III-2). As shown in Fig. III-7 B, the side chains of Y101H and Y105H

faced the opposite side of CTLD. Especially interactions between Y105H and CTLD were lost completely. 

Instead, C99H, A100H, C107H, and D108H, which were not involved in antigen recognition in case of Fab with 

disulfide, bound to CTLD (Fig. III-5 B).

III-4. Discussion
III-4-1. Validity of HUC52 Fab structural model

HUC52 Fab 3D models calculated from this simulation study were constructed from the sequences of heavy 

chain CDRs of HUC52 and template chicken-human chimeric Fab, because it has been reported that framework 

regions in Fv domain are generally well preserved among chicken derived antibodies [92].

In the HUC52 Fab with disulfide model, the CDR-

with disulfide bond between C99H and C107H. As an important biological property found in chicken antibodies, 

about >50% of clones tend to include cysteine residues in their CDRs, and they are likely to form disulfide 

bonds preferentially [92]. The importance of disulfide in CDR-H3 for antigen binding has already been 

demonstrated in several previous studies. For example, X-ray crystal structure of chicken-derived 

anti-phosphorylated Tau peptide mAb [93], which is used as a template Fab in this study, has revealed that the 

CDR-H3 constrained by disulfide shapes a characteristic compact conformation and presents binding sites for 

the antigen peptide. Another previous study using anti-human cytokine human mAb named M3 having a 

disulfide bond in the CDR-H3 has also reported that the disulfide was essential for antigen binding by

biochemical experiments using alanine substituted mutants and molecular dynamics (MD) simulation [94]. The 

MD simulation has demonstrated that M3 CDR-H3 lacking the disulfide had changed the conformation and

motility compared with one forming disulfide. From these findings, I analogize that HUC52 should form the

disulfide bond in the CDR-H3 and contribute to the antigen binding.

-H3 structure, and instead shaped a random 

coil-like region (Fig. III-1 B). The CDR-H3 without disulfide would be fluctuating randomly without shaping a 

specific structure. These results suggest that the disulfide bond constrain CDR-H3 loop to a specific 

conformation. As a result of docking simulation with CTLD dimer using the HUC52 Fab without disulfide, the 

interaction of Y105H in CDR-H3 with the epitopes was abolished, and that of Y101H was also greatly attenuated. 

However, surprisingly, the total number of hydrogen bonds and atomic contacts formed was larger than that of 

Fab with disulfide (Table III-2). Since the shapes of CDR-H1 and H2 are the same in both Fab models, therefore
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their interactions should be maintained in both models. This docking simulation result derived from Fab without 

disulfide might contain overestimated errors due to the roughness of the prediction accuracy of ZDOCK 

program.

Assuming that HUC52 does not form the disulfide bond in CDR-H3, it cannot be rationally explained why 

HUC52 had to have two cysteine residues in the CDR-H3, and why HUC52 has been screened as a high

affinity anti-LOX-1 mAb among countless clone repertoire. If the disulfide bond was not necessary, mAb clones 

in which C99H and C107H were substituted by other amino acid residues could be screened as anti-LOX-1 mAb.

However, such clones were not found in the disclosed patent information [90], or in the previous study that 

created anti-LOX-1 mAbs from chickens by Iwamoto et al [42]. It would more reasonable to think that a 

chicken's immune system incorporated the two cysteines into there because the disulfide bond at that position in 

CDR-H3 of HUC52 was required for LOX-1 CTLD recognition. Therefore the real HUC52 should form the 

disulfide bond in CDR-H3.

III-4-2. Inhibition mechanism of OxLDL uptake of CTLD by HUC52
HUC52 Fabs bound to the center of OxLDL binding interface on CTLD in the majority of complex models 

despite not restricting anything for the binding site on CTLD in ZDOCK simulation set up (Fig. III-3). The

Fab-CTLD dimer complex model (Fig. III-4) can explain simply the mechanism that HUC52 binds to OxLDL 

binding surface on CTLD dimer and inhibits OxLDL access by masking it physically. This is consistent with the 

fact that basic spine arginine residues on CTLD are required for OxLDL binding. 

On the other hand, it is unlikely that HUC52 accesses to the periphery of hydrophobic tunnel penetrating 

CTLD dimer, which is thought to be a binding site for various small molecule LOX-1 inhibitors [56,104,105].

Thakkar et al. have found two small molecule synthetic compounds as LOX-1 inhibitor by virtual screening 

technique [41,49]. Both compounds named Mol-4 and Mol-5 entered the hydrophobic tunnel and interacted 

with side chains of Y197 and F158 which is exposed in it. As another example, Falconi et al. have developed a 

modified phospholipid, named PLAzPC as LOX-1 inhibitor [40]. Docking simulation indicated that PLAzPC 

also fills the hydrophobic tunnel of CTLD, in addition, side chains of Q193A, S198A and S160B located around 

edges of the tunnel interact with hydrophilic PLAzPC spots. The main chain oxygen atoms of S198A and S160B

formed hydrogen bonds with CDR-H3 of HUC52 with disulfide in this study (Fig. III-6 C). This partial 

similarity and contrasts for their interaction manners with CTLD found in these synthetic compounds and 

HUC52 Fab are interesting for considering the difference between their LOX-1 inhibition mechanisms.

III-4-3. Mechanism that HUC52 distinguishes LOX-1 orthologs
III-4-3-1. Relationship between the amino acid residues conserved among LOX-1 orthologs and the HUC52 

interaction sites
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In order to characterize the cross-reactivity of HUC52 to LOX-1 orthologs, the binding activities to LOX-1

orthologs from different animal species (human, pig, rabbit, and mouse) have been evaluated by biochemical 

experiments in previous study [42]. It has resulted in that HUC52 strongly bound to human, pig and rabbit 

LOX-1, but did not bind to mouse LOX-1. Based on this experimental fact, I examined whether this simulated 

complex model can explain the cross-reactivity mechanism of HUC52 to LOX-1 orthologs. If the model could 

explain logically how HUC52 distinguishes LOX-1 orthologs, it would be the evidence that the model reflects 

the real antigen-antibody interaction and is a credible one.

Sequence alignment of LOX-1 orthologs derived from human, pig, rabbit and mouse was analyzed using

Clustal X [106]. The relationship between epitopes identified from ZDOCK simulation and conservativeness 

among LOX-1 orthologs is shown in Fig. III-8. Among them, 7 residues (S160, Q192, S198, S199, F200, A233 

and R248) of human LOX-1 CTLD emerged as epitopes not conserved only in mice. As described in results 

section, these residues except A233 were important epitopes forming hydrogen bonds or close hydrophobic 

interactions with HUC52 with disulfide bonded CDR-H3 (Fig. III-5 A). A233 of human LOX-1 is converted to 

a valine in only mouse LOX-1, however, its contact with HUC52 was slight. This amino acid substitution in 

mouse CTLD might block the contact of HUC52 to around of the valine residue physically because valine side 

chain is bulky than that of alanine. This HUC52 Fab-CTLD dimer complex model could explain logically the 

cross-reactivity of HUC52 to LOX-1 orthologs.

III-4-3-2. Comparison of another anti-LOX-1 mAb HUC5-9 and HUC52

In the previous study that has generated anti-LOX-1 mAbs from chickens by Iwamoto et al [42], several 

anti-LOX-1 mAb clones have also been isolated besides HUC52. One of them, HUC5-9 had CDR-H1 identical

to HUC52 and CDR-H2 and CDR-H3 partially similar to HUC52, but was different from HUC52 in that it 

could not bind to rabbit LOX-1. Focusing on the differences between HUC5-9 and HUC52, we will further 

discuss the validity of this Fab-CTLD complex model.

Comparison of the amino acid sequences of HUC5-9 and HUC52 heavy chain CDRs and their binding

abilities to LOX-1 orthologs are listed in Table. III-3. The sequence of CDR-H2 of HUC5-9 was different from 

that of HUC52 in 6 amino acid residues. S52H, G55H, and S56H in CDR-H2, which bound to the epitopes on 

human CTLD in the above simulated complex model, were maintained in both HUC52 and HUC5-9 mAb.

Y57H of HUC52 was also important for an extensive interaction with the CTLD surface (Fig. III-6), however, it 

was changed to threonine residue in HUC5-9. The region of the first half of CDR-H3 of HUC52 (C99H-C107H)

was completely identical to the corresponding region of HUC5-9 (Table. III-3). On the other hand, the second 

half of CDR-H3 of HUC5-9 was completely different from that of HUC52. The amino acid residues maintained 

in the CDRs of both HUC52 and HUC5-9 would mean that they can bind to epitopes conserved in humans, 

pigs and rabbit LOX-1 CTLD orthologs, or are likely to be necessary to keep the antigen binding. This fact is 
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consistent with above HUC52 Fab-CTLD dimer complex model, suggesting that S52H in CDR-H2 and the 

region of C99H-C107H in CDR-H3 of HUC52 be important for CTLD recognition (Fig. III-5 A). And this 

should be an evidence supporting the validity of this model. On the other hand, the amino acid residues changed 

between HUC52 and HUC5-9 would either recognize the epitope amino acid residues on CTLD that are 

conserved in human and pig LOX-1 CTLD but not in rabbit and mouse LOX-1 orthologs, or not be involved in 

CTLD binding.

The amino acid residues conserved in human and pig but not in rabbit and mouse CTLD orthologs were 

confirmed from the sequence alignment (Fig. III-8), then three amino residues, D189, R248 and Q272 of CTLD

emerged. Since D189 and Q272 are far away from the OxLDL interface on CTLD dimer, it is unlikely that

these amino acid residues are recognized by the antibody. On the other hand, R248 in human and pig CTLD 

changes to lysine (Lys) in rabbit CTLD. Although both Arg and Lys side chains have a positive charge, HUC5-9

might have recognized sensitively subtle shape changes in the side chain structure and did not bind to rabbit 

CTLD. In the complex model presented in this study, R248 of human CTLD was a key epitope that interacts 

closely with Y101H on CDR-H3 of HUC52. In addition to that, a new estimation that R248 of CTLD is also 

recognized by Y57H of HUC52 or T57H of HUC 5-9 simultaneously with Y101H could be added by this 

consideration. This does not contradict the above complex model. This is because, as shown in Fig. III-6 B, 

Y57H of HUC52 and R248 of CTLD are in a positional relationship that they can interact sufficiently if the 

directions of their side chains changed. The threonine side chain of HUC5-9 whose length is shorter than that of 

tyrosine might not be able to form a sufficient interaction with the Lys only on rabbit CTLD.

We also discuss furthermore on the possibility that the second half region of CDR-H3 (D108H-S111H) of 

HUC52 may interact with the periphery of R248 of CTLD, which emerged from the comparison of HUC52 

and HUC5-9. In the HUC52 Fab with disulfide 3D model, the CDR- -hairpin structure, and the 

region of D108H-S111H -sheet (Fig. III-1 A), so it was conceivable that this region would 

not be involved in antigen binding. However, 3 dihedral angle of the disulfide between C99H and C107H in 

CDR-H3 of HUC52 was 153° in the above Fab model (Fig. III-1 A), therefore it should be taken into 

consideration that the disulfide is exposed to more physical stress than one with a normal disulfide 3 angle 

(about 90°). In that respect, there is a small possibility that the region of D108H-S111H in CDR-H3 formed a 

second -sheet. In case of HUC5-9, the corresponding second half region in 

CDR-H3 has been inserted two amino acid residues for a total of six residues (Table. III-3). Therefore, this 

region of HUC5-9 may have a more flexible structure than HUC52. However, the amino acid sequences of that

region of HUC52 (DGSS) and that of HUC5-9 (GLSADI) was completely different in both. Therefore it is 

unlikely that both sequences function in the same way to recognize R248 on CTLD. Rather, it would be natural 

to think that those regions are not involved in antigen binding.

Taken together, above HUC52 Fab-CTLD dimer complex model could reasonably explain not only HUC52 
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but also another anti-LOX-1 mAb HUC5-9 for the discrimination mechanism against LOX-1 orthologs. From 

these considerations, it is conceivable that the HUC52 Fab-CTLD recognition mechanism proposed in this 

study could reflect the real one in a considerable part. Of course, to fully elucidate the shape of the CDR-H3 and 

the antigen recognition mechanism of HUC52 Fab, experimental analysis approaches would be needed. This is 

a future task.

III-5. Conclusions
This study has estimated 3D structural models of HUC52 Fab and complex with human LOX-1 CTLD 

dimer, and their interaction mechanism. CDR- dged 

with a disulfide bond between C99H and C107H. HUC52 bound to CTLD dimer so as to mask OxLDL binding 

interface. The region of Y101H-Y105H (CDR-H3), S52H-Y57H (CDR-H2), and D31H (CDR-H1) of HUC52 

Fab heavy chain interacted with their epitopes. In particular, S52H, Y101H, S103H and Y105H formed hydrogen 

bonds with CTLD. Twenty-five residues on CTLD dimer were estimated as epitopes. Of these, six residues 

(S160, Q192, S198, S199, F200 and R248) of LOX-1 emerged as key epitopes for the cross-reactivity of 

HUC52 to LOX-1 orthologs. This simulated HUC52 Fab-CTLD dimer complex model could explain logically 

the cross-reactivity of HUC52 to LOX-1 orthologs. In case of lacking of the disulfide, CDR-H3 shaped a 

random coil structure, and the binding of Y105H on CDR-H3 to CTLD were lost completely. These results 

suggested that HUC52 need the disulfide in CDR-H3 and involvement of Y105H for the specific and high 

affinity CTLD binding.
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III-6. Figures and Tables

Fig. III-1.

Three-dimensional structure models of HUC52 Fab with or without disulfide bond in CDR-H3. (A) Fab with 

disulfide. The dihedral angle of the disulfide was 153.125 degree. (B) Fab without disulfide. In both panel, 

side chains of CDR-H3 are shown by stick model. Red parts are oxygen atoms, and yellow parts are sulfur 

atoms. (C) Overlay of CDR-H3 with and without disulfide.
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Fig. III-2.

Distribution of ZDOCK scores for the complex models of CTLD dimer and each Fab ligand. ZDOCK scores of 

each complex model were plotted. The X axis is the ranks, and the Y axis is the ZDOCK scores. Red represents 

HUC52 Fab with disulfide in CDR-H3. Green represents HUC52 Fab without disulfide. Blue represents 

template Fab.
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Fig. III-3.

Spatial distributions of center of mass of Fabs binding to CTLD dimer. Positions of center of mass of Fab 

ligands within the top 100 ZDOCK scores were plotted. CTLD dimer is shown as cartoon model. Red dots 

represents HUC52 Fab with disulfide. Green dots are HUC52 Fab without disulfide. Blue dots represents 

template Fab.
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Fig. III-4.

Overall picture of HUC52 Fab with disulfide-CTLD dimer complex model. In Fab heavy chain, CDR-H1 is 

shown in dark green, CDR-H2 is shown in light blue, CDR-H3 is shown in pink, and FR and CH1 domain are 

shown in orange.
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Fig. III-5.

Correlation diagrams between epitopes and paratopes. (A) HUC52 Fab with disulfide in CDR-H3. (B) HUC52 

Fab without the disulfide. Solid line represents hydrogen bond. Dashed line represents non-bonding atomic 

contact. The thickness of dashed line reflects that more atoms are in contact.
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Fig. III-6.

Epitopes and paratopes on complex model of CTLD dimer and HUC52 Fab with disulfide in CDR-H3. (A)

Epitopes on CTLD dimer. (B) VH paratopes binding to CTLD dimer. (C) Enlarged front view around CDR-H3.
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In all panels, CDR-H1 is shown in dark green, CDR-H2 is shown in light blue, CDR-H3 is shown in pink, and 

framework regions are shown in orange. Only atoms of epitope residues on CTLD dimer were colored. Light 

yellow: carbon atoms of epitope residues on CTLD A-chain, Pale green: those on B-chain. Hydrogen atoms 

(white spheres) were displayed only to polar groups of side chains of epitope residues for ease of viewing. Red 

parts are oxygen atoms, blue parts are nitrogen atoms.
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Fig. III-7.

Complex model of CTLD dimer and HUC52 Fab without disulfide in CDR-H3. (A) Overall picture. (B)

Enlarged view around CDR-H3. In both panels, CDR-H3 is shown in purple. In other respects, the meanings of 

each color are the same as in Fig. III-6.
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Fig. III-8.

Sequence alignment of LOX-1 CTLD orthologs. Comparison of human, pig, rabbit and mouse LOX-1 CTLD 

are shown. Residues identified as epitopes are marked with orange circles. Residues that are conserved among 

human, pig, rabbit LOX-1 but not conserved in mouse LOX-1 are marked with pink squares. Here we regarded 

as changes between R and K are conserved. Red star marks represent the residues in which both of orange circle 

and pink square are overlapping. Basic spine residues are marked with blue triangle.
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Table. III-1.

Amino acid sequences of heavy chain CDRs of HUC52a

a Cited from published patent information [90].

Region Sequence

CDR-H1 DYGMG

CDR-H2 VISSTGSYTNYGSAVK

CDR-H3 CAYSSGYDCDGSS
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Table. III-2. 

List of interactions between HUC52 Fab and CTLD dimer of the 1st ranked complex models

Ligand
ZDOCK

score

No. of

Hydrogen 

bondsa

No. of

non-bonded 

contactsa

HUC52 Fab with 

disulfide in CDR-H3
1189.735

4

(A-H:  3)

(B-H:  1)

308

(A-H:267)

(B-H: 32)

(A-L:  1)

(B-L:  8)

HUC52 Fab without 

disulfide in CDR-H3
1047.274

8

(A-H:  1)

(B-H:  7)

368

(A-H:145)

(B-H:223)
a Alphabets in parentheses mean molecular chains, and numbers mean the number of bonds or contacts formed. 

A: CTLD A-chain, B: CTLD B-chain, H: Fab heavy chain, L: Fab light chain.
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Table. III-S1

Amino acid sequences of template chicken-

Chain Region Sequence a

Heavy 

chain

FR-H1 AVTLDESGGGLQTPGGGLSLVCKASGFTLS

CDR-H1 SYQMM

FR-H2 WVRQAPGKGLEWVA

CDR-H2 GITSRGGVTGYGSAVK

FR-H3 GRATISRDNGQSTVRLQLNNLRAEDTGTYYCAK

CDR-H3 PALDSDQCGFPEAGC

FR-H4 IDAWGHGTEVIVSS

CH1 ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSG

ALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPS

NTKVDKKVEPKS

Light 

chain

FR-L1 ALTQPTSVSANLGGSVEITC

CDR-L1 SGSDYDYG

FR-L2 WYQQKAPGSAPVTVIY

CDR-L2 WNDKRPS

FR-L3 DIPSRFSGSTSGSTSTLTITGVQAEDEAVYYC

CDR-L3 GAYDGSAGGGI

FR-L4 FGAGTTLTVLG

CL QPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADS

SPVKAGVETTTPSKQSNNKYAASSYLSLTPEQWKSHRSYSCQVT

HEGSTVEKTVAPTE
a Sequences are cited from Protein Data Bank code: 4GLR [93].



 63 

Chapter IV General Conclusions
In this doctoral dissertation, the details of the interaction mechanisms for two different types of artificial 

ligands; anionic small unilamellar vesicle (SUV) and chicken-derived monoclonal antibody (mAb) which 

specifically bind to LOX-1 were studied and discussed. This is because these are promising agents for LOX-1

targeting therapy.

In chapter II, SUVs composed of negatively charged phospholipid DOPG or neutrally charged phospholipid 

DOPC were prepared in different sizes (70 nm or 124 nm in diameter), and their affinities toward LOX-1 clusters

immobilized on the self-assembled monolayer (SAM)-SPR sensors were compared to AcLDL (a chemically stable 

surrogate reference substance equivalent to OxLDL). As a result, anionic DOPG-SUV sized with 30 nm pore 

diameter filter (DOPG-SUV30) demonstrated about 20 times stronger affinity to LOX-1 ECD clusters than 

AcLDL. DOPG-SUV30 had the negative surface charge comparable to AcLDL (-42 mV), and its size (70 nm)

was about twice that of AcLDL. This indicated the enhancement of LOX-1 affinity correlated with the size of

negatively charged ligand, and it was due to the multivalent interaction of more LOX-1s with DOPG-SUV 30 

particle than with AcLDL. Furthermore, a competitive cellular uptake assay using LOX-1 expressing cells 

demonstrated that DOPG-SUV30 was internalized more preferentially into living cells than AcLDL, even in the 

presence of a 150 fold excess amount of AcLDL. DOPG-SUV100 (-42 mV, 124 nm) showed almost the same 

LOX-1 affinity as that of DOPG-SUV30. These results indicated that the affinity with LOX-1 clusters was not 

further enhanced even if the particle size exceeds 70 nm. This was probably due to the fact that the more bulky 

DOPG-SUV100 had a larger size exclusion effect to unbound particles on LOX-1 clusters plane. This means

that there is an optimum particle size (70 nm) in ligand binding onto LOX-1 clusters surface. In case of 

DOPC-SUV30 (-8.4 mV, 68 nm), the affinity was lost due to the neutral surface charge. As for the safety,

DOPG-SUV30 did not show a cell teratogenicity and VCAM-1 induction, which is a biomarker of cellular 

dysfunction triggered by LOX-1 signaling, indicating a low risk of safety for in vivo use. Taken together, this 

study demonstrated that DOPG-SUV30 can function as a DDS carrier targeting to LOX-1 expressing 

pathological sites of atherosclerosis and cancer at least for in vitro use.

In chapter III, Fab domain of chicken-derived anti-LOX-1 mAb HUC52 and the complex model with 

LOX-1 CTLD homodimer were constructed by computer simulation approach to estimate their epitopes and 

paratopes interaction. CDR-

bond between C99H and C107H. HUC52 Fab bound to CTLD dimer so as to mask the OxLDL binding 
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interface. The regions of Y101H - Y105H (CDR-H3), S52H - Y57H (CDR-H2), D31H (CDR-H1) of HUC52 Fab

heavy chain interacted with their epitopes. In particular, S52H, Y101H, S103H and Y105H formed hydrogen 

bonds with CTLD. Twenty-five residues on CTLD dimer were estimated as epitopes. Of these, six residues 

(S160, Q192, S198, S199, F200 and R248) of LOX-1 emerged as key epitopes for the cross-reactivity of 

HUC52 to LOX-1 orthologs. This simulated HUC52 Fab-CTLD dimer complex model could explain logically 

the cross-reactivity of HUC52 to LOX-1 orthologs. In case of lacking of the disulfide, CDR-H3 shaped a 

random coil structure, and the binding of Y105H on CDR-H3 to CTLD were lost completely. This study 

suggested that HUC52 need the disulfide in CDR-H3 and involvement of Y105H for the specific and high 

affinity CTLD binding.

The two studies carried out in this doctoral dissertation have revealed that nano-liposome (DOPG-SUV30)

and monoclonal antibody (HUC52) each specifically bind to LOX-1 CTLD and inhibit OxLDL uptake by 

entirely different mechanisms. I believe these findings contribute to the development of LOX-1 selective DDS 

carriers and biopharmaceuticals that will be used for LOX-1 targeting therapy in the future. But there are still 

many issues to be solved in order to bring and use them in actual clinical sites, such as their manufacturing costs, 

risks of toxicity and stability, and conflicting patents. Both nano-liposomes and mAbs have advantages and 

disadvantages in these respects, they are each expected to make further progress in their research and overcome 

the bottlenecks, respectively. I am convinced that the practical application and commercialization of LOX-1

targeting therapy is one of the remaining challenges in the medical and pharmaceutical industry to be achieved.

This should bring healthy lives to people all over the world.
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