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ABSTRACT

Discovery of human anti-Ninjurin1 Antibody as a potential 

Therapeutic Antibody for Multiple Sclerosis

Sang Han Park

College of Molecular Medicine and Biopharmaceutical Sciences

Graduate School of Convergence Science and Technology

Seoul National University

Multiple sclerosis is a chronic neuroimmune disease that occurs in the central 

nervous system and is caused by infiltration of immune cells across Blood-Brain 

Barrier. Inhibiting the infiltration of these immune cells is an effective way to 

alleviate the disease. To discover blocking antibody for a molecule involved in a 

diapedesis, we decided ninjurin1 as a target.

Ninjurin1 (nerve injury-induced protein 1) is a cell adhesion molecule that is 

mainly expressed in immune cells and endothelial cells and was first observed to 

increase expression from damaged Schwann cells. Homophilic binding of ninjurin1 
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occurs through the P26-N37 portion of the N-terminal exposed to the cell surface. 

Through the homophilic binding, ninjurin1 contributes to diapedesis of immune 

cells. The knockdown and inhibition of ninjurin1 reduces immune cell infiltration 

through BBB in EAE (experimental allergic encephalomyelitis) model.

In this study, fully human form monoclonal antibody candidates that bind 

specifically to the homophilic binding domain of human ninjurin1 were selected 

through phage display screening. Identification of the specificity and affinity were 

conducted by IP, Flow cytometry, and ELISA. To verify actual inhibition for 

diapedesis, trans-endothelial migration assay was conducted using monocyte cell 

line THP-1 and human cerebral microvascular endothelial cell line hCMEC/D3 for 

BBB model in vitro. As a result, three lead antibodies effectively inhibited the 

trans-endothelial migration.

Key words: Multiple sclerosis, Ninjurin1, therapeutic antibody, diapedesis, phage 

display
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INTRODUCTION

Multiple sclerosis is a chronic neuroimmune disease that occurred in the central 

nervous system and caused by infiltration of immune cells. CNS-infiltrated 

neutrophils secret pro-inflammatory molecules and they induce maturation of

myeloid cells into professional Antigen Presenting Cells stimulating myelin 

specific T cells [1]. The T cells induce inflammation through cytokines production. 

In addition to CNS inflammation, more immune cells infiltrate, and the myelin 

repair process is also impaired due to oligodendrocyte death [2]. Interfering the 

diapedesis of immune cells through Blood-Brain Barrier (BBB) by blocking the 

adhesion molecule is an effective strategy to alleviate the disease [3]. Various 

molecules like integrin, selectin, and cell adhesion molecules are required 

sequential activation and interactions for transmigration of immune cells across the 

BBB. In the case of Natalizumab, monoclonal antibody for integrin alpha4, it binds 

to integrin alpha4 on immune cells and inhibits the diapedesis of immune cells

through BBB.

Ninjurin1 (nerve injury-induced protein 1) involved in BBB infiltration of 

immune cells also can be another target for inhibiting diapedesis of immune cells.

Ninjurin1 is a cell adhesion molecule that is mainly expressed on peripheral blood

immune cells and endothelial cells. It was first observed to increase expression 
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from damaged Schwann cells [4]. Homophilic binding of ninjurin1 occurs through 

the P26-N37 portion of the N-terminal exposed to the cell surface (Fig.1). It is not 

exactly figured out which molecules interact with ninjurin1 except for homophilic 

interaction of themselves. Even though there are lack of studies on ninjurin 1, it is

known as involved in various functions. Ninjurin1 is involved in various functions:

neural regeneration, angiogenesis, inflammation, and senescence. Inhibition of the 

Ninjurin-1–Ninjurin-1 homotypic interaction reduces post-lesional neurite

outgrowth in rodents suggesting ninjurin-1 contribute to nerve regeneration [4, 5]. 

In addition, Ninjurin1 homotypic interaction is also important role in vascular 

remodeling [6, 7]. There are some evidences that ninjurin1 contributes to cancer 

cell motility [8, 9].

Especially, ninjurin1 is involved in immune cell infiltration through BBB. Knock-

down of ninjurin1 or ninjurin1 specific antibody treatment inhibits immune cell 

infiltration in the EAE (Experimental Allergic Encephalomyelitis) model [10-15].

Ninjurin1 is generally upregulated by proinflammatory mediators like TNFα and 

IFNγ [11]. Ninjurin-1 is also upregulated in EAE lesions [10]. Because ninjurin1 is 

highly expressed in multiple sclerosis lesion and expressed both side of endothelial

cell and immune cell, targeting ninjurin1 is considered as effective and specific for 

treating multiple sclerosis.

In this study, fully human form monoclonal antibody candidates that bind 

specifically to the homophilic binding domain of human ninjurin1 were selected 

through phage display screening. The selected scFvs were converted to the form of
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human IgG4S228P. IgG4 scarcely activate the complement system and ADCC 

because of its low affinity for FcγRs [16]. IgG4 subclass has shuffling issue in vivo,

but the S228P mutation on hinge region prevents the shuffling of IgG [17].

Identification of the specificity and affinity were conducted by IP, Flow cytometry,

and ELISA. To verify actual inhibition for diapedesis, trans-endothelial migration 

assay was conducted using monocyte cell line THP-1 and human cerebral 

microvascular endothelial cell line hCMEC/D3 for BBB model in vitro. 
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MATERIALS AND METHODS

scFv Screening 

Human scFv library was used for screening hits binding to ninjurin1 homotypic 

binding region. Synthetic peptide coincident with ninjurin1 homotypic binding 

region was coated to immunotube (Nunc, USA) as an antigen. The immunotube 

was blocked with 3% skim milk in PBST and phages were put into the coated 

antigen. After washing 4 times with PBST, the phages were eluted with 100 mM 

TEA and neutralized with Tris-HCl (pH8.0) solution. The eluted phages were 

infected to E. coli and some grown on solid LA plates overnight to check the 

output titer. The rest of the phages were rescued using helper phage and the 

same processes repeated 2 times more.

The phages from 3rd panning were infected to E. coli strain (ER2537, NEB), 

single colonies were selected and incubated on 96 well plate at room 

temperature. After incubation, the culture solution incubated overnight at 30℃

with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) induction. The next 

day, the plate was centrifuged at 3000 rpm for 20 min and lysed by osmotic 

shock by TES buffer. The extract from the lysed cells were added to ninjurin1 

coated 96 well plate and control plate and incubated for 1 hour at RT. Anti-HA 

(hemagglutinin) Hrp secondary antibody was added and incubated for 1 hour. 
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After washing with TBST, 30 uL TMB was added for reaction and then 

terminated with 1N H2SO4. Detection was done at 450 nm. 

IgG conversion and production

The scFv hits screened from the ELISA were sequenced (Cosmogenetech, 

Korea). The scFv hits selected were converted to human IgG. The scFv 

sequences were converted to human heavy and light chain, integrated in 

pCHO1.0 vectors by cloning. The plasmids were amplified by midi prep kit 

(Macherey Nagel, Germany)

The amplified plasmids were transfected to Freestyle CHO-S Stable Expression 

System (Invitrogen). The transfected cells selected by adding MTX and 

puromycin. The transfected cells were incubated for 10 days on an orbital shaker 

in 37℃ incubator of 8% CO2. Cells were harvested, only the supernatant taken 

by centrifugation and filtrated with 0.45 μm filter. After filtration, the 

supernatant purified by MabSelect SuRe Protein A agarose bead resin (GE 

Healthcare) using AKTA Avant (GE Healthcare)

Cell culture

THP-1, HepG2, U87MG cell lines were purchased from the Korean Cell Line 

Bank(KCLB) and cultured in RPMI1640 (Hyclone) supplemented 10% FBS 
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(Hyclone) and 1% penicillin/streptomycin solution (Hyclone). hCMEC/D3 cell 

was cultured in Medium200 (ThermoFisher) supplemented Low Serum Growth 

Supplement (ThermoFisher). cells were passaged once every 3~4 days at a 

confluency of 70~80%.

Western blot Analysis

Cells were harvested and lysed with lysis buffer containing RIPA (Biosesang, 

Korea), protease inhibitor (Roche, USA) and lysed using 1mL syringe. The 

lysate were centrifuged at 14000 rpm for 15 minutes. The supernatant was taken 

out and protein quantification done through BCA assay (ThermoFisher, USA). 

5X sample loading buffer was added to supernatant and boiled for 10 minutes. 

SDS-PAGE was done using 12% acrylamide gels. Membranes were blocked 

with 5% skim milk, incubated with primary antibodies and then Hrp-conjugated 

secondary antibodies. Signals were detected using ECL (Amersham, USA) in a 

dark room.

Immunoprecipitation Analysis

Harvested cell pellets were resuspended in 0.5 mL DPBS containing protease 

inhibitor (Roche, USA), sonicated till the solution become clear. The lysate was 

added to protein A Magbead (Genscript) and incubated overnight at 4℃. After 
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washing 5 times, 1X sample loading buffer was added to the sample and boiled 

for 10 minutes. The beads were got rid of using a magnet. Following steps are 

same with Western blot analysis.

Flow Cytometry Analysis

Cells were washed with DPBS and harvested using Cell dissociation buffer 

(Gibco). Each primary antibodies were treated at concentration of 1 ug / 1 x 105

cells and incubated for 1 hour at 4 . After washing three times, FITC ℃

conjugated goat anti-human IgG secondary antibody (ThermoFisher Scientific)

were treated and incubated for 1 hour at 4 .℃ After washing, the fluorescence 

signal was obtained by FACS Calibur (BD Biosciences) operated by Cell Quest 

Pro software (BD Biosciences). All the buffers used in Flow cytometry include 1% 

BSA diluted in DPBS. 

Confocal microscopy Analysis

hCMEC/D3 cells were seeded to 8-well culture slide (SPL, Korea), cultured for 

3days, activated by 20 ng/mL TNFa/IFNg, fixed with 4% paraformaldehyde in 

PBS for 15min, and stained with 0.5 mg/mL mouse monoclonal anti-ZO-1 

antibody for 1 hour at 4℃. After washing 3 times with PBS, cells were 

incubated with PE-conjugated anti-human IgG secondary antibody (R&D 
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systems) for 1 hour and stained with Hoechst33342. The 8-well culture slides 

were removed from the chamber and mounted for digital micrographs, which 

were taken using LSM 700 ZEISS laser scanning confocal microscope (Carl 

Zeiss, Germany). The data were processed using the LSM colocalization 

Software (Carl Zeiss).

Trans Endothelial Migration Assay

6.5 mm trans-well (Costar) with 5 um pore size and PET membrane was inserted 

to a 12 well pate, seeded 5 x 104 cells of hCMEC/D3, incubated at 37℃ in 5% 

CO2 incubator. After 72 hours of growth, 20 ng/mL TNFα and IFNγ were added 

to both of Endothelial cell and THP-1 and incubated for 24 hours. After that, 

each antibody was treated to upper well for an hour and 1x106 cells of THP-1 

were seeded in upper well. 50 ng/mL MCP-1 were added to bottom well. and 

migrated for 12 hours. The migrated cells in bottom well were counted manually.

Each data set was normalized to control IgG.
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RESULTS

Screening of scFvs binding to Ninjurin1 homophilic 

binding peptide through phage display

To identify antibodies that specifically bind to the homophilic binding domain of 

Ninjurin1 (P26-N37), the peptide of same amino acid sequence with the

homophilic binding domain was synthesized and used for bio-panning (Fig.2A).

The scFv antibody fragment binding to Ninjurin1 peptide was identified through 

phage display screening using the previously prepared human synthetic scFv 

library. The panning using immunotube were carried out three times. As a result, a

number of phage colonies were decreased in the second round compared to the first 

round but increased in the third round (Fig.2B).

The binding of screened scFvs to Ninjurin1 peptide was then evaluated by using 

ELISA. The results of Ninjurin1 antigen-coated plates were compared with the 

control plate. Then, scFvs specific to Ninjurin1 peptide were selected and analyzed

by DNA sequencing. This resulted in 24 scFv candidates that could specifically 

bind to homologous binding sites of human Ninjurin1 (Fig.2C).
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Confirmation of binding to Ninjurin1

After the production of each scFvs, the binding affinity to human and mouse 

recombinant Ninjurin1 was compared by ELISA (Fig.2D).

N-terminal ectodomains of human and mouse Ninjurin1 (1-81) with GST tag for 

purification were synthesized in DH5alpha E.coli strain (Enzynomics) and used as 

coated antigen for the scFvs. The 430 nm absorbance value of each Hit group was 

normalized to the value of B1. The 10 scFvs with high affinity to GST-human 

Ninjurin1 were selected.

To confirm whether selected 10 scFv hits to bind native form of Ninjurin1 

expressed cell surface, each scFv was treated to immortalized human cerebral 

microvascular endothelial cell line hCMEC/D3, which expresses Ninjurin1 and its 

expression of Ninjurin1 was confirmed by Flow cytometer (Fig.3). Three scFvs

(D9, D12, G11) of them showed to the Ninjurin1 on the cell line.

IgG production and identification

The selected scFvs were cloned in the form of human IgG4S228P. IgG4 scarcely

activates the complement system and ADCC because of its low affinity for FcγRs.

IgG4 subclass has shuffling issue in vivo, but the S228P mutation on hinge region

prevents it. The stable antibody expression system was established by transfection 

into the CHO-S cell line. Antibodies were produced through the stable cell line and 
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purified using Protein A beads.

Non-reduced and reduced samples were prepared for each fraction of purification

and purified antibody and confirmed by SDS-PAGE. The size of IgG4S228P Full-

form in the non-reduced sample and heavy chain and light chain in the reduced

sample were confirmed (Fig.4).

Affinity comparison of the lead antibodies

To compare the affinity of the three monoclonal antibodies, ELISA assay was 

conducted using Ninjurin1 peptide (P26-N37), recombinant human Ninjurin1, and 

recombinant mouse Ninjurin1. Each antigen was coated and treated with three lead 

antibodies which are D9, D12, and G11. All of them bound to recombinant human 

Ninjurin1. Especially, D12 showed similar binding affinity compared with other 

two lead antibodies with about 100-fold low concentration (Fig.5). 

To confirm the possibility of application for mouse model, the affinity to 

recombinant mouse Ninjurin1 was also checked. However, the affinity to mouse 

ninjurin1 was too low to conduct the mouse model study.
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Specificity confirmation of the lead antibodies

For the selection of Ninjurin1 positive and negative cell line, ninjurin1 expression 

level of four cell lines, HepG2, U373MG, U87MG, and 293T were compared 

through Western blot assay (Fig.6A). Flow cytometry and Immuno-fluorescence 

were conducted using the lead antibodies with high ninjurin1 expressing cell line 

HepG2 and low ninjurin1 expressing cell line U87MG (Fig. 6B and 6C). The 

binding of the antibodies was effective than commercial antibodies (BD and 

Santacruz) on HepG2, and it was low on U87MG in both of experiments.

Low level of ninjurin1 expressing cell line, U87MG, was induced to express 

Ninjurin1 through Lenti viral transduction (Fig. 6D). As the 50 ng/mL Doxycycline 

was added, binding of the antibodies was increased with ninjurin1 expression 

meaning that each antibody is specific to ninjurin1 (Fig. 6E).

Identification of Antibody binding

To Identify whether each of the antibody can recognize the denatured form of 

Ninjurin1, western blot assay was conducted. Ninjurin1 was denatured by 

detergents and SDS contained in lysis buffer and each lead antibodies were used to 

detect the denatured form of ninjurin1.As a result, only D12 recognized the 

denatured ninjurin1 protein which is confirmed by detecting same size protein 

compared with control Antibody (Abcam) (Fig.7A).
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Immunoprecipitation confirmed the specificity of the antibodies against native 

form Ninjurin1 on the cells. MCF7 cell line expressing Ninjurin1 was sonicated 

and pulled down with the antibodies bound to Protein A magnetic bead. 

Subsequently, Western blotting was performed using anti-ninjurin1 mouse 

monoclonal Antibody (Abcam) and a secondary antibody using Goat anti-mouse 

IgG Antibody (Invitrogen). Ninjurin1 was identified at 17 kDa position from pull 

down samples. Among the antibodies, D12 especially pulled down Ninjurin1 well

(Fig.7B).

In both Western blot and immunoprecipitation assays with mouse fibroblast cell 

line NIH-3T3, mouse Ninjurin1 was not detected, which correlate with the 

previous ELISA assay results.

Inhibitory effect in diapedesis: Trans-Endothelial Migration 

Assay

To confirm the practical effect of the antibodies that inhibit the transmigration of 

Leukocytes, Trans-Endothelial Migration assay was performed (Fig.8A). Human 

monocyte cell line THP-1 and human cerebral microvascular endothelial cell line

hCMEC/D3 were selected for the assay. Expression of Ninjurin1 after activating 

with 20 ng/mL TNFα and IFNγ in each cell line was confirmed by western blot

(Fig.8B). 24 hours after activation, the expression of Ninjurin1 considerably 
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increased. To set chemotaxis to bottom well of THP-1 migration, MCP-1 and SDF-

1 was used as chemoattractant. SDF-1 had no effect, but MCP-1 effectively 

attracted the THP-1 (Fig.8C). In addition, it was confirmed that hCMEC/D3 on 

insert grew completely confluent and form tight junctions in the condition. ZO-1 

was stained with PE conjugated antibody as a tight junction marker and revealed 

the boundary of cells (Fig.8D).

6.5 mm trans-well (Costar) with 5 um pore size was inserted to a 12 well pate and 

seeded 5 x 104 cells of hCMEC/D3. After 72 hours of growth, 20 ng/mL TNFα and 

IFNγ were added to both of Endothelial cell and THP-1 then incubated for 24 hours. 

After that, each antibody was treated to upper well for an hour, 1x106 cells of THP-

1 were seeded in upper well and migrated for 12 hours. The migrated cells in 

bottom well were counted manually. 1000 nM of Natalizumab was used as a 

positive control. Each of the lead antibody revealed the inhibition of THP-1 

migration (n=10)(Fig.9A). When the antibodies were treated with different 

concentration, it showed the concentration-dependent inhibition of migration 

(n=5)(Fig.9B). 



１５

Figure 1. Overview of Ninjurin1 

(A) Diagram for structure of Ninjurin1. It mediates cell-cell adhesion via 

homophilic interactions. (B) Proof of concept for Inhibiting the migration of 

immune cells. Ninjurin1 is a target for inhibiting immune cell infiltration.
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Figure 2. Phage Display and ELISA Screening 

(A) Schematic representation of phage display. (B) Input and output changes 

through the panning steps. (C) The binding of samples resulted from 3rd panning 

cycle. (D) Relative binding affinity of 24 selected scFvs to Recombinant 

Ninjurin1 which is confirmed by ELISA.
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Figure 3. Screening of scFvs using Flow cytometry

The binding of the hit scFvs to ninjurin1 expressed on cell surface. FITC 

conjugated Anti-Human F(ab) antibody was used. Among the scFvs selected in 

previous step, only D9, D12, and G11 bind to Ninjurin1 expressed on hCMEC/D3 

cell line.
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Figure 4. Identification of IgG form

Confirmation of the purified lead antibodies using SDS-PAGE. The heavy chain

(50 kDa) and light chain (25 kDa) sizes were confirmed.
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Figure 5. Comparison of binding Affinity

Binding affinity of each antibody to different substrates was compared by ELISA 

after IgG4S228P conversion. Ninjurin1 binding peptide(P26-N37), recombinant 

human Ninjurin1, or recombinant mouse Ninjurin1 was coated as antigen for the 

assay. D12 most effectively bound to recombinant human Ninjurin1. Binding to 

recombinant mouse Ninjurin1 was weak at all antibodies.

.
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Figure 6. Confirmation of specificity using Flow cytometry and 

Immunofluorescence
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(A) Ninjurin1 expression was checked in various cell lines using Western blot assay. 

(B) Immunofluorescence for cell lines with different expression level of Ninjurin1.

Blue=Hoechst33342, Green=goat-anti-human-FITC (Ninjurin1). (C) Flow 

cytometry (D) Doxycycline dependent Inducible expression of Ninjurin1. (E) 

Ninjurin1 expression as Doxycycline treatment. 
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Figure 7. Identification of antigen binding using Western blot and 

Immunoprecipitation

(a) Western blot results using each antibody for MCF7 and NIH-3T3. Only D12 

detects human Ninjurin1. (b) The results of immunoprecipitation using each 

antibody. D12 especially pulled down the human Ninjurin1 strongly. There’s no 

interaction between antibodies and mouse Ninjurin1 in the both assays.
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Figure 8. Conditions for TEM Assay 

(A) Diagram for TEM Assay. Endothelial cells were seeded 5 x 104 cells/well in 

upper well and grow for 72hr. 20 ng/mL TNFα and IFNγ were added to both of 

Endothelial cell and THP-1 for 24hr. Then, 1x106 cells/well THP-1 are seeded 

upper well and migrate for 12hr. The migrated cells in bottom well are counted. (B)
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Ninjurin1 Expression after TNFα/IFNγ Activation. After 24hr, Ninjurin1 

expression was increased in THP-1 and hCMEC/D3. (C) Comparison of two 

attractant for THP-1. MCP-1 attracted THP-1 effectively. (D) Tight junction 

confirmation of hCMEC/D3 on the condition. Blue is Hoechst33342 and Red is 

anti-ZO-1 Antibody(Invitrogen).
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Figure 9. Inhibitory Effect of the anti-Ninjurin1 Antibody 

Counts of migrated cells in bottom well normalized to control IgG. (A) Each 

antibody was treated concentration of 1000 nM (n=10). (B) Treatment with 

different concentration of antibodies resulted in concentration dependent inhibitory 

effect (n=5). Concentration of IgG and natalizumab is 1000 nM. 
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DISCUSSION

Inhibiting the diapedesis of immune cells through Blood-Brain Barrier (BBB) by 

blocking the adhesion molecule is an effective strategy to alleviate multiple 

sclerosis [3]. Various molecules like integrin, selectin, and cell adhesion molecules 

are required sequential activation and interactions for transmigration of immune 

cells across the BBB. Natalizumab and efalizumab, which block VLA-4 and LFA-

1 respectively, are effectively interfere the transmigration of leukocytes and they 

are used as drugs for multiple sclerosis (MS). 

Ninjurin1 also can be an effective target for multiple sclerosis as following reasons.

Expression level of ninjurin1 in multiple sclerosis lesion in EAE mouse is 

considerably upregulated [10] and ninjurin-1–expressing myeloid cells are 

important cellular mediators of lesion formation in EAE [11]. Also, because 

ninjurin-1 is weakly expressed in non-inflamed BBB-ECs, it is specific target for 

MS itself. Though ninjurin1 is rarely expressed on lymphoid and mainly on 

myeloid [10], myeloid also has important role in progression of disease through 

pro-inflammatory molecules [1]. Blocking of ninjurin1 in EAE mouse reduces the 

number of CD4+ T lymphocytes in the CNS as consequence of the defective entry 

of ninjurin1+ inflammatory APCs into the CNS compartment. [11].

Ninjurin1-ninjurin1 homotypic interaction has the important role in ninjurin1-
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related transmigration [4]. When the peptide having same sequence as homophilic 

binding site of ninjurin1 (P26-N37) was treated to EAE, the migration of 

leukocytes across the BBB is decreased [11]. So, we targeted to block the 

homophilic binding site of ninjurin1 from P26 to N37. For screening of 

monoclonal antibody to block the site, the dodecamer peptide (P26-N37) was used 

as antigen for human scFv library. As we expected, the lead antibodies from the 

screening blocked the function arise from homotypic interaction of ninjurin1. The 

selected lead scFvs were cloned to fully human form IgG. because MS is a 

neuroimmune disease attacked by self-immune system, IgG4 subclass was selected 

for low chance of activating complement system and ADCC due to its low affinity 

for FcγRs [16].

The specificity of the antibodies was confirmed through comparison of two cell 

lines with different ninjurin1 expression and through doxycycline dependent 

ninjurin1 inducible expression cell line. Confirmation of the actual size of the 

bound protein was conducted through immunoprecipitation. To figure out whether

the antibodies has ability to physically block the ninjurin1-ninjurin1 homotypic 

interaction, we tried to show antibodies’ ability to inhibit ninjurin1-dependent 

adhesion between leukocytes and endothelial cells by the antibodies. However, 

native expression level of ninjurin1 was not enough to show the ninjurin1-

dependent adhesion. Additional experiments using ninjurin1 overexpressing cell 

line is needed.

Identification of physical blocking for ninjurin1-ninjurin1 homotypic interaction
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was not conducted, however, functional inhibition was confirmed by trans-

endothelial migration assay. Treatment of the antibodies inhibited the 

transmigration of monocyte cell line, THP-1, in concentration-dependent manner 

suggest that the lead antibodies inhibit the ninjurin1-ninjurin1 homotypic 

interaction and transmigration across endothelial cell.

The result of the TEM assay shows that inhibition of ninjurin1 blocking antibodies

was not constant relative to natalizumab. It is considered expression of ninjurin1 is 

not constant level in each condition. MMP9 (Matrix Metalloproteinase 9) cleaves

the N-terminal ectodomain of ninjurin1 between Leu56 and Leu57, and the cleaved 

ninjurin1 have chemotactic activity [19]. Because MMP9 expression is induced by 

TNFα [20], the condition for TEM assay including TNFα treatment can resulted in 

cleavage of ninjurin1 therefore, the result of the assay can be affected. How 

ninjurin1 works and interacts on diapedesis and even which step it is involved in is 

hardly known. The TEM assay was focused on observing the effect of ninjurin1 

blocking using cell lines and ninjurin1 expressing condition in in vitro. Therefore,

the actual therapeutic effect in MS of the lead antibodies targeting ninjurin1 could

not be evaluated from the assay. Lead antibodies’ binding ability to mouse 

ninjurin1 was also checked for the evaluation of the antibodies in EAE mouse. 

However, the ELISA assay and immunoprecipitation results showed that cross 

reactivity to mouse was too weak for in vivo. 

Blocking of ninjurin1 is another way to inhibit diapedesis in MS, so there is a 

possibility for synergism with natalizumab targeting VLA-4. It would be confirmed 
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by additional TEM assay with co-treatment of the two antibodies. Also, ninjurin1 

has various functions related in neural regeneration, angiogenesis, cancer cell 

motility and systemic inflammation. The 3 ninjurin1 blocking lead antibodies can 

be applied to other ninjurin1 related diseases.
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국 문 초 록

다발성 경화증은 중추 신경계에서 면역 세포의 침투로 인해 발생하는 만

성 신경 면역 질환이다. 면역 세포 침윤에 관여하는 물질을 표적하여 혈

액뇌장벽 침투를 억제하는 것이 질병 완화에 효과적인 방법으로 알려져

있으며, 면역세포 표면의 VLA-4나 LFA-1 등을 표적하는 항체가 다

발성 경화증에서 치료제로서 사용되고 있다.

Ninjurin1 (nerve injury-induced protein 1)은 위 두 분자와 마찬가지

로 면역세포의 혈관에 대한 침투에 관여하는 세포 접착 분자로, 면역세

포 및 혈관 내피 세포에서 주로 발현된다. Ninjurin1의 동종 결합은 세

포 표면에 노출된 N 말단의 P26-N37 부분을 통해 일어나며, 이를 통

하여 면역 세포의 혈관 내피세포에 대한 침윤에 기여한다. 주로 염증부

위에서 사이토카인에 의해 발현이 증가하며, 다발성 경화증의 병변 부위

에서 발현이 높은 것으로 알려져 있다. Ninjurin1에 대한 발현 억제 및

항체를 통한 실험적 알러지성 뇌척수염(EAE) 모델에서 혈액뇌장벽을

통한 면역 세포 침투를 감소시키는 것이 확인된 바 있다.

본 연구에서는 파지 디스플레이 스크리닝을 통하여, 인간 Ninjurin1의

동종 결합 부위에 특이적으로 결합하는 인간 단일 클론 항체 후보 물질

을 선별하였다. 항체의 특이성 및 결합력을 유동세포계측법 및 효소결합

면역흡착검사를 통해 확인하였다. 면역 세포의 혈관내피세포 침윤에 대

한 항체의 억제 능력을 확인하고자, 단핵구 세포주 THP-1과 인간 대뇌

미세 혈관 내피 세포주 hCMEC/D3를 이용하여 내피세포에 대한 면역세

포 침윤분석을 수행 하였다. 후보 항체가 면역 세포 침윤을 억제함을 통

해 다발성 경화증에 대한 항체치료제로의 적용 가능성을 확인하였다.
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ABSTRACT

Discovery of human anti-Ninjurin1 Antibody as a potential 

Therapeutic Antibody for Multiple Sclerosis

Sang Han Park

College of Molecular Medicine and Biopharmaceutical Sciences

Graduate School of Convergence Science and Technology

Seoul National University

Multiple sclerosis is a chronic neuroimmune disease that occurs in the central 

nervous system and is caused by infiltration of immune cells across Blood-Brain 

Barrier. Inhibiting the infiltration of these immune cells is an effective way to 

alleviate the disease. To discover blocking antibody for a molecule involved in a 

diapedesis, we decided ninjurin1 as a target.

Ninjurin1 (nerve injury-induced protein 1) is a cell adhesion molecule that is 

mainly expressed in immune cells and endothelial cells and was first observed to 

increase expression from damaged Schwann cells. Homophilic binding of ninjurin1 
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occurs through the P26-N37 portion of the N-terminal exposed to the cell surface. 

Through the homophilic binding, ninjurin1 contributes to diapedesis of immune 

cells. The knockdown and inhibition of ninjurin1 reduces immune cell infiltration 

through BBB in EAE (experimental allergic encephalomyelitis) model.

In this study, fully human form monoclonal antibody candidates that bind 

specifically to the homophilic binding domain of human ninjurin1 were selected 

through phage display screening. Identification of the specificity and affinity were 

conducted by IP, Flow cytometry, and ELISA. To verify actual inhibition for 

diapedesis, trans-endothelial migration assay was conducted using monocyte cell 

line THP-1 and human cerebral microvascular endothelial cell line hCMEC/D3 for 

BBB model in vitro. As a result, three lead antibodies effectively inhibited the 

trans-endothelial migration.

Key words: Multiple sclerosis, Ninjurin1, therapeutic antibody, diapedesis, phage 

display

Student number: 2017-25989
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INTRODUCTION

Multiple sclerosis is a chronic neuroimmune disease that occurred in the central 

nervous system and caused by infiltration of immune cells. CNS-infiltrated 

neutrophils secret pro-inflammatory molecules and they induce maturation of

myeloid cells into professional Antigen Presenting Cells stimulating myelin 

specific T cells [1]. The T cells induce inflammation through cytokines production. 

In addition to CNS inflammation, more immune cells infiltrate, and the myelin 

repair process is also impaired due to oligodendrocyte death [2]. Interfering the 

diapedesis of immune cells through Blood-Brain Barrier (BBB) by blocking the 

adhesion molecule is an effective strategy to alleviate the disease [3]. Various 

molecules like integrin, selectin, and cell adhesion molecules are required 

sequential activation and interactions for transmigration of immune cells across the 

BBB. In the case of Natalizumab, monoclonal antibody for integrin alpha4, it binds 

to integrin alpha4 on immune cells and inhibits the diapedesis of immune cells

through BBB.

Ninjurin1 (nerve injury-induced protein 1) involved in BBB infiltration of 

immune cells also can be another target for inhibiting diapedesis of immune cells.

Ninjurin1 is a cell adhesion molecule that is mainly expressed on peripheral blood

immune cells and endothelial cells. It was first observed to increase expression 
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from damaged Schwann cells [4]. Homophilic binding of ninjurin1 occurs through 

the P26-N37 portion of the N-terminal exposed to the cell surface (Fig.1). It is not 

exactly figured out which molecules interact with ninjurin1 except for homophilic 

interaction of themselves. Even though there are lack of studies on ninjurin 1, it is

known as involved in various functions. Ninjurin1 is involved in various functions:

neural regeneration, angiogenesis, inflammation, and senescence. Inhibition of the 

Ninjurin-1–Ninjurin-1 homotypic interaction reduces post-lesional neurite

outgrowth in rodents suggesting ninjurin-1 contribute to nerve regeneration [4, 5]. 

In addition, Ninjurin1 homotypic interaction is also important role in vascular 

remodeling [6, 7]. There are some evidences that ninjurin1 contributes to cancer 

cell motility [8, 9].

Especially, ninjurin1 is involved in immune cell infiltration through BBB. Knock-

down of ninjurin1 or ninjurin1 specific antibody treatment inhibits immune cell 

infiltration in the EAE (Experimental Allergic Encephalomyelitis) model [10-15].

Ninjurin1 is generally upregulated by proinflammatory mediators like TNFα and 

IFNγ [11]. Ninjurin-1 is also upregulated in EAE lesions [10]. Because ninjurin1 is 

highly expressed in multiple sclerosis lesion and expressed both side of endothelial

cell and immune cell, targeting ninjurin1 is considered as effective and specific for 

treating multiple sclerosis.

In this study, fully human form monoclonal antibody candidates that bind 

specifically to the homophilic binding domain of human ninjurin1 were selected 

through phage display screening. The selected scFvs were converted to the form of
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human IgG4S228P. IgG4 scarcely activate the complement system and ADCC 

because of its low affinity for FcγRs [16]. IgG4 subclass has shuffling issue in vivo,

but the S228P mutation on hinge region prevents the shuffling of IgG [17].

Identification of the specificity and affinity were conducted by IP, Flow cytometry,

and ELISA. To verify actual inhibition for diapedesis, trans-endothelial migration 

assay was conducted using monocyte cell line THP-1 and human cerebral 

microvascular endothelial cell line hCMEC/D3 for BBB model in vitro. 
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MATERIALS AND METHODS

scFv Screening 

Human scFv library was used for screening hits binding to ninjurin1 homotypic 

binding region. Synthetic peptide coincident with ninjurin1 homotypic binding 

region was coated to immunotube (Nunc, USA) as an antigen. The immunotube 

was blocked with 3% skim milk in PBST and phages were put into the coated 

antigen. After washing 4 times with PBST, the phages were eluted with 100 mM 

TEA and neutralized with Tris-HCl (pH8.0) solution. The eluted phages were 

infected to E. coli and some grown on solid LA plates overnight to check the 

output titer. The rest of the phages were rescued using helper phage and the 

same processes repeated 2 times more.

The phages from 3rd panning were infected to E. coli strain (ER2537, NEB), 

single colonies were selected and incubated on 96 well plate at room 

temperature. After incubation, the culture solution incubated overnight at 30℃

with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) induction. The next 

day, the plate was centrifuged at 3000 rpm for 20 min and lysed by osmotic 

shock by TES buffer. The extract from the lysed cells were added to ninjurin1 

coated 96 well plate and control plate and incubated for 1 hour at RT. Anti-HA 

(hemagglutinin) Hrp secondary antibody was added and incubated for 1 hour. 
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After washing with TBST, 30 uL TMB was added for reaction and then 

terminated with 1N H2SO4. Detection was done at 450 nm. 

IgG conversion and production

The scFv hits screened from the ELISA were sequenced (Cosmogenetech, 

Korea). The scFv hits selected were converted to human IgG. The scFv 

sequences were converted to human heavy and light chain, integrated in 

pCHO1.0 vectors by cloning. The plasmids were amplified by midi prep kit 

(Macherey Nagel, Germany)

The amplified plasmids were transfected to Freestyle CHO-S Stable Expression 

System (Invitrogen). The transfected cells selected by adding MTX and 

puromycin. The transfected cells were incubated for 10 days on an orbital shaker 

in 37℃ incubator of 8% CO2. Cells were harvested, only the supernatant taken 

by centrifugation and filtrated with 0.45 μm filter. After filtration, the 

supernatant purified by MabSelect SuRe Protein A agarose bead resin (GE 

Healthcare) using AKTA Avant (GE Healthcare)

Cell culture

THP-1, HepG2, U87MG cell lines were purchased from the Korean Cell Line 

Bank(KCLB) and cultured in RPMI1640 (Hyclone) supplemented 10% FBS 
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(Hyclone) and 1% penicillin/streptomycin solution (Hyclone). hCMEC/D3 cell 

was cultured in Medium200 (ThermoFisher) supplemented Low Serum Growth 

Supplement (ThermoFisher). cells were passaged once every 3~4 days at a 

confluency of 70~80%.

Western blot Analysis

Cells were harvested and lysed with lysis buffer containing RIPA (Biosesang, 

Korea), protease inhibitor (Roche, USA) and lysed using 1mL syringe. The 

lysate were centrifuged at 14000 rpm for 15 minutes. The supernatant was taken 

out and protein quantification done through BCA assay (ThermoFisher, USA). 

5X sample loading buffer was added to supernatant and boiled for 10 minutes. 

SDS-PAGE was done using 12% acrylamide gels. Membranes were blocked 

with 5% skim milk, incubated with primary antibodies and then Hrp-conjugated 

secondary antibodies. Signals were detected using ECL (Amersham, USA) in a 

dark room.

Immunoprecipitation Analysis

Harvested cell pellets were resuspended in 0.5 mL DPBS containing protease 

inhibitor (Roche, USA), sonicated till the solution become clear. The lysate was 

added to protein A Magbead (Genscript) and incubated overnight at 4℃. After 
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washing 5 times, 1X sample loading buffer was added to the sample and boiled 

for 10 minutes. The beads were got rid of using a magnet. Following steps are 

same with Western blot analysis.

Flow Cytometry Analysis

Cells were washed with DPBS and harvested using Cell dissociation buffer 

(Gibco). Each primary antibodies were treated at concentration of 1 ug / 1 x 105

cells and incubated for 1 hour at 4 . After washing three times, FITC ℃

conjugated goat anti-human IgG secondary antibody (ThermoFisher Scientific)

were treated and incubated for 1 hour at 4 .℃ After washing, the fluorescence 

signal was obtained by FACS Calibur (BD Biosciences) operated by Cell Quest 

Pro software (BD Biosciences). All the buffers used in Flow cytometry include 1% 

BSA diluted in DPBS. 

Confocal microscopy Analysis

hCMEC/D3 cells were seeded to 8-well culture slide (SPL, Korea), cultured for 

3days, activated by 20 ng/mL TNFa/IFNg, fixed with 4% paraformaldehyde in 

PBS for 15min, and stained with 0.5 mg/mL mouse monoclonal anti-ZO-1 

antibody for 1 hour at 4℃. After washing 3 times with PBS, cells were 

incubated with PE-conjugated anti-human IgG secondary antibody (R&D 
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systems) for 1 hour and stained with Hoechst33342. The 8-well culture slides 

were removed from the chamber and mounted for digital micrographs, which 

were taken using LSM 700 ZEISS laser scanning confocal microscope (Carl 

Zeiss, Germany). The data were processed using the LSM colocalization 

Software (Carl Zeiss).

Trans Endothelial Migration Assay

6.5 mm trans-well (Costar) with 5 um pore size and PET membrane was inserted 

to a 12 well pate, seeded 5 x 104 cells of hCMEC/D3, incubated at 37℃ in 5% 

CO2 incubator. After 72 hours of growth, 20 ng/mL TNFα and IFNγ were added 

to both of Endothelial cell and THP-1 and incubated for 24 hours. After that, 

each antibody was treated to upper well for an hour and 1x106 cells of THP-1 

were seeded in upper well. 50 ng/mL MCP-1 were added to bottom well. and 

migrated for 12 hours. The migrated cells in bottom well were counted manually.

Each data set was normalized to control IgG.
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RESULTS

Screening of scFvs binding to Ninjurin1 homophilic 

binding peptide through phage display

To identify antibodies that specifically bind to the homophilic binding domain of 

Ninjurin1 (P26-N37), the peptide of same amino acid sequence with the

homophilic binding domain was synthesized and used for bio-panning (Fig.2A).

The scFv antibody fragment binding to Ninjurin1 peptide was identified through 

phage display screening using the previously prepared human synthetic scFv 

library. The panning using immunotube were carried out three times. As a result, a

number of phage colonies were decreased in the second round compared to the first 

round but increased in the third round (Fig.2B).

The binding of screened scFvs to Ninjurin1 peptide was then evaluated by using 

ELISA. The results of Ninjurin1 antigen-coated plates were compared with the 

control plate. Then, scFvs specific to Ninjurin1 peptide were selected and analyzed

by DNA sequencing. This resulted in 24 scFv candidates that could specifically 

bind to homologous binding sites of human Ninjurin1 (Fig.2C).
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Confirmation of binding to Ninjurin1

After the production of each scFvs, the binding affinity to human and mouse 

recombinant Ninjurin1 was compared by ELISA (Fig.2D).

N-terminal ectodomains of human and mouse Ninjurin1 (1-81) with GST tag for 

purification were synthesized in DH5alpha E.coli strain (Enzynomics) and used as 

coated antigen for the scFvs. The 430 nm absorbance value of each Hit group was 

normalized to the value of B1. The 10 scFvs with high affinity to GST-human 

Ninjurin1 were selected.

To confirm whether selected 10 scFv hits to bind native form of Ninjurin1 

expressed cell surface, each scFv was treated to immortalized human cerebral 

microvascular endothelial cell line hCMEC/D3, which expresses Ninjurin1 and its 

expression of Ninjurin1 was confirmed by Flow cytometer (Fig.3). Three scFvs

(D9, D12, G11) of them showed to the Ninjurin1 on the cell line.

IgG production and identification

The selected scFvs were cloned in the form of human IgG4S228P. IgG4 scarcely

activates the complement system and ADCC because of its low affinity for FcγRs.

IgG4 subclass has shuffling issue in vivo, but the S228P mutation on hinge region

prevents it. The stable antibody expression system was established by transfection 

into the CHO-S cell line. Antibodies were produced through the stable cell line and 



１１

purified using Protein A beads.

Non-reduced and reduced samples were prepared for each fraction of purification

and purified antibody and confirmed by SDS-PAGE. The size of IgG4S228P Full-

form in the non-reduced sample and heavy chain and light chain in the reduced

sample were confirmed (Fig.4).

Affinity comparison of the lead antibodies

To compare the affinity of the three monoclonal antibodies, ELISA assay was 

conducted using Ninjurin1 peptide (P26-N37), recombinant human Ninjurin1, and 

recombinant mouse Ninjurin1. Each antigen was coated and treated with three lead 

antibodies which are D9, D12, and G11. All of them bound to recombinant human 

Ninjurin1. Especially, D12 showed similar binding affinity compared with other 

two lead antibodies with about 100-fold low concentration (Fig.5). 

To confirm the possibility of application for mouse model, the affinity to 

recombinant mouse Ninjurin1 was also checked. However, the affinity to mouse 

ninjurin1 was too low to conduct the mouse model study.
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Specificity confirmation of the lead antibodies

For the selection of Ninjurin1 positive and negative cell line, ninjurin1 expression 

level of four cell lines, HepG2, U373MG, U87MG, and 293T were compared 

through Western blot assay (Fig.6A). Flow cytometry and Immuno-fluorescence 

were conducted using the lead antibodies with high ninjurin1 expressing cell line 

HepG2 and low ninjurin1 expressing cell line U87MG (Fig. 6B and 6C). The 

binding of the antibodies was effective than commercial antibodies (BD and 

Santacruz) on HepG2, and it was low on U87MG in both of experiments.

Low level of ninjurin1 expressing cell line, U87MG, was induced to express 

Ninjurin1 through Lenti viral transduction (Fig. 6D). As the 50 ng/mL Doxycycline 

was added, binding of the antibodies was increased with ninjurin1 expression 

meaning that each antibody is specific to ninjurin1 (Fig. 6E).

Identification of Antibody binding

To Identify whether each of the antibody can recognize the denatured form of 

Ninjurin1, western blot assay was conducted. Ninjurin1 was denatured by 

detergents and SDS contained in lysis buffer and each lead antibodies were used to 

detect the denatured form of ninjurin1.As a result, only D12 recognized the 

denatured ninjurin1 protein which is confirmed by detecting same size protein 

compared with control Antibody (Abcam) (Fig.7A).
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Immunoprecipitation confirmed the specificity of the antibodies against native 

form Ninjurin1 on the cells. MCF7 cell line expressing Ninjurin1 was sonicated 

and pulled down with the antibodies bound to Protein A magnetic bead. 

Subsequently, Western blotting was performed using anti-ninjurin1 mouse 

monoclonal Antibody (Abcam) and a secondary antibody using Goat anti-mouse 

IgG Antibody (Invitrogen). Ninjurin1 was identified at 17 kDa position from pull 

down samples. Among the antibodies, D12 especially pulled down Ninjurin1 well

(Fig.7B).

In both Western blot and immunoprecipitation assays with mouse fibroblast cell 

line NIH-3T3, mouse Ninjurin1 was not detected, which correlate with the 

previous ELISA assay results.

Inhibitory effect in diapedesis: Trans-Endothelial Migration 

Assay

To confirm the practical effect of the antibodies that inhibit the transmigration of 

Leukocytes, Trans-Endothelial Migration assay was performed (Fig.8A). Human 

monocyte cell line THP-1 and human cerebral microvascular endothelial cell line

hCMEC/D3 were selected for the assay. Expression of Ninjurin1 after activating 

with 20 ng/mL TNFα and IFNγ in each cell line was confirmed by western blot

(Fig.8B). 24 hours after activation, the expression of Ninjurin1 considerably 
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increased. To set chemotaxis to bottom well of THP-1 migration, MCP-1 and SDF-

1 was used as chemoattractant. SDF-1 had no effect, but MCP-1 effectively 

attracted the THP-1 (Fig.8C). In addition, it was confirmed that hCMEC/D3 on 

insert grew completely confluent and form tight junctions in the condition. ZO-1 

was stained with PE conjugated antibody as a tight junction marker and revealed 

the boundary of cells (Fig.8D).

6.5 mm trans-well (Costar) with 5 um pore size was inserted to a 12 well pate and 

seeded 5 x 104 cells of hCMEC/D3. After 72 hours of growth, 20 ng/mL TNFα and 

IFNγ were added to both of Endothelial cell and THP-1 then incubated for 24 hours. 

After that, each antibody was treated to upper well for an hour, 1x106 cells of THP-

1 were seeded in upper well and migrated for 12 hours. The migrated cells in 

bottom well were counted manually. 1000 nM of Natalizumab was used as a 

positive control. Each of the lead antibody revealed the inhibition of THP-1 

migration (n=10)(Fig.9A). When the antibodies were treated with different 

concentration, it showed the concentration-dependent inhibition of migration 

(n=5)(Fig.9B). 
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Figure 1. Overview of Ninjurin1 

(A) Diagram for structure of Ninjurin1. It mediates cell-cell adhesion via 

homophilic interactions. (B) Proof of concept for Inhibiting the migration of 

immune cells. Ninjurin1 is a target for inhibiting immune cell infiltration.
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Figure 2. Phage Display and ELISA Screening 

(A) Schematic representation of phage display. (B) Input and output changes 

through the panning steps. (C) The binding of samples resulted from 3rd panning 

cycle. (D) Relative binding affinity of 24 selected scFvs to Recombinant 

Ninjurin1 which is confirmed by ELISA.
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Figure 3. Screening of scFvs using Flow cytometry

The binding of the hit scFvs to ninjurin1 expressed on cell surface. FITC 

conjugated Anti-Human F(ab) antibody was used. Among the scFvs selected in 

previous step, only D9, D12, and G11 bind to Ninjurin1 expressed on hCMEC/D3 

cell line.
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Figure 4. Identification of IgG form

Confirmation of the purified lead antibodies using SDS-PAGE. The heavy chain

(50 kDa) and light chain (25 kDa) sizes were confirmed.
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Figure 5. Comparison of binding Affinity

Binding affinity of each antibody to different substrates was compared by ELISA 

after IgG4S228P conversion. Ninjurin1 binding peptide(P26-N37), recombinant 

human Ninjurin1, or recombinant mouse Ninjurin1 was coated as antigen for the 

assay. D12 most effectively bound to recombinant human Ninjurin1. Binding to 

recombinant mouse Ninjurin1 was weak at all antibodies.

.
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Figure 6. Confirmation of specificity using Flow cytometry and 

Immunofluorescence
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(A) Ninjurin1 expression was checked in various cell lines using Western blot assay. 

(B) Immunofluorescence for cell lines with different expression level of Ninjurin1.

Blue=Hoechst33342, Green=goat-anti-human-FITC (Ninjurin1). (C) Flow 

cytometry (D) Doxycycline dependent Inducible expression of Ninjurin1. (E) 

Ninjurin1 expression as Doxycycline treatment. 
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Figure 7. Identification of antigen binding using Western blot and 

Immunoprecipitation

(a) Western blot results using each antibody for MCF7 and NIH-3T3. Only D12 

detects human Ninjurin1. (b) The results of immunoprecipitation using each 

antibody. D12 especially pulled down the human Ninjurin1 strongly. There’s no 

interaction between antibodies and mouse Ninjurin1 in the both assays.
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Figure 8. Conditions for TEM Assay 

(A) Diagram for TEM Assay. Endothelial cells were seeded 5 x 104 cells/well in 

upper well and grow for 72hr. 20 ng/mL TNFα and IFNγ were added to both of 

Endothelial cell and THP-1 for 24hr. Then, 1x106 cells/well THP-1 are seeded 

upper well and migrate for 12hr. The migrated cells in bottom well are counted. (B)
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Ninjurin1 Expression after TNFα/IFNγ Activation. After 24hr, Ninjurin1 

expression was increased in THP-1 and hCMEC/D3. (C) Comparison of two 

attractant for THP-1. MCP-1 attracted THP-1 effectively. (D) Tight junction 

confirmation of hCMEC/D3 on the condition. Blue is Hoechst33342 and Red is 

anti-ZO-1 Antibody(Invitrogen).
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Figure 9. Inhibitory Effect of the anti-Ninjurin1 Antibody 

Counts of migrated cells in bottom well normalized to control IgG. (A) Each 

antibody was treated concentration of 1000 nM (n=10). (B) Treatment with 

different concentration of antibodies resulted in concentration dependent inhibitory 

effect (n=5). Concentration of IgG and natalizumab is 1000 nM. 
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DISCUSSION

Inhibiting the diapedesis of immune cells through Blood-Brain Barrier (BBB) by 

blocking the adhesion molecule is an effective strategy to alleviate multiple 

sclerosis [3]. Various molecules like integrin, selectin, and cell adhesion molecules 

are required sequential activation and interactions for transmigration of immune 

cells across the BBB. Natalizumab and efalizumab, which block VLA-4 and LFA-

1 respectively, are effectively interfere the transmigration of leukocytes and they 

are used as drugs for multiple sclerosis (MS). 

Ninjurin1 also can be an effective target for multiple sclerosis as following reasons.

Expression level of ninjurin1 in multiple sclerosis lesion in EAE mouse is 

considerably upregulated [10] and ninjurin-1–expressing myeloid cells are 

important cellular mediators of lesion formation in EAE [11]. Also, because 

ninjurin-1 is weakly expressed in non-inflamed BBB-ECs, it is specific target for 

MS itself. Though ninjurin1 is rarely expressed on lymphoid and mainly on 

myeloid [10], myeloid also has important role in progression of disease through 

pro-inflammatory molecules [1]. Blocking of ninjurin1 in EAE mouse reduces the 

number of CD4+ T lymphocytes in the CNS as consequence of the defective entry 

of ninjurin1+ inflammatory APCs into the CNS compartment. [11].

Ninjurin1-ninjurin1 homotypic interaction has the important role in ninjurin1-
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related transmigration [4]. When the peptide having same sequence as homophilic 

binding site of ninjurin1 (P26-N37) was treated to EAE, the migration of 

leukocytes across the BBB is decreased [11]. So, we targeted to block the 

homophilic binding site of ninjurin1 from P26 to N37. For screening of 

monoclonal antibody to block the site, the dodecamer peptide (P26-N37) was used 

as antigen for human scFv library. As we expected, the lead antibodies from the 

screening blocked the function arise from homotypic interaction of ninjurin1. The 

selected lead scFvs were cloned to fully human form IgG. because MS is a 

neuroimmune disease attacked by self-immune system, IgG4 subclass was selected 

for low chance of activating complement system and ADCC due to its low affinity 

for FcγRs [16].

The specificity of the antibodies was confirmed through comparison of two cell 

lines with different ninjurin1 expression and through doxycycline dependent 

ninjurin1 inducible expression cell line. Confirmation of the actual size of the 

bound protein was conducted through immunoprecipitation. To figure out whether

the antibodies has ability to physically block the ninjurin1-ninjurin1 homotypic 

interaction, we tried to show antibodies’ ability to inhibit ninjurin1-dependent 

adhesion between leukocytes and endothelial cells by the antibodies. However, 

native expression level of ninjurin1 was not enough to show the ninjurin1-

dependent adhesion. Additional experiments using ninjurin1 overexpressing cell 

line is needed.

Identification of physical blocking for ninjurin1-ninjurin1 homotypic interaction
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was not conducted, however, functional inhibition was confirmed by trans-

endothelial migration assay. Treatment of the antibodies inhibited the 

transmigration of monocyte cell line, THP-1, in concentration-dependent manner 

suggest that the lead antibodies inhibit the ninjurin1-ninjurin1 homotypic 

interaction and transmigration across endothelial cell.

The result of the TEM assay shows that inhibition of ninjurin1 blocking antibodies

was not constant relative to natalizumab. It is considered expression of ninjurin1 is 

not constant level in each condition. MMP9 (Matrix Metalloproteinase 9) cleaves

the N-terminal ectodomain of ninjurin1 between Leu56 and Leu57, and the cleaved 

ninjurin1 have chemotactic activity [19]. Because MMP9 expression is induced by 

TNFα [20], the condition for TEM assay including TNFα treatment can resulted in 

cleavage of ninjurin1 therefore, the result of the assay can be affected. How 

ninjurin1 works and interacts on diapedesis and even which step it is involved in is 

hardly known. The TEM assay was focused on observing the effect of ninjurin1 

blocking using cell lines and ninjurin1 expressing condition in in vitro. Therefore,

the actual therapeutic effect in MS of the lead antibodies targeting ninjurin1 could

not be evaluated from the assay. Lead antibodies’ binding ability to mouse 

ninjurin1 was also checked for the evaluation of the antibodies in EAE mouse. 

However, the ELISA assay and immunoprecipitation results showed that cross 

reactivity to mouse was too weak for in vivo. 

Blocking of ninjurin1 is another way to inhibit diapedesis in MS, so there is a 

possibility for synergism with natalizumab targeting VLA-4. It would be confirmed 
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by additional TEM assay with co-treatment of the two antibodies. Also, ninjurin1 

has various functions related in neural regeneration, angiogenesis, cancer cell 

motility and systemic inflammation. The 3 ninjurin1 blocking lead antibodies can 

be applied to other ninjurin1 related diseases.
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국 문 초 록

다발성 경화증은 중추 신경계에서 면역 세포의 침투로 인해 발생하는 만

성 신경 면역 질환이다. 면역 세포 침윤에 관여하는 물질을 표적하여 혈

액뇌장벽 침투를 억제하는 것이 질병 완화에 효과적인 방법으로 알려져

있으며, 면역세포 표면의 VLA-4나 LFA-1 등을 표적하는 항체가 다

발성 경화증에서 치료제로서 사용되고 있다.

Ninjurin1 (nerve injury-induced protein 1)은 위 두 분자와 마찬가지

로 면역세포의 혈관에 대한 침투에 관여하는 세포 접착 분자로, 면역세

포 및 혈관 내피 세포에서 주로 발현된다. Ninjurin1의 동종 결합은 세

포 표면에 노출된 N 말단의 P26-N37 부분을 통해 일어나며, 이를 통

하여 면역 세포의 혈관 내피세포에 대한 침윤에 기여한다. 주로 염증부

위에서 사이토카인에 의해 발현이 증가하며, 다발성 경화증의 병변 부위

에서 발현이 높은 것으로 알려져 있다. Ninjurin1에 대한 발현 억제 및

항체를 통한 실험적 알러지성 뇌척수염(EAE) 모델에서 혈액뇌장벽을

통한 면역 세포 침투를 감소시키는 것이 확인된 바 있다.

본 연구에서는 파지 디스플레이 스크리닝을 통하여, 인간 Ninjurin1의

동종 결합 부위에 특이적으로 결합하는 인간 단일 클론 항체 후보 물질

을 선별하였다. 항체의 특이성 및 결합력을 유동세포계측법 및 효소결합

면역흡착검사를 통해 확인하였다. 면역 세포의 혈관내피세포 침윤에 대

한 항체의 억제 능력을 확인하고자, 단핵구 세포주 THP-1과 인간 대뇌

미세 혈관 내피 세포주 hCMEC/D3를 이용하여 내피세포에 대한 면역세

포 침윤분석을 수행 하였다. 후보 항체가 면역 세포 침윤을 억제함을 통

해 다발성 경화증에 대한 항체치료제로의 적용 가능성을 확인하였다.
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주요어: 다발성경화증, Ninjurin1, 치료용 항체, 면역세포 침윤, 파지   
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