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Abstract

Measles Virus (MV) is a major cause of childhood morbidity and mortality
worldwide although a safe and cost-effective vaccine is available. The MV infection is
initiated by binding of cellular receptors on the target host cells to hemagglutinin
protein of MV (MV-H), a surface glycoprotein responsible for the target cell entry.
Several neutralizing antibodies to MV have been developed to different epitopes so far,
and most of them target to MV-H protein. Our collaborators (Prof. Yanagi’s group) have
previously produced and characterized the neutralizing mouse monoclonal antibody
(MAD) 2F4, suggesting that the epitope of MAb 2F4 is overlapped with the binding
sites of the receptors. The 2F4 MADb is a good candidate antibody with further
modification for measles neutralization although the epitopes have not been fully
determined yet. The single chain variable antibody fragment (scFv) strategy has become
one of the most popular methods in antibody engineering. The aim of this research is to
establish scFv of MV neutralizing antibody and reveal its molecular basis for the
inhibition of the interaction between MV-H and cellular receptors. For this purpose, the
recombinant scFv was prepared from 2F4 MADb, and characterized the biophysical
properties using physicochemical techniques. According to the standard protocol in our
laboratory, the yield and refolding efficiency were relatively low, about 0.5
mg/L-culture and 1.5%, respectively. Therefore, conditions for some of the purification
steps were examined and the yield and refolding efficiency were slightly improved to be
about 1.5 mg/L-culture and 4%, respectively. By using the purified 2F4-scFv and MV-H
proteins, binding analysis was performed with surface plasmon resonance (SPR),
suggesting the recombinant 2F4-scFv interacts with MV-H in concentration dependent

manner with lower affinity (Kp of 5.0 uM) than Fab as well as than cellular receptors.



Next, we tested whether binding of scFv is affected by the SLAM or nectin-4. The
results indicated the binding of scFv was inhibited by nectin-4 and also by SLAM. To
determine whether 2F4-scFv can inhibit membrane fusion mediated by MV-H binding
to cellular receptor, I performed conventional fusion assay using receptor expressing
cells, suggesting 2F4-scFv has ability to inhibit the MV-H and F- mediated syncytia
formation as like intact 2F4 MAb. My research results reveal that scFv specifically
binds to the MV-H at uM level of Kp value and is able to interfere the binding of MV-H
to its cellular receptor, furthermore it can inhibit membrane fusion by blocking receptor
binding sites on MV-H, and account for the hypothesis that the 2F4 uses the receptor
binding sites as a neutralizing epitope. I expect that the newly prepared 2F4-scFv will
enable us to further investigate the inhibitory mechanism of cell entry via MV-H by

2F4-scFv, thereby to design an effective vaccine for MV infection.
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BSA
CBB
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CDR
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Ed
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Bovine serum albumin
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Signaling lymphocyte activation molecule
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Subacute sclerosing panencephalitis

Tris (hydroxymethyl) aminomethane
Variable regions of heavy chain

Variable regions of light chain

World Health Organization
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Introduction

Measles virus (MV)

Measles virus (MV) is a major cause of childhood morbidity and mortality all
over the world (1,2). World Health Organization (WHO) reported that approximately
114,900 people died from measles globally in 2014 although an effective vaccine is
available (http://www.who.int/). Centers for Disease Control and Prevention (CDC)
reported that a large number of measles cases, such as 667 cases from 27 states, were
found in the United States in 2014, and a large measles outbreak, including 189 infected
people from 24 different states occurred in 2015 (http://www.cdc.gov/). Thus, MV
infections remain possible threat to global health. The clinical symptoms for measles
virus infection include fever, cough, photophobia and a symptomatic red rash over most
part of the body (3). Long-term persistence of measles virus leads to encephalitis and
subacute sclerosing panencephalitis resulting from infection of the central nervous
system (4). In several developing countries, measles has become a serious health threat

for human due to low vaccination coverage.

Measles virus belongs to the genus, Morbillivirus in the family Paramyxoviridae
(3,5). The virus possesses a nonsegmented negative-sense RNA genome encoding genes
for the proteins named the nucleocapsid protein (N), a phosphoprotein (P), virulence
factors (C and V), a matrix protein (M), a membrane fusion protein (F), a receptor binding
hemagglutinin (H) and an RNA polymerase (L) (Fig. 1). Of them, the hemagglutinin (H)
and fusion (F) proteins are expressed on the viral envelope, highly glycosylated in
nature (Fig. 2) and are involved in the MV entry to the host cells. Thus, both proteins

became neutralizing targets.
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Figure 1: Schematic representation of the genome structure of measles virus.
MYV has a nonsegmented negative-strand RNA genome, which encodes N, P, M, F, H and L
proteins. The P gene encodes V and C genes, respectively, which are alternatively spliced.

Hemagglutinin protein (H)

Fusion protein (F)

Measles virus

Figure 2: Cartoon representation of the measles virus.
Envelope glycoproteins, hemagglutinin (H) and fusion (F) proteins are highlighted.



Cellular receptors for the measles virus

Until now, there are three cellular receptors for measles have been identified,
including the signaling lymphocyte activation molecule (SLAM), the epithelial protein
nectin-4 and the complement regulatory protein CD46 (6-10). Both wild-type and
vaccine strains of measles viruses can use SLAM and nectin-4 for the membrane fusion
with host cells, whereas only vaccine strain of the Edmonston virus can use CD46
(7,11,12).

SLAM is expressed on immune cells, like thymocytes, activated lymphocytes,
mature dendritic cells, macrophages and platelets (13), and can be a marker for the most
primitive hematopoietic stem cells (14). It can interact with another SLAM molecule
present on an adjacent cell as a self-ligand with a low affinity of approximately 200 uM
(15). The immunosuppressive nature of measles virus is due to the use of SLAM as a
cellular receptor (11). SLAM is a member of the immunoglobulin (Ig) superfamily, a
type I membrane protein that possesses an N-terminal signal sequence, two Ig-like
domains (V-set and C2-set according to standard Ig-like domain category), a
transmembrane region, and a cytoplasmic tail (16). Each Ig-like domain consists of
about 110 amino acid residues and only the membrane-distal V-set domain is important
for MV-H binding (17).

The nectin-4 is expressed on epithelial cells, and various tissues including the
human airway, skin, lung, prostate and stomach (18,19). The protein is a member of the
Ca?*-independent immunoglobulin-like cell-cell adhesion molecules, which contains
nine members (nectin-1 to nectin-4 and Necl-1 to Necl-5) (20). They contain three
immunoglobulin-like domains (V-C-C sets), playing an important role in mediating

cell-cell adhesion (21,22).



The complement-regulatory protein, CD46, is expressed in all kinds of human
cells and first identified as a cellular receptor for the Edmonston strain of MV (9,10).
The extracellular region of CD46 consists of four short consensus repeats (SCR1-—
SCR4), and only the membrane-distal, N-terminal SCR1 and SCR2 play a role in the

interaction with MV-H (23).

Membrane fusion mediated by MV-H and F

It is thought that the binding of the H protein to a receptor leads to the
membrane fusion between the viral envelope and the host cell plasma membrane
mediated by F protein. We have determined the MV-H and SLAM complex structure of
different dimer of dimer conformations (Fig. 3) (17). The structure shows that the
MV-H homodimer structure is highly covered by the potential N-linked sugars and
limited region is exposed, including the binding site for SLAM as well as that for
nectin-4 (Fig. 4). Furthermore, the epitopes for most monoclonal antibodies to MV-H
(24-27) have been shown on the MV-H homodimer structure (Fig. 4). They represent
that all receptors and most of the neutralizing antibodies binding sites locate limited
regions on the MV-H, indicating a single antibody can be effective to inhibit measles
virus infection mediated by different receptors. Based on the structure of dimer of
dimers of MV-H (Fig. 3), we previously proposed the model for the sequential events
during measles virus-induced membrane fusion (17,28). The MV-H tetrameric structure
is formed together with the MV-F trimer on the viral envelope. When the SLAM binds
with MV-H, conformational change of the SLAM occurred. The interaction between
SLAM and MV-H reduces the distance between the viral and host membranes (29-32),

providing a scaffold for the structural change of MV-F and the configuration of the
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dimer of dimers may shift, leading to change the orientation of the stalk regions,
allowing MV-F to refold and to effectively interact with the target cell membrane,
ultimately lead to membrane fusion (17). Although neutralizing antibodies against each
of the viral envelope glycoproteins are produced, H protein-specific antibodies are
predominant for the inhibition of MV infection (27,33,34). Therefore, H protein comes

into a spotlight as a neutralizing target.

Epitopes for anti-measles monoclonal antibodies

Almost all of the measles vaccines were isolated about a half a century ago,
and were composed of live attenuated MV strains. There are 24 genotypes for MV, and
all vaccine strains are classified into the single genotype (genotype A) (1). Although
there are differences in the genotypes present in different countries or regions, measles
vaccines have been effective till now. Consequently, the effectiveness of measles
vaccine suggests that MV does not undergo a major antigenic drift. However, several
studies indicate that antigenic variations occur among currently circulating MV strains,
and the efficacy of vaccination could be possibly affected by this antigenic variations
(35-40). To date, several neutralizing epitopes (NEs) on MV-H were identified, which
likely locate at the receptor-binding site (RBS) or a site involved in the interaction with
the F protein (41). Several neutralizing antibodies with the amino acid residues consist
of epitope regions have been well documented by Bouche et al. (27). The epitopes and

antibodies were summarized in Table 1 and mapped on the H protein structure (Fig. 4).

Neutralizing monoclonal antibody (MADb), 2F4

Our collaborators generated and characterized a mouse monoclonal antibody
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(MAD) 2F4 (42). The MAb 2F4 was produced using a cell line expressing the H protein
of the wild-type IC-B strain as an antigen. They performed the infection assay using
eight different recombinant MVs and the result revealed that the MAb 2F4 could
efficiently neutralize the infection of all eight rMVs to both SLAM- and
nectin-4-expressing cells. The results indicated that the 2F4 may have ability to block
the viral entry mediated via MV-H binding to both SLAM and nectin-4. The epitope
recognized by 2F4 is tentatively termed epitope vii although the epitope has not been
completely determined yet. Based on the results, they hypothesized that the epitope vii
is overlapped with the binding site of the cellular receptors. Therefore, the receptor
binding sites recognized by both SLAM and nectin-4 are mapped as epitope vii on the
MV-H protein structure as well as the identified antigen binding sites as summarized in

Table 1 (Fig. 4).
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.

Conformational change

Figure 3: Different dimer of dimer (tetramer) forms of MV-H bound to SLAM.

(Top) Form I and II of MV-H dimer of dimers (tetramer) shown in cartoon models with bound to
SLAM shown in surface and cartoon models (cyan). MV-H monomers A (dark green) and B (light
green) form one dimer, whereas monomers C (black) and D (gray) form another dimer. (Bottom)
Schematic representation of Form I and II. The view is rotated by 90° around a horizontal axis.
Figures were modified from references (17, 28).
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Table 1: List of the epitopes and monoclonal antibodies.

Epitope name Antigenic region or sites on MV-H Monoclonal antibody
Iv 233-240 E185, BH1
% 302 E39
Vi 309-318 E103, I-29, BH38
I 380400 E81, BS, BH6, BH21, BH216
11 473477 E128
vii 464, 482, 483, 500, 505, 524, 543, 2F4
548, 550

(receptor binding sites)

Since the antigenic sites for epitope vii was not fully determined yet, the binding residues identified
from the complex structures between MV-H and SLAM or nectin-4 were listed.
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MV-H

epitope Vii

R, epitope vi

epitope Il
epitope vii g

J epitope iv

nectin-4

Figure 4: The complex structures of MV-H with receptors and the location of the
epitopes on the MV-H protein. (A) Complex structure of MV-H and SLAM (PDB ID:
3ALZ). (B) Complex structure of MV-H and nectin-4 (PDB ID: 4GJT). (C) The location of
the epitopes for neutralizing antibodies summarized in Table 1. Surface representation of the
MV-H. The left panel shows a view of the same direction of A and B. The right panel shows a
view rotated by 90° around a vertical axis. (D) Surface representation of the MV-H
homodimer with SLAM (left), with nectin-4 (middle) and the location of the epitopes for
neutralizing antibodies (right). MV-H is shown in white, potential N-linked glycan is shown in
black (gray and light gray depending on the depth).
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The single chain fragment variable (scFv) of the antibody

Monoclonal antibodies (MAbs) become one of the most popular therapeutic
tools including virus neutralization (43,44). However, intact antibodies are large in size,
sometimes show high level of immunogenicity, and the production is poorly economical.
Hence, small antibody fragments are recently being used as alternatives to monoclonal
antibodies in therapeutic applications (45,46). In the field of antibody engineering, the
single chain fragment variable (scFv) antibody strategy has become one of the most
popular method because of its advantages in comparison to full length antibodies such
as lower level of immunogenicity due to lacking of Fc region, and small molecular size,
facilitating more efficient penetration into the tissue (45-47). Although scFv is the
smallest unit of immunoglobulin molecule, it has antigen-binding activities. An
antibody in scFv format consists of variable regions of heavy (Vu) and light (VL) chains,
connected with a flexible peptide linker (Fig. 5). It is possible to improve the properties
of scFv by using protein engineering approach, such as increase of affinity and
alteration of specificity (48). To facilitate correct folding, the length of the flexible
peptide linker is the critical point (49). Not only the length but also the amino acid
composition of the linker play an important role in successful design of scFv. To avoid
insertion of peptide between the variable domains during the protein folding,
hydrophilic residues must be included into peptide linker (50). Nowadays, (GGGGS);3
linker, consist of 15 amino acid residues including four glycines and one serine repeated
three times, is most widely used, which was designed on the basis of the structures of
Fv domain determined by X-ray crystallography as well as computer-aided analysis
(49,51). The linker has two function; one is connection between the N- and C-termini of

individual variable regions, the other is to tighten the Vu and VL domains without
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interfering the interaction between Fv domains. Due to lowest molecular weight and
shortest side chain of amino acid, glycine is able to increase the flexibility of the side
chain, while serine, sort of hydrophilic amino acid, allows to increase the solubility of
the linker (52). Based on these facts, (GGGGS)s is taken into consideration to connect

Fv domains (Fig. 5).

Surface Plasmon Resonance (SPR)

SPR is a powerful tool to analyze interaction between molecules and the
systems can monitor molecular interactions in real time (53). To study the interaction
between two binding partners, the ligand is immobilized to the surface of thin gold layer,
called sensor chip, and the analyte in mobile state is passed over the sensor chip surface
in a continuous flow. The detection principle is based on the surface plasmon resonance
that monitors the angle changes of the reflected light, corresponding to the changes in
refractive index. The intensity of the reflected light is converted to ‘resonance signal’ or
‘response’. A plot of response against time, called sensorgram is obtained as a data (Fig.

6).

17



Fab
region

Fc =

region

N~

s L \\
\
&~
e H
VL
Light scFv
chain
VH Linker VL
scFv-HL | ] |

Flexible linker: 3xGly-Gly-Gly-Gly-Ser, (GGGGS)3

Figure 5: Schematic representation of the full length and the scFv antibodies.
In the scFv, Vi and Vi domains are linked with the glycine-serine flexible linker (GGGGS)s.
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Figure 6: Surface plasmon resonance (SPR)
The representative sensorgram obtained from kinetic analysis.
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Aim of the study

The aim of this study is to reveal the molecular basis for the inhibition of the
interaction between MV-H and cellular receptors, thereby to develop effective vaccine
and anti-viral drugs to measles. For this purpose, I focused on the neutralizing antibody
MAb 2F4, 1 constructed and purified recombinant scFv of MAb 2F4. Using the
recombinant proteins, I analyzed the binding kinetics of antibody and cellular receptors
to the MV-H by SPR technique. Furthermore, competitive binding analysis and
conventional fusion assay using receptor expressing cells were performed whether the
scFv can inhibit the binding of MV-H to the cellular receptors and the membrane fusion
mediated by the interaction between MV-H and cellular receptors. 1 expect that the
results in this study will provide understanding the inhibitory mechanism of MV entry
into the host cells, and new avenue to eradicate measles by developing effective vaccine

and anti-viral drug against MV infection.
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Materials and Methods:
Materials:

Table 1: PCR primers for the construction of scFv expression vectors.

Name Sequence Restriction
site

For HL

VH-Fw 5" —-GCGAAGACGTACATATGGAGGTGCAGCTGGTGGAG-3" Ndel

VH-linker-Rv 5’ ~GGATCCACCACCTCCACTGCCGCCACCACCAGACCCACCGCCGCCTGGTGTCGTTTTGGCTGAGG-3"

VL-linker-Fw 5’ —~GGCGGCAGTGGAGGTGGTGGATCCACACAGACTCCAGCCTCCC-3"

VL-Rv 5’ -GCGGAATTCTTACCGTTTGATTTCCAG-3’ EcoRI
For LH
VL-Fw 5’ -CATTCATATGACACAGACTCCAGCCT-3" Ndel

VL-linker-Rv 5" =GGATCCACCACCTCCACTGCCGCCACCACCAGACCCACCGCCGCCCCGTTTGATTTCCAGCTTGG-3"
VH-linker-fw 5" -GGCGGCAGTGGAGGTGGTGGATCCGAGGTGCAGCTGGTGGAGTCTGGG -3

VH-Rv 5" -GCGGAATTCTTATGGTGTCGTTTTGGC-3" EcoRI

Underlined sequence indicates restriction site. Italic sequence indicates flexible linker region encoding GGGGS repeat. PCR primers were

synthesized by Eurofins Genomics.

Plasmids
pET22b (Novagen), 2F4-Vu/pGEM-T-vector and 2F4-Vi/pGEM-T-vector for scFv
construction

MV-H/PS-pCA7, MV-F/pCXN2 and EGFP/pCA7 for fusion assay

Cells

E. coli, DH5a (TOYOBO) competent cells

E. coli expression strain BL21(DE3)CodonPlus-RIL competent cells (Agilent)
Vero/SLAM, Vero/nectin-4, cultured in DMEM supplemented with 10 % FBS, at 37°C

with 5% CO»
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Media

LB-Agar plate:

20 g/L LB Broth (Sigma-Aldrich) and 20 g/L. Agar, autoclaved.
2xYTmedium:

16 g/L Tryptone, 10 g/L Yeast Extract and 6 g/LL NaCl, autoclaved.
For Cell culture

Dulbecco’s Modified Eagles Medium (DMEM) (Wako)

Protein

MV-H, SLAM, nectin-4, Fab and MAb 2F4, prepared in our laboratory

Buffers

Resuspension buffer: 50 mM Tris-HCI pH 8.0, 100 mM NaCl

6 M guanidine HCI containing buffer (6 M GuHCI buffer): 6 M GuHCI, 50 mM
Tris-HCI pH 8.0, 10 mM EDTA.

Triton wash buffer: 50 mM Tris-HCI pH 8.0, 100 mM NacCl, 0.5% Triton X-100
Refolding buffer: 400 mM L-Arginine, 100 mM Tris-HCI pH 8.0, 2 mM EDTA, 3.73
mM Cystamine, 6.34 mM Cysteamine

SEC running buffer: 20 mM Tris-HCI pH 8.0, 100 mM NaCl

HBS-P buffer: 0.01 M HEPES pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant P20

Other materials and equipments
Agarose gel/DNA purification kit (QIA quick Gel Extraction Kit) (QIAGEN)
Restriction enzyme EcoRI (TaKaRa) and Ndel (NEB)

AmpliTaq Gold master mix (ABI)

22



KOD-Plus- DNA polymerase Ver. 2 (TOYOBO)

Ligation High Ver. 2 (TOYOBO)

BigDye terminator ver 3.1 Cycle Sequencing Kit (Applied Biosystems).

The sequence analysis samples were prepared in Hi-Di formamide (Applied

Biosystems).

AKTA purifier UPC 10 (GE Healthcare)
Hil.oad 26/60 Superdex75, Prep grade (GE Healthcare)
Biacore3000 (GE Healthcare)

CMS5 Sensor Chip (GE Healthcare)

Polyethyleneimine (PEI) max (Polysciences)
CO: incubator (Panasonic)
Inverted System Microscope IX71 with IX2-RFA Fluorescence Illuminator

(OLYMPUS)
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-57 atg gac tcc agg ctc aat tta gtt ttc ctt gtc ctt att tta aaa -13
-19 M D S R L N L v F L \Y L I L K -5

Signal sequence
-12 ggt gtc cag tgt gag gtg cag ctg gtg gag tct ggg gga ggc tta 33
-4 G \Y Q C E v Q L v E S G G G L 11
34 gtg aag cct gga ggg tcc ctg aaa ctc tcc tgt gca gcc tct|gga 78
12 v K P G G S L K L S c A A S G 26

79 ttc act tte agt gac tat gga atg cac|tgg gtt cgt cag gct cca 123
27 F T F S D Y G W
CDR-H1

124 gag aag ggg ctg gag tgg gtt gca tac att|agt agt ggc agt agt 168
42 E G L E W G S S 56
_— CDR-H2

169 acc atc|tac tat gca gac aca gtg aag ggc cga ttc acc atc tcc 213
57 T I Y Y A D T \Y K G

214 aga gac aat gcc aag aac acc ctg ttc ctg caa atg acc agt ctg 258
72 R D N A K N T L F L Q M T S L 86

259 agg tct gag gac acg gcc atg tat tac tgt gca agg|aag gge tac 303
87 R S E D T A M Y Y C A R K G Y 101

304 tat ggc cte tac tat get atg gac tac|tgg ggt caa gga acc tca 348
G

102 ¥ G L Y Y A M D Y W G Q T S 116
CDR-H3

349 gtc acc gtc tcc tca gcc aaa acg aca cca 378

117 v T v S S A K T T P 126

B VL

1 aca cag act cca gcc tcc cta tct gta tct gtg gga gaa act gtc 45
1T Q T P A S L S \4 S 4 G E T \ 15

46 acc atc aca tgt|cga gca agt gag aat att tac agt aat tta gca| 90
C E

16 T I T R A S N I Y S N L A 30
CDR-L1

91 tgg tat cag cag aaa cag gga aaa tct cct cag ctc ctg gtc tat 135

31 W Y Q Q K Q G K S P Q L L \Y Y 45

136 |gct gca aca aac tta gca gat|ggt gtg cca tca agg ttc agt ggc 180

46 A A T N L A D G \Y% P S R G
CDR-L2

181 agt gga tca ggc aca cag tat tcc ctc aag atc aac agc ctg cag 225

61 S G S G T Q Y S L K I N S L Q 75

216 tct gaa gat ttt ggg agt tat tac tgt|caa cat ttt tgg ggt act 270

76 S E D F G S Y Y C Q H F w G T 90
CDR-L3

271 ececg tgg acg|ttc ggt gga ggc acc aag ctg gaa atc aaa cgg 312

91 P W T F G G G T K L E I K R 104

Figure 7: Sequence of Vi and Vi domains of MAb 2F4.
The DNA and amino acid sequences of the variable domain in heavy (A) and light (B) chains.

Broken line below variable domain of heavy chain indicates signal sequence. Every CDR sequence
is boxed off.

24



Methods

Construction of 2F4-scFv/pET22b as an expression vector

First, I started to construct the 2F4-scFvs in pET22b for the recombinant
protein expression since the genes encoding Vu and Vi domains of MAb 2F4 were
already cloned into the pPGEM-T vector and the sequences were also determined in our
laboratory (Fig. 7). To construct the scFvs, I utilized splicing overlap extension PCR
method (54) via the sequence encoding glycine-serine (GGGGS); flexible linker. The
PCR was carried out using KOD-Plus DNA polymerase (TOYOBO) according to the
manufacturer’s instruction. The template cDNAs for variable domains of heavy and
light chains in the pGEM-T vectors were amplified by PCR with following primer pairs
summarized in Table 1: VH-Fw and VH-linker-Rv, VL-linker-Fw and VL-Rv for
scFv-HL, VL-Fw and VL-linker-Rv, VH-linker-Fw and VH-Rv for scFv-LH,
respectively. The primers, named -linker-, contain the partial sequence for the
(GGGGS)3 linker to assemble both variable domains. The amplified fragments encoding
2F4-Vy and 2F4-VL were used as templates for the second round PCR reaction. The
primer sets of VH-Fw and VL-Rv, or VL-Fw and VH-Rv for HL or LH construct were
used. The assembled fragments were then digested by the restriction enzymes, Ndel and
EcoRI, purified from the agarose gel using DNA purification kit (QIAquick Gel
Extraction Kit) and ligated into the Ndel-EcoRI site of the pET22b vector using
Ligation High Ver. 2. The ligation products were transformed into E. coli DH5a
competent cells, the insertion of the desired gene was confirmed by the digestion of
restriction enzymes, followed by DNA sequencing with ABI3100 sequencer (Applied
Biosystems). The resultant plasmids were designated as 2F4-scFv-HL/pET22b and

2F4-scFv-LH/ pET22b for the expression of Vu-Vi and Vi-Vu orientations,
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respectively.

Expression of recombinant 2F4-scFv and preparation of the inclusion body

The recombinant 2F4-scFvs were expressed by transforming E. coli
BL21(DE3)CodonPlus-RIL with 2F4-scFv-HL/pET22b or 2F4-scFv-LH/pET22b. For
transformation, lpL of the plasmid was added to the BL21(DE3)CodonPlus-RIL
competent cells, the cells were incubated on ice for 20 min, then subjected to heat shock
for 40 sec at 42 °C, after heat shock the cells were incubated for 2 min on ice, 300 uL of
2xYT medium was then added to the cells and the cells were incubated at 37 °C with
shaking for 60 min. 200 puL of the incubated solution was then spread onto LB agar
plate containing 100 pg/mL of ampicillin and the plate was incubated for overnight at
37 °C. For pre-culture, one colony was picked up and added to the 5 mL of 2xYT
medium with 100 pg/mL of ampicillin followed by shaking for overnight at 37 °C. The
pre-cultured medium (10 mL for two tubes) was then added to 1 L of 2xYT medium
with 100 pg/mL of ampicillin and the cells were cultured with shaking at 150 rpm at
37 °C. The expression of 2F4-scFv was induced by addition of 1 mM IPTG at OD600 =
0.8-1.0 and incubated at 37 °C for further 6 hours. After induction, the cells were
harvested by centrifugation at 5,000 x g for 10 min. Cell pellet was re-suspended in
resuspension buffer, disrupted by sonication and separated by centrifugation at 8,000
rpm for 10 min. The scFv was obtained in an insoluble fraction, and the pellet was
washed repeatedly (four times) with Triton wash buffer, and subsequently wash four
times with resuspension buffer to remove Triton. The resultant inclusion body was
solubilized in 6 M guanidine HCI containing buffer (6 M GuHCIl buffer). The

expression of 2F4-scFv and the purity of the inclusion body was checked by 15%
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SDS-PAGE.

Refolding and purification of 2F4-scFv from inclusion body

Solubilized inclusion body was refolded by dilution method. Firstly, DTT (10
mM) was added to the solubilized inclusion body and incubated for 1 hour at room
temperature. The inclusion body was slowly diluted with the ice-cold refolding buffer
(400 mM L-Arginine, 100 mM Tris-HCI1 pH 8.0, 2 mM EDTA, 3.73 mM Cystamine,
6.34 mM Cysteamine) to roughly four-fold dilution. The diluted inclusion body was
added to the ice-cold refolding buffer to become around 1.5 uM at final concentration.
The resultant diluted solution was incubated at 4 °C for 3 days by gently stirring to allow
denatured protein to be properly folded. The refolded protein solution was concentrated
using VIVAFLOWS50 system (Sartorius) to the appropriate volume, usually till the
aggregates appeared. Subsequently the buffer was exchanged to the SEC running buffer
to remove excess amount of L-Arginine and separate soluble fraction by centrifugation at
30,000 x g for 30 min. The soluble fraction was applied onto the size exclusion
chromatography (SEC) with the HilLoad26/60 Superdex75 Column which was
equilibrated with SEC running buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl). Unless
the different conditions were mentioned in the result section, I followed this protocol

described above. The refolding efficiency was calculated by using the following equation

(eq I).

Refolded protein (g)

Refolding efficiency (%) = x 100 (eq 1)

Inclusion body applied to refolding (g)
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Kinetic analysis by SPR

To determine the kinetic parameters between two interacts by analyzing the
data using 1:1 Langmuir binding model. The simplest situation of the interaction
between two molecules (A and B) are described as the equation 2 (eq 2). ka is the
association rate constant, while kq is the dissociation rate constant. During association
and dissociation, the data will be analyzed using the equations for association state (eq
3) and dissociation state (eq 4). C is the analyte concentration, and Rmax is the maximal
capacity of the sensor chip surface. From the fitting, therefore, the association and
dissociation rate constants k, and k¢ will be determined. When the reaction reaches at
equilibrium state, the dissociation constant Kp (and association constant Ka) can be

calculated by the equation 5 (eq 5).

1:1 binding model
ka

A+BSAB (eq2)
ka

Association state

R(t) = KeCfmax 11 _ oxp{—(ka. C + ko)}t] (€g3)

kq.C+kg
Dissociation state

R(t) = Ry.exp(—kg4.t) (eq4)

At equilibrium state,

KD = —= (eqj)
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Kinetic analysis of the interaction of antibodies or receptors to MV-H.

By using the purified 2F4-scFv, 2F4 Fab, SLAM and nectin-4 as an analyte
and MV-H as a ligand, kinetic binding analysis was performed with SPR. Recombinant
proteins of MV-H head domain, ectodomain of SLAM and nectin-4 were prepared in our
laboratory. Fab fragment of 2F4 MAb was prepared by digesting with papain. The MV-H
head domain was biotinylated according to the manufacturer’s instruction. The
biotinylated MV-H was immobilized on the sensor chip CM5 at roughly 1000 RU by
amine-coupling. The analyte was dissolved in the HBS-P buffer and 30 pL of the analyte
at various concentrations was injected at a flow rate of 25 plL/min over the immobilized
MV-H protein or the streptoavidine as a negative control. HBS-P buffer was used as a
running buffer. To anlayze the data for binding, the sensorgram obtained in flow cell for
streptoavidine was subtracted from that for MV-H. The data were analyzed by

BIAevaluation Software version 4.1.1 (GE Healthcare) with 1:1 binding model.

Effect of receptors on the 2F4-scFv binding to MV-H. (Competition analysis)
Competition analysis was carried out using SPR to examine the effect of the
receptors on the binding of the 2F4-scFv to MV-H. For this, the 2F4-scFv was mixed with
fixed concentration of SLAM (8 uM), nectin-4 (8§ uM) or BSA (10 uM), and the
solution mixture was injected over the immobilized MV-H. The binding response at
equilibrium state, in this case at 70 sec, was plotted against the concentrations of scFv.
The binding response was compared between in the presence and absence of SLAM or

nectin-4. BSA was used as a control, which does not potentially interact with MV-H.

29



Fusion assay using receptor expressing cells

To test whether 2F4-scFv can inhibit membrane fusion, conventional fusion
assay was carried out using receptor expressing Vero cells. One day before experiment,
Vero cells stably expressing SLAM or nectin-4 were seeded in the 96-well plate. Next
day, when cells reached to 70-80% confluency, the plasmids encoding MV-H, MV-F
and GFP were introduced into the receptor expressing Vero cells by transfection. 0.05
ug each per well of the plasmids were mixed with 0.30 pg of PEI max, the DNA
mixture was incubated for 15 min at room temperature, subsequently added to the cells.
After 5 hours, which enabled cells to express transfected genes, the antibodies, 10 uM
of 2F4-scFv as well as 5 uM of MAb 2F4 were added to the assay to examine the effect
of antibodies on membrane fusion. The intact 2F4 antibody was used as a control. After
24 hours of the transfection, roughly 18-19 hours of the addition of antibodies, the
images were taken and examined the syncytia formation mediated by the binding

between MV-H and cellular receptors (Fig. 8).
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Receptor

-1day—— Seed cells )
Vero/SLAM or Vero/nectin-4
(stable cell line)

0 —— Co-transfection
MV-H/PS-pCA7
MV-F/pCXN2
EGFP/pCA7

5 hrs —— Add antibodies scFv, MAb

~24hrs—— Imaging with
fluorescent microscope

Figure 8: Schematic diagrams of the conventional fusion assay.

Vero cells stably expressing SLAM or nectin-4 were used for the assay. Cells were co-transfected with
the plasmids expressing viral envelop glycoproteins, MV-H and MV-F, and marker, EGFP. Antibodies
were added to the cells 5 hours after transfection, and the cells were observed 24 hours after transfection.
When the fusion occurs, the multinucleated huge cells will be observed.
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Results

Construction of the expression vector of the 2F4-scFv

To address the purpose of this study, the scFv from 2F4 (2F4-scFv) has been
constructed by linking Vu and Vi domains with a flexible glycine-serine linker,
(GGGGS)3. As I mentioned in the Methods section, the genes encoding Vu and VL
domains of MAb 2F4 were already cloned into pGEM-T vector and the sequences of
both domains were determined in our laboratory. Therefore, I began to construct the
scFv expression vectors in pET22b with splicing overlap extension PCR method. Both
orientations of variable domains were constructed as 2F4-scFv-HL/pET22b and
2F4-scFv-LH/ pET22b. Since Vu and Vi consist of 127 and 105 amino acid residues,

the scFv consists of 246 amino acids with a calculated molecular mass of 26,249 Da.

Expression and purification of recombinant 2F4-scFv Proteins

The recombinant 2F4-scFv was expressed as an inclusion body in E. coli
regardless of the domain orientations (Fig. 9). Although the expression level of the
Vu-VL looked slightly better than that of the Vi.-Vu , there are no significant differences
with each other. Thus, I tried to purify the scFvs from inclusion bodies according to the
standard protocol of the refolding with dilution method as described in the method
section. Inclusion bodies were diluted into the 400 mM L-Arginine containing refolding
buffer to facilitate refolding. L-Arginine is known to function as a solvent to stabilize
intermediates in the protein folding. The refolding of the protein was evaluated by size
exclusion chromatography (SEC) and the result showed that the peak derived from
refolded Vu-VL was observed at around 190 mL, whereas much smaller peaks were

obtained for the Vi-Vu (Fig. 10). This indicated that the Vu-VL orientation was better
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for refolding than the Vi-Vu orientation for 2F4-scFv. The yield and refolding
efficiency of the scFv with Vu-VL order were calculated to be about 0.5 mg/L-culture
and 1.5%, which were relatively low. When I carefully looked at the yield of the every
steps of refolding to SEC, most of the protein was lost in the buffer exchange step.
Therefore, I sought to find better conditions at this step. In addition, since it seemed
difficult to find a good condition for the purification of the 2F4-scFv-LH, the
2F4-scFv-HL was used hereafter as the 2F4-scFv. To examine the buffer condition, I
used Tris-HCl, HEPES-NaOH and Sodium phosphate buffers (Fig.11). The concentrated
fraction of the refolded protein was buffer-exchanged to each buffer and the same buffer
was used as a SEC running buffer. As shown in the Fig. 10, there is no significant
improvement for the refolding efficiency in different buffers, 1.7%, 1.1% and 1.6 % for
Tris-HCI pH 8.0, HEPES-NaOH pH 8.0 and Sodium phosphate pH 8.0, respectively.

Therefore, I kept using Tris-HCI as a basal buffer for purification.
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Figure 9: The SDS-PAGE for the expression and preparation of the inclusion body. Preparation
of the inclusion bodies of 2F4-scFv with Vg-ViL (A) or VL-Vu (B). Lanel, Protein size marker; lane
2, before induction; lane 3, after induction; lane 4, supernatant after cell disruption; lane 5,
precipitate after cell disruption; lane 6, supernatant after wash of inclusion body; lane 7, precipitate
after wash of inclusion body. Arrow indicates the corresponding size of the 2F4-scFv.
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Figure 10: The chromatograms of the SEC for the 2F4-scFv-HL (A) and 2F4-scFv-LH
(B). The arrow indicates the elution position of the 2F4-scFv.
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Next, I tested the L-Arginine condition for buffer exchange to avoid sudden
removal of L-Arginine from refolded protein solution. The refolded protein solution,
which contains 400 mM L-Arginine, was buffer-exchanged to 50 mM or 100 mM
L-Arginine containing SEC running buffer, and applied to SEC using standard running
buffer without L-Arginine to remove L-Arginine slowly during SEC. The results
showed that the refolding efficiencies were 1.6%, 2.7% and 2.4% when buffer was
exchanged to 0 mM, 50 mM and 100 mM L-Arginine containing buffer before SEC (Fig.
12). The slow removal of the L-Arginine slightly improved the refolding efficiency.
Since there are no big differences in refolding efficiency between 50 mM and 100 mM
L-Arginine (Fig. 12), I decided to use 50 mM L-Arginine condition. It should be noted
that the peak eluted around 100 mL, corresponding to void volume become larger when
the L-Arginine concentrations were higher (100 mM), suggesting that the amount of
soluble aggregates was increased when higher concentration of L-Arginine was
removed during SEC.

In addition to these considerations above, the refolding conditions such as
buffer pH and L-Arginine concentration for refolding, and concentration conditions, for
example decrease the targeted concentration, were also tested although the yield was not
dramatically improved as summarized in the Fig. 13. In this way, the yield as well as
refolding efficiency for the 2F4-scFv was improved to be about 1.5 mg/L-culture and

4%, respectively.
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Figure 11: Examination of the buffer condition for SEC.
(A) 20 mM Tris-HCI, (B) 20 mM HEPES-NaOH and (C) 20 mM Sodium phosphate were examined
for the buffer exchange as well as SEC. The pH for all buffers was 8.0.
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Figure 12: Examination of the L-Arginine condition before SEC.

Refolded protein solution was buffer-exchanged to (A) 20 mM Tris-HCl1 pH 8.0, 100 mM NaCl (SEC
running buffer) (B) SEC running buffer containing 50 mM L-Arginine and (C) SEC running buffer
containing 100 mM L-Arginine. The SEC was carried out using SEC running buffer.
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Protocol for initial 2F4 purification

Refolding | Concentration (wsp| Buffer exchange (wp| Purification by SEC
Refolding buffer Concentrate to 25~30 uM SEC running buffer SEC running buffer

400 mM L-Arginine (till aggregates are observed) 20 mM Tris-HC1 pH 8.0 20 mM Tris-HC1 pH 8.0

100 mM Tris-HCI pH 8.0 100 mM NaCl 100 mM NaCl

2mMEDTA = Yield; 0.5 mg/L-culture
3.73 mM Cystamine Tested condition Refoldine efficiency: 1.5%
6.34 mM Cysteamine Buffer composition (Tris, HEPES, ¢lolding elliciency; 1.57o

Phospate, salt conc.)

Buffer pH (7.6, 8.0)
Additives

_(*L-Arginine, glycerol, detergent) |

Tested condition
Buffer composition
(Tris, HEPES, Phosphate)

Tested condition
Buffer pH (6.0,7.0.8.0)
_ L-Arginine cone.(1 M)

Tested condition
*Lower final conc

* improved vield and refolding efficiency

Optimized protocol with modified conditions
Refolding |ﬂ Concentration |ﬂ Buffer exchange (wp| Purification by SEC

Concentrate to 15~20 uM  Buffer before SEC
20 mM Tris-HCI pHS Yield; 1.5 mg/L-culture

100 mM NaCl . i .
50 mM L-Arginine Refolding efficiency; 4%

Figure 13: Summary of the examination for the purification conditions.
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By using the modified condition, the 2F4-scFv was purified and the purity was
confirmed by SDS-PAGE (Fig. 14). When compared with the molecular size marker
indicated above the chromatogram, the molecular mass was estimated to be 25 kDa
based on the elution position of the protein containing fraction (Fig. 14A), which is in
good agreement with the molecular size of monomer scFv, 26 kDa calculated by the
amino acid sequence. The purity of the recombinant scFv was >95% confirmed by
SDS-PAGE (Fig. 14B), that is enough quality for the later experiments including SPR

analysis.
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Figure 14: Purification of the recombinant 2F4-scFv protein.

(A) Chromatogram of the size exclusion chromatography. The arrow indicates the elution position
of the 2F4-scFv. The elution position of the molecular size marker was indicated above the
chromatogram. (B) SDS-PAGE with Coomassie staining. Lanel, molecular size marker; lane 2, 2
ng of purified 2F4-scFv.
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Binding Kinetics of 2F4-scFv, 2F4 Fab, SLAM and nectin-4 to the MV-H.

To examine whether the 2F4-scFv exhibits functional binding affinity to MV-H
protein, I performed kinetic analyses using SPR. For this, MV-H from Edmonston strain
(MV-H(Ed)) was used as a ligand since it can be obtained with better yield than the
MV-H from wild type (IC-B) strain. The SLAM and nectin-4 binding sites are
conserved within both strains, and intact 2F4 can inhibit the binding of SLAM with
similar manner.

The 2F4-scFv showed binding affinity of Kp = 5.0 uM to MV-H (Fig. 15A,
Table 3). The association and dissociation kinetic constants, k. and k4, for 2F4-scFv
were 3.6x10° M! 57! and 18x107 5!, respectively (Table 3). To reveal whether the scFv
fragmentation affects the binding affinity to MV-H, the kinetic analysis for 2F4-Fab was
carried out. For this, the 2F4-Fab was prepared by digesting MAb 2F4 with papain. The
Kp value of 2F4-Fab was determined to 0.018 uM, approximately 280 times smaller Kp
value than 2F4-scFv, indicating a higher affinity than the 2F4-scFv. (Fig. 15B, Table 3).
The difference in Kp value between the scFv and Fab was due to both the association
and dissociation rate constants differences, roughly 50 times larger k. and 6 times
smaller k¢. To compare with the affinity between 2F4-scFv and cellular receptors, the
kinetic analysis was performed for both SLAM and nectin-4, the kinetic parameters of
the binding between SLAM or nectin-4 and MV-H were also determined and the results
showed the binding affinity of Kp = 0.24 uM and Kp = 0.67 uM for SLAM and nectin-4,
respectively (Fig. 15C and D, Table 3). The Kp value of scFv was approximately 20 and
7 times larger than those of the SLAM and nectin-4. When the association and
dissociation kinetic constants (ka and kq) to MV-H were compared between scFv and

SLAM, the kavalue of scFv was roughly 4 times smaller than that of SLAM, whereas
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the kq value was approximately 5 times larger (Table 3), indicating that the differences
of both k. and kq values affect the differences of the binding affinities between scFv and
SLAM. On the other hand, the k. value of nectin-4 was roughly 6 times larger than that
of scFv, while the kq values for both scFv and nectin-4 were comparable, suggesting that
the faster association kinetics of nectin-4 may be responsible for its higher affinity to
MV-H than that of scFv.

We also analyzed the equilibrium binding of those proteins to MV-H using
sensorgrams shown in Figure 15. The responses at 70 sec, where response reached
almost equilibrium binding, were plotted against the analyte concentrations, and the
plots were fitted directly to the non-linear 1:1 binding model. In this way, the Kp values
for scFv, Fab, SLAM and nectin-4 were estimated to be 5.9 uM, 0.070 uM , 0.72 uM,
and 1.0 pM, respectively (Fig. 16), which were comparable to those calculated by the

kinetic analysis (Fig. 15, Table 3).
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Figure 15: Kinetic analyses of 2F4-scFv, 2F4 Fab, SLAM or nectin-4 with MV-H.

(A) 2F4-scFv, (B) 2F4 Fab, (C) SLAM and (D) nectin-4 at different concentrations were injected over
the immobilized MV-H and the representative sensorgrams are shown. Response curves were fitted by
the simple 1:1 Langmuir binding model. The black line indicates raw data of the response curves,
whereas the thin red line indicates the fitting curves. The kinetic parameters were summarized in Table 3.
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Table 3: Kinetic parameters of antibody or cellular receptors to the MV-H.

Analyte Ligand Kp (uM) ka M s7H ka(s™h

2F4-scFv MV-H (Ed) 5.0 3.6x10° 18x1073
2F4-Fab MV-H (Ed) 0.018 1.7x10° 3.0x103
SLAM MV-H (Ed) 0.24 1.5x10* 3.3x10°?
nectin-4 MV-H (Ed) 0.67 2.1x10* 14x107

The analyte was injected over the immobilized MV-H protein. The kinetic parameters
of binding were calculated by the fitting with the simple 1:1 Langmuir binding model.
The equilibrium dissociation constant, Kp values were calculated with the equation Kp
= kalka (eq 5).
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Figure 16: The equilibrium binding of scFv (A), SLAM (B), and nectin-4 (C) to MV-H.
The responses of equilibrium binding at 70 sec in Figure 14 were plotted against each analyte
concentration. The solid lines indicate direct nonlinear fits of the 1:1 binding model.
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Effect of receptors on the 2F4-scFv binding to MV-H

Next, we examined whether the 2F4-scFv can directly inhibit the binding of
cellular receptors, SLAM and nectin-4, to the MV-H although the intact antibody is
known to inhibit the fusion of the recombinant MVs to the cells (42). As shown above,
however, both SLAM and nectin-4 bind to MV-H at sub micromolar order of Kp, which is
roughly 10 times higher affinity than that of the 2F4-scFv (Fig. 15, Table 3). We therefore
analyzed whether the binding response of the scFv is affected by the saturated
concentration of SLAM or nectin-4. The scFv was mixed with SLAM or nectin-4 and the
mixture was injected over the immobilized MV-H and the binding responses at
equilibrium state were compared with and without each receptor. The results showed that
the binding responses of scFv rarely or did not increase in the presence of 8 uM SLAM
(Fig. 17A, filled circles) or 8 uM nectin-4 (Fig. 17B, filled circles). When the response of
the scFv alone was subtracted from that of the scFv with SLAM or nectin-4, the resultant
values decreased as the concentrations of scFv increased (Fig. 17 A and B, crosses),
indicating that the binding of the scFv to MV-H was affected by the presence of both
SLAM and nectin-4. On the other hand, the binding responses were increased in the
presence of 10 uM BSA (Fig. 17C, filled circles) with similar manner without BSA (Fig.
17C, open circles), indicating that the binding of the scFv to MV-H did not altered by
BSA at all. This suggest that the binding of the 2F4-scFv to MV-H was specifically
inhibited by both SLAM and nectin-4 in a competitive manner. Conversely, the 2F4-scFv
may be able to inhibit the binding of cellular receptors to MV-H when the scFv
abundantly exists. Taken together, the inhibition of the binding of cellular receptors to

MV-H is the competitive and specific for the 2F4-scFv.
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Figure 17: The effect of SLAM or nectin-4 on the binding of the 2F4-scFv to MV-H.

(A) Binding of 2F4-scFv in the absence (open circles) or presence (filled circles) of 8 uM hSLAM. The
differences of the scFv binding with or without SLAM were also plotted (crosses). (B) Binding of
2F4-scFv in the absence (open circles) or presence (filled circles) of 8 pM nectin-4. The differences of
the scFv binding with or without nectin-4 were also plotted (crosses). (C) Binding of 2F4-scFv in the
absence (open circles) or presence (filled circles) of 10 uM BSA.
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Effect of the 2F4-scFv on the membrane fusion

We examined the effect of the 2F4-scFv on the membrane fusion assessed by the
fusion assay. We expected that the scFv can inhibit membrane fusion since the binding of
scFv to MV-H were revealed to be competitive with the binding of cellular receptors (Fig.
17) though its affinity to MV-H is low. To determine whether the 2F4-scFv can inhibit
membrane fusion, conventional fusion assay was performed using Vero cells stably
expressing SLAM or nectin-4. The Vero cells were co-transfected with the plasmids
expressing MV-H, MV-F and EGFP, and the syncytia formation was observed by
fluorescent microscopy. We used 10 uM of scFv because of low affinity to MV-H. As
expected, multinucleated huge cells were observed in both SLAM- and nectin-4-
expressing Vero cells (Fig. 18, left panel). Notably, the syncytia formation was not
observed when the cells were not transfected with either MV-H or MV-F expressing
plasmid, indicating that the cell-cell fusion observed in this assay was mediated only by
the involvement of MV-H, -F and cellular receptors. On the other hand, the syncytia
formation was not observed when 10 uM of 2F4-scFv as well as 5 uM of MAb 2F4 were
added to the assay (Fig. 18, middle and right panels). The result revealed that the
2F4-scFv was able to inhibit syncytia formation (membrane fusion) mediated by the

interaction between MV-H and cellular receptors.
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Figure 18: The 2F4-scFv can inhibit the membrane fusion.
The fusion assay was conducted by observing syncytia formation in the presence or absence of 2F4-scFv
as well as in the presence of intact 2F4 as a control. The representative images were shown for the

untreated and antibodies treated cells.



Discussion

Here, I focused on the 2F4-scFvs due to the beneficial effect of scFv format
than intact antibodies, it is smaller in size with retaining antigen binding specificity, has
less possibility of developing immunogenicity, easy to be modified via protein
engineering approach, and useful for structural study (55). However, affinity can be
sometimes reduced when fragmented. Indeed, the 2F4-scFv has lower affinity to MV-H,
roughly 300 times, than Fab form. The scFv can be administered into body by
intracerebral injection, intranasal administration and viral transduction and thereby
delivered throughout the brain (56-58), which is subjected to study to reduce the fatal
effect from subacute sclerosing panencephalitis (SSPE).

For the preparation of 2F4-scFv in purified form, I observed Vu-VL orientation
was refolded and eluted by size exclusion chromatography in soluble monomer form,
whereas VL-Vy orientation was not refolded properly under the tested condition (Fig.
10). It may be possible that the Vi domain is more stable in folding than the Vi domain,
thus Vy-VL orientation is favorable for (re)folding in the case of the 2F4. It has been
shown for scFv antibody against c-Met, a receptor of hepatocyte growth
factor/scattering Factor, antibody with the better productivity of Vu-VL scFv (59). In the
case of the scFv antibody against PSMA, prostate-specific membrane antigen, Vu-VL
form showed the highest expression and antigen binding, while VL-Vu form exhibited
the best cytotoxicity (60). Thus, the Vy and VL orientation should be considered to
obtain a good fragmented antibody in terms of the productivity and the quality.

Initially, the yield and refolding efficiency of 2F4-scFv were relatively low,
about 0.5 mg/L-culture and 1.5%, respectively. In the efforts for the examination of the

purification condition, such as consideration of refolding, concentration, and buffer
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exchange conditions, I could establish the better preparation method for 2F4-scFv with
slight improvement of the yield and refolding efficiency to about 1.5 mg/L-culture and
4%, respectively. I am planning to do crystallization of the complex between scFv and
MV-H to identify the antigenic epitopes, however the current yield is not sufficient for
the study. Therefore, further modification for refolding, such as the ratio of oxidizing
and reducing agents which is sometimes critical for the refolding of proteins, must be
tested. The binding affinity of 2F4 is largely different between scFv and Fab forms
(more than 250 times difference), suggesting that the rigidity of the molecule may be
different with each other, indirectly account for the instability of the scFv form.
Therefore, the mutagenesis in the framework region of the antibody may be alternative
approach to improve stability without any change in the antigen specificity. The length
and sequence of the linker connecting Vu and VL domains also need to be considered
(50).

I have determined the binding properties of 2F4-scFv to MV-H by SPR (Fig.
15, Table 3). The results revealed that the 2F4-scFv can bind with lower affinity than its
Fab fragment, produced from the same MADb and both cellular receptors, SLAM and
nectin-4. Several researches have mentioned the reduced antigen binding affinity of
scFv that is one of the possible drawback of scFv (45,61-63). One of the possible
reasons is that the interface of both variable domains become loosen, resulted from the
fragmentation, thereby the conformation of the CDRs may slightly altered. Another
possibility is that the loop of the linker may interfere the configuration of the CDR
loops slightly. Indeed, the binding kinetics of scFv is quite different from that of Fab
although the specificity to antigen binding retained. Thus, the central loop for antigen

recognition, CDR3 located at the center of the antigen recognition thumbs, did not
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affected seriously, but association and dissociation rate constant severely altered
following fragmentation probably because of the alteration of the other CDRs, CDRI1 or
CDR2 located relatively outside of the antigen recognition site of the antibody. To date,
several techniques are available to generate higher affinity mutants of scFv, such as site
directed mutagenesis and phage-based random mutagenesis (45,48,64,65). So in the
future, I would like to improve the affinity of 2F4-scFv by applying these techniques.
Although the affinity of the 2F4-scFv is lower than cellular receptors (Table 3),
I examined whether the scFv can inhibit the interaction of MV-H to cellular receptors,
SLAM or nectin-4, and membrane fusion mediated by the interaction of MV-H to
cellular receptors. The competitive analysis using SPR as well as the conventional
fusion assay clearly indicated that the 2F4-scFv possesses inhibitory activity of the
binding of both SLAM and nectin-4 to MV-H, thereby to inhibit the membrane fusion,
although the sufficient concentration of the scFv to the receptors was required. It is
because the scFv and cellular receptors can interact with MV-H in a competitive manner.
Indeed, we used 10 uM of scFv for the conventional fusion assay, which was roughly
10* — 10° times higher concentration than the intact antibody used for the previous virus
infection assay (42) though the assay strategies differ with each other. For the use of the
scFv in the actual therapy, therefore the improvement of the binding affinity to MV-H is
urgently needed as mentioned above. The kinetic binding analysis shows that the both k.
and kq were likely altered as compared to those of Fab after constructing scFv (Fig. 15,
Table 3). Thus, the mutations that improve both association and dissociation rate
constants will be required. Nevertheless, the results in this study are consistent with the
previous virus neutralizing assay conducted by using intact 2F4 MADb (42), suggesting

that there is no significant alteration by following fragmentation of the antibody, and the
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2F4 fragment form may be sufficient for the inhibition of the membrane fusion. It
should be emphasized that our SPR analysis directly showed the competitive binding
mode of the scFv and cellular receptors to MV-H. Moreover, these results clearly
account for the hypothesis that the 2F4 uses the receptor binding site as a neutralizing
epitope. To identify the epitope of 2F4-scFv, I am planning to conduct comprehensive
mutagenesis studies on MV-H targeted to the receptor binding sites and binding analysis,
and crystallographic studies for the antibody fragments with MV-H proteins. These will
provide the future aspect of the 2F4-scFv in effective vaccine development and
anti-viral drug for MV infection.

And for SSPE, I need to study about the blood brain crossing ability of
2F4-scFv to deliver it directly into the brain, then I can address this future for SSPE.
Ultimately, I would like to make a construct, intruducing antigenic epitope to the
plasmid vector for scFv to get synergistic effect for MV infection followed by checking
for antibody production, as well as for cytokine, ultimately for effectiveness about the

construct.
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Conclusion

In this study, I successfully constructed the 2F4-scFvs from MAb 2F4, found
that the 2F4-scFv with Vyu-VL orientation is better for refolding, and established the
preparation method for 2F4-scFv. The kinetic analyses using SPR suggested that the
2F4-scFv specifically binds to MV-H head domain at pM level of Kp value, which is
lower affinity than those of Fab and cellular receptors, SLAM and nectin-4. Further
competitive binding analysis demonstrated that the 2F4-scFv directly inhibits the
binding of MV-H to SLAM and nectin-4. Finally, fusion assay using receptor
expressing cells revealed that the 2F4-scFv show sufficient inhibitory effect on the
membrane fusion mediated by the binding of MV-H to cellular receptors. Collectively,
the findings in this study directly account for the hypothesis that the 2F4 uses the
receptor binding sites as neutralizing epitopes. 2F4-scFv can be excellent candidate and
tool for understanding the inhibitory mechanism of virus entry to cells via MV-H,
leading to design an effective vaccine and anti-viral drug for MV. It will be also
applicable for the development of viral and nonviral vectors for gene delivery for
antigenic epitope to stimulate antibody production by immune cell and ultimately
provide synergistic effect against MV-infection resulting from prophylactic and/or
therapeutic purpose. In order to address this for the future, the epitope of 2F4 needs to
be determined by mutagenesis and structural studies. Furthermore the binding affinity of
the 2F4-scFv to MV-H also needs to be improved with both rational and/or random
designs for in vivo effectiveness of the scFv by using mouse model. Then 2F4-scFv can
be effective therapy for measles infection to human who are unable to produce antibody

by vaccination.
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