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ABBREVIATIONS

aa amino acid

Ab antibody

Ag antigen

Bo bovine

BH brain homogenate

BSE bovine spongiform encephalopathy

Bv bank vole

C-BSE classical bovine spongiform encephalopathy
CH constant regions of heavy chain

CID Creutzfeldt-Jakob disease

CL constant regions of light chain

CNS central nervous system

ctrl control

CWD chronic wasting disease

DAPI 4’, 6’-diamino-2-phenylindole, dilactate
EGFP enhanced green fluorescent protein
ELISA enzyme-linked immunosorbent assay
F2A 2A fragment from foot-and-mouth virus
FBS fetal bovine serum

Fc fragment crystallization

Fd antigen-binding fragment and constant regions of heavy chain
Gdn guanidinium

GSS Gerstmann-Straussler-Scheinker

Ha hamster

HCI hydrochloride

Hu human

IFA immunofluorescence assay

IgG immunoglobulin G

IRES internal ribosome entry site

ka association rate constant

ka dissociation rate constant

Kp dissociation constant

mAb monoclonal antibody
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MoPrP
NBH
NC

PBS
PBST
PFA

PK
PMCA
PrP¢
PrPSc
PrPS¢-res
PrPS¢-sen
rAb
RACE
Rb
rCerPrP
rFab
RT-QulIC
RU

SCN
ScN2a-3-221L
Sh

SPR
ThT

tris

UTR

VH

VL

mouse prion protein

normal brain homogenate

negative control

phosphate-buffered saline

phosphate-buffered saline containing 0.1% Tween 20
paraformaldehyde

proteinase K

protein misfolding cyclic amplification

cellular isoform of prion protein

abnormal isoform of prion protein

proteinase K-resistant abnormal isoform of prion protein

proteinase K-sensitive abnormal isoform of prion protein

recombinant antibody

rapid amplification of cDNA end
rabbit

recombinant cervid prion protein
recombinant antigen-binding fragment
real-time quaking-induced conversion
response unit

thiocyanate

N2a-3 cells persistently infected with 22L prion strain
sheep

surface plasmon resonance

thioflavin T
tris(hydroxymethyl)aminomethane
untranslated region
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PREFACE

Prion diseases, also known as transmissible spongiform encephalopathies, are fatal
neurodegenerative diseases, including Creutzfeldt-Jakob disease (CJD), Gerstmann-Striussler-
Scheinker syndrome (GSS), and fatal familial insomnia in humans, scrapie in sheep and goats,
chronic wasting disease (CWD) in cervids, and bovine spongiform encephalopathy (BSE)
(Prusiner, 1998). Prion disease in humans can be classified as sporadic, hereditary, and, to a
lesser extent, acquired forms such as iatrogenic CJD, variant CJD, and kuru (Prusiner, 1998;
Will, 2003). Animal prion diseases usually occur by ingestion of prion-contaminated substances.
CWD and scrapie occur by horizontal transmission under natural circumstances through the
tissues (Andreoletti et al., 2002; Pattison et al., 1972), body fluid (Mathiason et al., 2006) and
excretions (Tamguney et al., 2009) contaminated with prions, and the prion-contaminated
environment (Georgsson et al., 2006; Miller et al., 2004; Pritzkow et al., 2015), whereas
classical BSE (C-BSE) cases have occurred in the artificial ingestion of prion-contaminated
feedstuff (Wilesmith ez al., 1988).

The causative agents of prion disease, prions, are mainly composed of an abnormal
isoform of prion protein (PrP5°) (Prusiner, 1998). The term “prion”, derived from proteinaceous
infectious particle, is named based on prion hypothesis: the infectious agent of proteins but
lacks nucleic acid as a genome. PrP5° is generated from host-encoded cellular isoform of PrP
(PrPC) via binding of PrP¢ to PrP5¢ and subsequent conformational conversion from a-helix-
rich PrPC to B-structure-rich PrPS¢. After prion infection, PrP5¢ is produced and accumulated in
the central nervous system (CNS) during a long latency period. During disease progression,
microglial activation, astrogliosis, synaptic loss, vacuolation of neuropil and neurons, and
neuronal cell death are observed in the CNS. However, a mechanistic relationship between
accumulation and propagation of PrP5¢ and neuronal cell death is still not fully understood.

Prions spread horizontally via the prion-contaminated animal tissues and prion-
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contaminated environment. Additionally, prions may appear naturally in aged animals as
sporadic diseases (Houston and Andreoletti, 2019). If PrP5¢ was shed into the environment via
carcasses, body fluids, and excretions of prion-infected animals, it could persist for a long time
on pasture and soil (Haley and Hoover, 2015; Pritzkow et al., 2015), and environment
contaminated with prions can be a source of horizontal transmission. Additionally, the
transmission of C-BSE to humans as variant CJD (Will et al., 1996) has been caused via
consumption of BSE-contaminated products. Furthermore, low level of prion infectivities or
amyloid seeding activities have been detected in the edible portion of atypical BSE-infected
cattle (Balkema-Buschmann et al., 2011; Sawada et al., 2019; Suardi et al., 2012). Therefore,
continuous monitoring of prions among animals in ranch or wildlife is necessary for an early
response for the appearance of disease cases and ensuring the safety and security of animal
products. Taken together, methods for specific detection of PrPS are required not only to
elucidate the mechanisms for prion propagation and pathogenesis but also to disclose a potential
presence of prion diseases in animals.

Although PrP5¢ and PrP¢ have the same primary structure, PrP5¢ can be distinguished
from PrP® by biochemical and biophysical properties such as a high B-structure content,
resistance to protease digestion, and insolubility to nonionic detergent (Meyer et al., 1986). For
detecting PrP*¢ in the tissues by immunocytochemistry, hydrated autoclaving is commonly used
to detect PrP5¢ from formalin-fixed paraffin-embedded tissue sections (Kitamoto et al., 1991).
Removal of PrP¢ by proteinase K (PK) also enables us to detect only PrP5¢ in prion-infected
cells (Holscher et al., 1998). However, these methods involve harsh treatments that affect tissue
or cell architecture. Furthermore, it has been reported that PrPS¢ comprises PK-resistant PrPS¢
(PrP5¢-res) and PK-sensitive PrP5¢ (PrPS¢-sen) (Pastrana et al., 2006; Tzaban et al., 2002) and
that a part of PrP¢-sen particles exhibits higher infectivity and higher conversion-inducing

activity than PrPS¢-res (Silveira et al., 2005). Thus, the proper methods that can detect both
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PrP%¢-res and PrP5¢-sen, and that can distinguish PrP¢-sen from PrP¢ without severe damage
in tissue or cell structures are required for detailed analyses of the mechanism of prion
propagation and pathogenesis.

Anti-PrP antibodies (Abs) have been produced using various PrPs as immunogens,
such as recombinant PrP (Korth et al., 1997; Somerville et al., 1997), purified PrP5¢ (Bendhein
et al., 1984; Shinagawa et al., 1986), and PrP synthetic peptides (Piccardo et al., 1998;
Shinagawa et al., 1986), and DNA encoding PrP (Krasemann et al., 1999). Anti-PrP Abs have
also been produced by molecular genetic methods such as phage display after immunization of
Prnp deficient mice (Williamson et al., 1998). Indeed, various anti-PrP Abs have been produced
so far (Bolton et al., 1991; Kascsak et al., 1987; Kim et al., 2004b; Polymenidou ef al., 2008;
Williamson et al., 1996). However, since PrP¢ and PrP5° share the primary structure, most of
anti-PrP Abs can bind to both isoforms (Kascsak ef al., 1987; Khalili-Shirazi et al., 2005; Peretz
et al., 1997), which are referred to as pan-PrP Abs. Several PrP%-specific monoclonal Abs
(mAbs) have also been produced (Horiuchi et al., 2009; Korth et al., 1997; Masujin et al., 2013;
Moroncini et al., 2004; Paramithiotis et al., 2003; Ushiki-Kaku et al., 2010). Although these
mAbs appeared to immunoprecipitate PrP5¢ specifically, the PrPS°-specific reactivity in other
experimental condition, such as immunocytochemistry remains unclear.

Despite such technical restriction, PrPS¢-specific staining using pan-PrP Abs in
immunofluorescence assay (IFA) after treatment of fixed cells with a chaotropic agent, such as
guanidinium (Gdn) salt (Taraboulos ef al., 1990), has greatly contributed for analyses of PrP5
in prion-infected cells (Marijanovic et al., 2009; Pimpinelli et al., 2005; Veith et al., 2009).
However, since most pan-PrP Abs cannot distinguish PrP5¢ from PrP€, manipulation such as
detector gain or exposure time is required to set a threshold level just above the signals from
immunoreacted PrP¢. Recently, it has been reported that mAb 132 recognizing mouse PrP

(MoPrP) amino acids (aas) 119—127, which is classified as a group of pan-PrP Abs because of
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the reaction to both PrP¢ and PrP%® in immunoblot analysis, enables the PrPS¢-specific staining
in cells or frozen tissue sections in IFA (Sakai et al., 2013; Tanaka et al., 2016; Yamasaki et al.,
2014a; Yamasaki et al., 2012) and flow cytometry (Yamasaki et al., 2018). These studies
indicate mAb 132 as indispensable tools for analyzing prion propagation and
neuropathogenesis. Despite these benefits of mAb 132 in PrPS-specific staining, the
mechanism of how mAb 132 specifically detects PrP° remains unclear.

PrP% is produced by binding host PrP¢ to pre-existing PrP% and subsequent
conformational conversion of PrP¢ into PrP5¢ (Prusiner, 1998). During this process, PrP5¢ acts
as a seed. Thus, detection of PrP5¢ is generally used for diagnosis of prion diseases and/or
detection of prions. Immunohistochemistry, immunoblotting, and enzyme-linked
immunosorbent assay (ELISA) have been used as a gold standard for PrP5¢ detection and indeed
applied for diagnosis of prion diseases and disclosure of prion-infected animals. However, the
sensitivity of these immunobiochemical and immunohistochemical methods was not enough to
detect low levels of prions (Balkema-Buschmann et al., 2011; Dassanayake et al., 2016;
McNulty et al., 2019). Bioassays using appropriate gene-modified mice could be sensitive
enough to detect low levels of prions (Buschmann and Groschup, 2005; Fischer et al., 1996;
Kong et al., 2008; Scott et al., 1989). However, bioassays require extremely long experimental
periods, e.g., more than two years, to detect low levels of prions.

In the past two decades, novel in vitro prion amplification methods such as protein
misfolding cyclic amplification (PMCA) (Saborio et al., 2001), quaking-induced conversion
(Orru et al., 2009), and real-time quaking-induced conversion (RT-QulC) (Atarashi et al., 2011)
have been developed to detect prions. PMCA, in which brain homogenates containing PrP¢ and
materials containing PrP% are treated with cycles of sonication, boosts the conversion of PrP¢
into PrPS¢ with remarkable of sensitivity. Thus, PMCA has been used for the detection of low

levels of prions in tissues and body fluids (Haley and Richt, 2017; Orru et al., 2009; Saborio et
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al.,2001). PMCA has also been used for de novo generation of infectious prions (Castilla et al.,
2005; Deleault et al., 2007; Wang et al., 2010), which proves the protein only hypothesis of the
causative agent, prions; infectious prions were generated only from purified PrP¢ and poly(A)
RNA (Deleault et al., 2007) or from recombinant PrP (rPrP), phospholipid, and RNA (Wang et
al., 2010) by PMCA.

RT-QuIC reaction, in which rPrP and materials containing PrP5¢ are treated with cycles
of mixing and settling, detects the amyloid seeding activity of PrP%¢. The formation of amyloid
fibrils can be detected by the fluorescence of thioflavin T (ThT), an amyloid binding dye, using
fluorescence microplate reader in real-time. RT-QulC is much easier than PMCA but highly
sensitive. Therefore, RT-QulC reaction is also used for the diagnosis of prion diseases,
disclosure of prion-infected animals, and detection of low levels of prions. RT-QulC detects the
amyloid seeding activity of PrP¢. However, this method interferes with the inhibitory factor(s)
present in tissue homogenates and body fluids (Hoover ef al., 2017; Orru et al., 2011; Wilham
et al., 2010). Therefore, effect of inhibitory factor(s) must be reduced to detect low levels of
prions from a high concentration of tissue homogenates. The concentration of PrP5¢ by
immunoprecipitation or iron oxide beads that removes inhibitory factor(s) from samples, or
removal of lipids by alcohol extraction, have been reported to reduce the influence of inhibitory
factor(s) (Denkers et al., 2016; Hoover et al., 2017; Orru et al., 2012). However, a simpler
method is still desirable for the practical application of RT-QulC. rPrPs from bank vole (Bv)
(Orru et al., 2015), hamster (Ha) (Henderson et al., 2015; Peden et al., 2012), and human (Hu)
(Atarashi et al., 2011) have been widely used as substrates for RT-QulC reactions. However,
RT-QulIC reactions using these substrates tended to be affected by the inhibitory factor(s) in
tissue homogenates. In the recent study in my laboratory, the use of cervid rPrP (rCerPrP) in
RT-QulC enables us to detect atypical BSE prions from tissues of cattle affected with atypical

BSEs, even in the highest concentration of tissue homogenates from the CNS (Sawada et al.,
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2019). The reason why RT-QulC with rCerPrP is less affected by the inhibitory factor(s) in
tissue homogenates than the other rPrPs remains to be elucidated; the mechanism will facilitate
to improve RT-QulC reaction.

In my doctoral dissertation, in Chapter I, I describe the mechanisms for PrPS¢-specific
reaction of mAb 132, which enables us to detect PrP5¢ in cells and tissues in
immunocytochemistry and immunohistochemistry. In Chapter II, I describe the utility of
rCerPrP in detecting BSE and CWD prions in RT-QulC reaction, and in Chapter III I describe

CWD monitoring in Japan using RT-QulC with rCerPrP as a substrate.



CHAPTER 1
Binding mechanisms of abnormal isoform of prion protein specific detection by anti-prion

protein monoclonal antibody 132.



INTRODUCTION

Anti-PrP Abs have been used for the PrP5¢ detection. However, a high amino acid (aa)
sequence similarity of PrP among animal species (Wopfner et al., 1999) and the same primary
structure between PrP¢ and PrP*¢ limited the production of Abs against species-specific epitope
and PrP5¢-specific Abs. Several PrP5¢-specific mAbs have been produced so far (Horiuchi ez al.,
2009; Korth et al., 1997; Masujin et al., 2013; Moroncini et al., 2004; Paramithiotis et al., 2003;
Ushiki-Kaku et al., 2010). These mAbs appeared to immunoprecipitate PrPS¢ specifically.
However, efficacy of PrP%-specific reaction in other experimental condition, such as
immunohistochemistry is largely unclear.

In spite of such technical limitation, the pretreatment of fixed cells with a chaotropic
agent such as guanidinium (Gdn) salt (Taraboulos ef al., 1990) enabled the PrPS¢-specific
staining in IFA using pan-PrP Abs that can bind to both isoforms of PrP (Kascsak et al., 1987,
Khalili-Shirazi et al., 2005; Peretz et al., 1997). However, the detection required the
manipulation of detector gain or exposure time to decrease the signals from immunoreacted
PrP¢. Recently, we reported mAb 132 recognizing mouse PrP (MoPrP) aa 119-127 is useful
for reliable PrPS¢-specific staining in cells or frozen tissue sections by IFA without PK treatment
(Sakai et al., 2013; Tanaka et al., 2016; Yamasaki et al., 2014a; Yamasaki et al., 2012) and flow
cytometry (Yamasaki ef al., 2018), even though this mAb is classified as a group of pan-PrP
Ab. We also reported that mAb 132 detects both PrP5¢-sen and PrP5¢-res if not all (Shan et al.,
2016). Although brief pretreatment of cells or tissue sections with Gdn salt is still required for
PrPS¢-specific staining with mAb 132, this mAb shows little reactivity with native PrP¢ in cells
and tissues so that manipulation of conditions for acquiring fluorescence image can be
minimized. Despite the benefit of mAb 132 in PrP5¢-specific staining, the mechanism of the
PrP¢-specific detection remains unclear.

In Chapter I, I extensively analyzed the reactivity and binding kinetics of mAb 132
8



and its derivatives by enzyme-linked immunosorbent assay (ELISA) and surface plasmon

resonance (SPR) to clarify the mechanism of PrPS¢-specific detection by mAb 132 in IFA.



MATERIALS & METHODS
1. Hybridomas culture and RNA extraction
Hybridomas producing mAbs 132 (epitope: MoPrP aa 119-127), 31C6 (epitope:
MoPrP aa 143—149), and 44B1 (epitope: discontinuous epitope comprised of MoPrP aa
155-231) were cultured as described elsewhere (Kim et al., 2004b). Total RNA was extracted
from hybridomas using TRIzol reagent (Life Technologies, USA) according to the

manufacturer’s instructions.

2. Expression plasmids of recombinant antibodies
2-1. Cloning of heavy and light chain of immunoglobulin genes

Cloning of heavy chain (HC) and light chain (LC) genes of mAb 31C6 (accession
numbers: HC-31C6, LC026056; LC-31C6, LC026057), 44B1 (accession numbers: HC-44B1,
LC037230; LC-44B1, LC037231) and 132 (accession numbers: HC-132, LC028384; LC-132,
LC028385), and construction of expression plasmids for recombinant Ab (rAb) (Figure I-2B)
were performed as shown in Figure I-1. Primers for cloning of full-length mAbs are shown in
Table I-1. The cDNA encoding a part of variable regions of HC and LC (VH, VL) were
amplified by RT-PCR using degenerate primers reported elsewhere (Kettleborough et al., 1993)
(Figure I-1A). PCR products were cloned into pCRII-TOPO (Invitrogen, USA) and nucleotide
sequences were determined using a BigDye terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, USA) and ABI-3100 Avant sequencer (Applied Biosystems). Then, 5’ and 3’
cDNA fragments of HC and LC of mAbs 31C6 and 132 were amplified by 5 and 3’ rapid
amplification of cDNA end (RACE) as described previously (Horiuchi ef al., 1997, 1998). The
cDNA fragments encoding 5’-untranslated region (UTR) and VH and VL of mAb 44B1 were
separately amplified by nested PCR, and two DNA fragments were assembled by assembly

PCR (Stemmer et al., 1995). Finally, the full-length cDNA fragments of HC and LC of mAbs
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31C6 and 44B1 were assembled as shown in Figure I-1A. Since both mAbs 132 and 31C6 are
immunoglobulin G (IgG1) (Kim et al., 2004b) and nucleotide sequence analysis showed that
they shared their primary structures of constant regions of HC and LC (CH, CL), the complete
HC and LC genes of mAb 132 were assembled by replacing the cDNA fragments of the VH
and VL of mAb 31C6 with the corresponding cDNA fragments of mAb 132, respectively
(Figure I-1A). For the construction of recombinant antigen-binding fragment (rFab) gene
(Figure I-2A), cDNA fragments coding VH-CH1 (Fd) region of mAbs 31C6, 44B1, and 132
were amplified from plasmids containing the corresponding HC genes using specific primers

(Figure I-1B). Primers for construction of monovalent mAb genes are shown in Table I-2.
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Table I-1. Specific primers for the cloning of Abs.

Constructs Primer names " Sequences
31C6VHF1# 5’-CTGTCTATCCACTGGCCCCT-3’
31C6VHF2* 5’-ACCCTGGGATGCCTGGTCAA-3’
31C6VHR1 2 5’-CGTGGTGTGCTGCTGGCCGGGT-3’
31C6VHR2 5’-CTGGCTGGGCCAGGTGCTGG-3°

mAb31C6 31C6VHR3® 5’-CTGGGAAGGTGTGCACACCG-3’
31C6VLF1* 5’-GGAGTCCCATCAAGGTTCAG-3’
31C6VLR] 222 5’-CGTGGTGCTGCTGGCCGGGT-3’
31C6VLR2 5’-GCCAGTGGATAGACTGATGG-3’
31C6VLR3 5’-TTGACCAGGCATCCCAGAGT-3’
ANC3’ SLIC? 3 5’-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
44B1VHF1# 5’-CCCTGTGTGTGGAGGTACAA-3’
44B1VHR1 ¥ 5’-CGCGGTGTTGCTGGCCGGG-3’
44B15’VHR1 ! 5’-GGAGTTACTTGTACAGTA-3’
44B15’VHR2 5’-GGTGTTCCTGGCATTGTCTC-3’
44B15’VHR3 5’-TGGTGAATCGGCCCTTCACA-3’

mAb 44B1 44B1VHR2 * 5’-GGCTGGGCCAGGTGTTCGAG-3’
44B1VHR3 % 5’-GACTGCAGGAGAGCTGGGAA-3’
44B1VLF1* 5’-AGTGGGTCTAGGACAGACTT-3’
44B15’VLR1 ! 5’-CCCCTCCGAATGTATACGGA-3’
44B15°VLR2 # 5’-GGTGAAGTCTGTCCTACACC-3’
44B15°VLR3 # 5’-GCCACTGAACCTGGCAGGGA-3’
31C6VLR2 * 5’-GCCAGTGGATAGACTGATGG-3’
31C6VLR3 35 5’-TTGACCAGGCATCCCAGAGT-3’
ANC3’ SLIC* 5’-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
31C6VHF1* 5’-CTGTCTATCCACTGGCCCCT-3’
31C6VHF2* 5’-ACCCTGGGATGCCTGGTCAA-3’
31C6VHR1 2 5’-CGTGGTGTGCTGCTGGCCGGGT-3’

mAb 132 31C6VHR2 5’-CTGGCTGGGCCAGGTGCTGG-3°

31C6VLR] 222 5’-CGTGGTGCTGCTGGCCGGGT-3’
31C6VLR3 * 5’-TTGACCAGGCATCCCAGAGT-3’
31C6VLF1* 5’-GGAGTCCCATCAAGGTTCAG-3’
132VLF 5’-GCCTGAAGATTTTGGGAGTT-3’

*: Superscript letters in primer name are corresponding to the steps of 5’ or 3’ rapid amplification of cDNA end

(RACE), or assembly PCR shown in Figure I-1A. The detailed description is as follow:

al: Primers used for the cDNA first strand synthesis for 5> RACE. The primer for 3’-RACE (dTAnc) has been

shown elsewhere (Horiuchi ef al., 1998).

a2: Primers for 5° RACE. The gene fragments encoding the 5’-terminal region of each chain were amplified by
nested PCR. The forward primers for mAb 31C6 (ANCI, 3) and mAbs 44B1, 132 (ANC1) have been shown
elsewhere (Horiuchi et al., 1998). The ANC3’ SLIC is modified primer of ANC3 including Xba I site (under

lined sequence).

a3: Primers for 3° RACE. The 3’-terminal gene fragment of each heavy and light chain (HC, LC) was amplified

by nested PCR. The reverse primers (dTAncl, 2) have been shown elsewhere (Horiuchi ef al., 1998).

a4: Gene fragments encoding variable and constant regions of HC (VH, CH), and those of LC (VL, CL) of mAb
44B1 were separately amplified using these primers with forward primers, Vkc or Vua (Kettleborough et al.,

1993).

a5: Assembly PCR primers for the 5’-terminal gene fragments of mAb 44B1. After assembling the product of 5’
RACE and amplification of variable-constant region, assembled gene fragments only including the 5’-

untranslated region (UTR) of mAb 44B1 were amplified.
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Table I-2. Specific primers for the cloning of monovalent Abs.

Constructs Primer names Sequences *

Fabajcg  ANC3_SLIC b 5-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
31C6Fd R® 5°-TTTCTAGAACCACAATCCCTGGGCACAATTTTCTT-3’

Fab44B1 ANC3’ SLIC® 5-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
44B1Fd R® 5°-AATCTAGACTGTGTTATGGGCACTC-3’

Fabo132 ANC3’ SLIC® 5-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
132Fd R® 5°-TTTCTAGAACCACAATCCCTGGGCACAATTTTCTT-3’
132LC Fele4 5’-AATCTAGAATGAGTGTGCTCACTCAGGTCCTG-3’

5°-
132LC 2A R CAACTTGAGAAGGTCAAAATTCAAAGTCTGTTTCACACACTC
ATTCCTGTT-3’

rFab-132- pyA R1© 5’-CAACTTGAGAAGGTCAAAATTCAAAGTCTGTTT-3

F2A° F2A R2¢3 5°.CTCCACGTCCTCCCGCCAACTTGAGAAGGTCAAA-3’
F2A F9 5-TGGCGGGAGACGTGCACTCCAACCCAGGGCCCA-3’

132Fd 2A F<
132Fd_Myc R4

5’-TCCAACCAGGGCCCATGGGATGGAGCTGTATC-3’
5’-ACCAGAACCGCCACCGCCTGATACTTCTGGGAC-3’

*: Superscript letters in primer name are corresponding to the steps of PCR shown in Figures I-1B and C. The
detailed description is as follow:
b: Primers for the amplification of VH-CHI1 (Fd) region of mAbs 31C6, 44B1 and 132 (Figure I-1B).
cl and c2: Primers used for the amplification of gene fragment including LC with 2A fragment from foot-and-

mouth virus (F2A) portion (c1), Fd region with F2A portion (c2) (Figure I-1C).

c3: Primers used for the elongation of F2A portion of the fragment of LC and Fd with F2A (Figure I-1C).
c4: Primers for the assembly PCR to amplify the fusion genes with F2A (Figure I-1C).

#: Under line in the sequences indicates Xba I site.

$: Any expression plasmid for rFab-F2A was not obtained because the constructs never cloned without irregular
single base addition in the F2A sequence even though the same primers for construction of rF(ab’).-132-
enhanced green fluorescent protein (EGFP) (Table I-3) were used.
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Figure I-1 Strategy for molecular cloning of antibodies and construction of the expression plasmids.

(A) Cloning of monoclonal antibodies (mAbs) 31C6, 44B1 and 132. DNA fragments of light chain (LC) and heavy
chain (HC) amplified by degenerate PCR, and 5’ or 3’ rapid amplification of cDNA end (RACE) are indicated in the
same color as shown in Figures [-2A and B. The fragments encoding variable region of HC (VH) and variable region of
LC (VL), and constant regions of HC1 (CH1) and constant regions of LC (CL) in the amplified fragments are laid to
overlap each other. The restriction enzyme in each step indicates the unique enzymes used for assembling full length
genes. The assembling the DNA fragment from 5’-untranslated region (UTR) to CH or CL of mAb 44B1 is indicated in
the left part, whereas the replacement the of VH and VL of mAb 31C6 with those of mAb 132 is shown in the right part.
Names for completed plasmid are indicated in bold. (B) Construction of the bicistronic plasmid with internal ribosomal
entry site (IRES). Restriction enzymes used for digestion are shown in each step. Arrows at the top and bottom on HC-
132 indicate the specific primers to amplified the DNA fragment encoding VH-CH1 (Fd)-132 without stop codon of
recombinant antigen-binding fragment (rFab) (Table I-2). Primers containing the Xba I site are indicated with purple.
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Figure I-1 continued.

(C) Construction of the expression plasmid for rF(ab’),-enhanced green fluorescent protein (EGFP) (Figure I-4A) fused
with self-cleavage 2A peptide from foot-and-mouth virus (F2A). The amplified fragments encoding LC, Fd region and
EGFP were indicated with the same color as shown in Figures I-2A, B and 4A. Region-specific sequences in primers
(Table I-3) were drawn in dark pink (LC), orange (F2A), red (spacer, GGGGSGGGGSGGGGS), dark green (EGFP),
and black (Fd, CH2 (not shown) or Fc). The Xba I or Nde I site in primers was drawn in purple. In assembly PCR, the
complementary regions in amplified fragments are laid to overlap each other. The nucleotide and deduced aa sequences
at the connected region of rIgG-132-EGFP were shown uppermost. The bold “A” and underlined letter indicates the
nucleotide substitution for the mutation Cys to Ser and the Nde I site, respectively.
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Figure I-1 continued.
(D, E) Methods for exchanging the gene fragments from (D) F2A to IRES, or (E) IRES to F2A.
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2-2. Construction of bicistronic expression plasmids

The bicistronic expression plasmids with gene fragment encoding internal ribosome
entry site (IRES) (Jostock et al., 2004) were constructed as shown in Figure I-1B. The gene
fragment encoding IRES amplified from pIRES vector (Clontech, USA) was cloned into the
EcoR 1T and Xba 1 sites of pEF6/Myc-His (Invitrogen) to generate pEF6/IRES/Myc-His. The
cDNA fragments encoding the LC of mAbs 31C6, 44B1, and 132 were inserted into the EcoR
I site of pEF6/IRES/Myc-His. Then, the cDNA fragments encoding Fd (VH-CH1) region of
mAbs 31C6, 44B1, and 132 or entire HC of the mAb 132 were sequentially inserted into the

Xba 1 site (Figures I-1B, I-2A and B).

2-3. Construction of expression plasmids with self-cleavage 2A peptide region from foot-and-
mouth virus

The expression plasmid for the production of the Fab fragment and IgG was also
constructed using the gene fragment of self-cleavage 2A peptide region from foot-and-mouth
virus (F2A) (Donnelly et al., 2001). Schematic illustration for construction is shown in Figure
I-1C and D. For assembling the fusion gene for expressing rFab-132 with F2A, DNA fragments
encoding LC without stop codon and Fd region of mAbl132 were amplified from pCRII-
TOPO/LC-132 and pCRII-TOPO/HC-132, respectively. The F2A fragment was elongated onto
both PCR products by sequentially performed PCR using primers with F2A sequences. Then,
assembly PCR was carried out using primers, 132LC _F and 132Fd-Myc R (Table 1I-2). The
expression plasmid for rlgG-132 with F2A was constructed by replacing the HC fragment with
that of rF(ab’);-132-enhanced green fluorescent protein (EGFP) (Figure [-4A) as shown in

Figure I-1D. pTNT vector (Promega, USA) was used for the replacing the gene fragment.
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2-4. Construction of the expression plasmids for fusion proteins of mAb 132 and EGFP

The fusion genes of mAb 132 and EGFP, which are referred as mAb 132-EGFP (Figure
[-4A) were constructed by assembly PCR (Stemmer et al., 1995). Primers for construction of
mAb 132-EGFP are shown in Table I-3. pEGFP-C1 vector (Clontech) was used for the
amplification of the gene fragment coding EGFP. To construct a bicistronic expression plasmid
for monovalent rFab-132-EGFP, the assembled Fd-EGFP gene was inserted into the Xba I site
of pEF6/LC-132/IRES (Figure I-1B). The expression plasmid for rFab-132-EGFP fused with
F2A was constructed by the same method as rIgG-132-F2A (Figure I-1D).

On the other hand, the fusion gene expressing bivalent mAb 132-EGFP with F2A was
assembled as shown in Figure I-1C. Mainly, each DNA fragment of rF(ab’)-132-EGFP
encoding LC without stop codon, VH-CH1-hinge (Fd’) region, and EGFP without first
methionine was amplified from the corresponding plasmids. The F2A and spacer fragments
were elongated onto the PCR products using another set of primers. Then, fusion genes
encoding Fab’-F2A and F2A-Fd’-EGFP were assembled by assembly PCR. Finally, the entire
fusion gene encoding rF(ab’)-132-EGFP with F2A was assembled by assembly PCR using
132LC _F and EGFP_R. After TA-cloning and sequence determination, excised rF(ab’)2-132-
EGFP-F2A gene with Xba I was inserted into pEF6/Myc-His. Then, the fusion gene expressing
CH3 deleted rIgG-132-EGFP (rIgG(ACH3)-132-EGFP) and rIgG-132-EGFP (Figure 1-4A),
with F2A were constructed using rF(ab’),-132-EGFP-F2A gene as follow (Figure I-1C). DNA
fragments encoding CH2 and CH2-CH3 (fragment crystallization (Fc)) regions were amplified
by PCR using specific primers (Table I-3). After TA-cloning and sequence determination, each

fragment excised with Nde I was inserted into the Nde I site of pEF6/rF(ab’),-132-EGFP-2A.
To construct the bicistronic expression plasmids for rF(ab’)-132-EGFP, rigG(ACH3)-

132-EGFP and rlgG-132-EGFP, DNA fragments encoding Fd’-EGFP, Fd’-CH2-EGFP and Fd’-
18



Fc-EGFP was amplified from corresponding expression plasmid with F2A using Fd-EGFP_F
and EGFP_R. After TA-cloning and sequence determination, each Xba I digested fragment was

inserted into the Xba I site of pEF6/LC-132/IRES (Figure I-1E).
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Table I-3. Specific primers for construction of fusion proteins.

Constructs

Primer names "

Sequences ®

rFab-132-EGFP

ANC3’ SLIC®
ANC3’ SLIC®
132EGFP1 R
132EGFP1_F¢

5’-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
5’-AATCTAGACTAAAGAATTCCAGTCAGTCAGTCATAGTC-3’
5’-CTTGCTCACACCACAATCCCTGGGCACAAT-3’
5’-CCCAGGGATTGTGGTGTGAGCAAGGGCGAG-3’

rF(ab’)-132-

EGFP_R 5’-AATCTAGACTTGTACAGCTCGTCCATGCCGAGAGT-3’

132LC_Fele4 5’-AATCTAGAATGAGTGTGCTCACTCAGGTCCTG-3’
5

132LC 2A R CAACTTGAGAAGGTCAAAATTCAAAGTCTGTTTCACACACTCAT
TCCTGTT-3’

F2A R1¢ 5’-CAACTTGAGAAGGTCAAAATTCAAAGTCTGTTT-3’

F2A R2¢ 5’-CTCCACGTCCTCCCGCCAACTTGAGAAGGTCAAA-3’

F2A Fe3e4 5’-TGGCGGGAGACGTGCACTCCAACCCAGGGCCCA-3’

EGFP 132Fd 2A F< 5’-TCCAACCAGGGCCCATGGGATGGAGCTGTATC-3’
132Fd_G4S R® 5’-ACCAGAACCGCCACCGCCTGATACTTCTGGGAC-3’
Gly4Ser R+ <6 5’-ACCGCCGGAGCCACCGCCACCAGAACCGCCACC-3°
G4S_EGFP_F1¢ 5’-GGCGGTTCTGTGAGCAAGGGCGAGGAGCTGTTC-3’
G4S_EGFP_F2< 5’-GGTGGCTCCGGCGGTGGCGGTTCTGTGAGCAAG-3’
EGFP_R ¢ ¢7-¢ 5’-AATCTAGACTTGTACAGCTCGTCCATGCCGAGAGT-3’
132Fd_EGFP_F°¢ 5’-AATCTAGAATGGGATGGAGCTGTATCATCCTCTTT-3’
rlgG(ACH3)- 132Fc_F¢ 5’-AAGCCTTGCATATGTACAGTCCCAGAAGTA-3’
132-EGFP 132CH2_R* 5’-TTTCATATGCTGCCTTTGGTTTTGGAGATGGT-3’
1lgG-132-EGFP 132Fc F¢ 5’-AAGCCTTGCATATGTACAGTCCCAGAAGTA-3’
132Fc R® 5’-TTTCATATGCTTTTACCAGGAGAGTGGGAGAG-3’

*: Superscript letters in primer name are corresponding to the steps of PCR shown in Figures I-1C and E. The
detailed description is as follow:
c0: Primers used for amplification of Fd region of rFab-132-EGFP. After assembling with separately amplified

EGFP without spacer, Fd-EGFP gene was inserted into pEF6/LC-132/IRES (Figure I-1B).
cl-c4: The same usage of c1-c4 in Table I-2.
c5: Primer for the addition of the spacer sequence at the 3’-terminus of Fd’ fragment.
¢6 and c8: Primers for the elongation of the spacer sequence onto Fd’ fragment (c6) or EGFP (c8).
c7 and c9: Primers for the amplification of EGFP (c7) or Fc fragments (c9).
e: Primers for the amplification of Fd’-132-EGFP gene from pEF6/rF(ab’):-132-EGFP-24 (Figure I-1E).

$: Under line in the sequences indicates Xba I or Nde 1 site. Bold “T” in 132Fc R and 132Fc R indicate the

nucleotide substitution for the amino acid substitution from Cys to Ser (Figure I-1C).
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3. Expression and purification of recombinant Abs
3-1. Expression of recombinant Abs

HEK293T cells were split in a ratio of 1:10 into 6 cm dishes 36 h before transfection.
Plasmids for expression of rAb fragments (4 ng) were transfected using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. Twenty-four hours after
transfection, the medium was replaced with DMEM containing 10% fetal bovine serum (FBS)
(Gibco, USA) and 1% Penicillin Streptomycin (Gibco) and the cells were incubated for 24 h.
Then, the cells were fed with fresh Opti-MEM and incubated for further 48 h and 96 h, for the
expression plasmids containing an IRES (Jostock et al., 2004) and F2A (Donnelly et al., 2001),
respectively. On the other hand, transfection of the expression plasmids containing IRES and
F2A into 293F cells (Invitrogen) was performed according to the manufacturer’s instructions
with minor modifications. The 293F cells passaged at least five time were split at 0.7 x 10%/ml
into 250 ml spinner flasks (Corning, USA) using 80—100 ml FreeStyle 293 Expression Medium
(Gibco) containing 0.5% Antibiotics/Antimycotic (Gibco). After incubation for 24 h, plasmids
mixed with 293Fection Transfection reagent (Invitrogen) in Opti-Pro MEM (Gibco) were added
into the 293F cell suspension at 1.0 x 10%/ml with FreeStyle 293 Expression Medium. The cells

were cultured for 4 days at 37°C with 8% COx.

3-2. Purification of recombinant Abs

The culture supernatants from 293F cells were dialyzed twice against phosphate-
buffered saline (PBS, pH 7.2) using Spectra/Pore 7 (Funakoshi, Japan) at 4°C. After removal of
precipitates by centrifugation at 2,300 xg for 5 min at 4°C, the supernatant was loaded onto a
Ni?*-immobilized 5 ml HiTrap Chelating HP column (GE Healthcare, UK) by circulating the
supernatant for 6 h. After washing the column with 20 ml PBS, 1M imidazole in PBS was

applied to elute bound materials and the elutes were manually collected as 1 ml fractions.
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Fractions containing rFab-132, rFab-132-EGFP, and rIgG-132-EGFP were further loaded onto
a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) and separated using AK TAexplore
10S system (GE Healthcare) at a flow rate of 1.5 ml/min. After discarding the first 20% column
volume as a void fraction, the isocratic elutes were collected in 1.5 ml fractions. In the case of

rIgG-132, Protein G Sepharose 4 Fast Flow (GE Healthcare) was used for purification.

4. Immunostaining
4-1. Immunoblotting

SDS-PAGE and western transfer under non-reducing condition were carried out as
described previously (Kim et al., 2004b) without using 2-mercaptoethanol or an antioxidant.
After blocking of Immobilon-P transfer membrane (Millipore, USA) with 5% skim milk, Fab
regions were directly probed with 1:5,000 diluted Anti-Mouse IgG (Fab specific)-Peroxidase
antibody produced in goat (Sigma, USA). Antigen (Ag)-antibody complexes were visualized
with ECL Western Blotting Detection Reagents (GE Healthcare) using LAS-3000

chemiluminescence image analyzer (Fujifilm, Japan).

4-2. ELISA

ELISA using recombinant MoPrP (rMoPrP) as Ag was carried out as described
elsewhere (Kim et al., 2004b). rtMoPrP pretreated with 6 M Gdn hydrochloride (HCI) (2 ng/pl)
was adsorbed to the wells (100 ng/well) of a U96 Maxisorp Nunc-immuno plate (Nunc,
Denmark) overnight at room temperature (r.t.). After blocking with 5% FBS in PBS containing
0.1% Tween 20 (PBST), the wells were incubated with primary Abs for 1 h at r.t. After washing
with PBST, wells were incubated with 100 pul of 1:5,000 diluted Anti-Mouse IgG (Fab specific)-
Peroxidase antibody produced in goat in PBST containing 0.5% FBS. Finally, antigen-antibody

complexes were detected by adding 100 pl of 3, 3°, 5, 5’-tetramethylbenzodine (Sigma)
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colorimetric substrate, and the absorbance at 450 nm was measured with an Ascent micro-plate

reader (Labsystems, Finland).

4-3, PrP%¢-specific immunofluorescence staining

PrPS¢-specific immunofluorescence staining was performed as described elsewhere
(Yamasaki et al., 2014b; Yamasaki et al., 2012) with minor modification. Briefly, cells in eight-
well chamber were fixed with 4% paraformaldehyde (PFA), and remaining PFA was quenched
with 100 mM glycine in PBS. Cells were then permeabilized with 0.1% Triton X-100 in PBS,
and treated with 5 M Gdn thiocyanate (SCN) for 15 min at r.t. After blocking with 5% FBS in
PBS (FBS-PBS) for 30 min at r.t., cells were incubated with recombinant mAb 132 fragments
or Alexa Fluor 647 labeled mAb 132 overnight at 4°C. Cell nuclei were stained with 4°, 6’-
diamino-2-phenylindole, dilactate (DAPI).

The immunofluorescence staining for frozen sections was performed as described
elsewhere (Sakai et al., 2013; Yamasaki et al., 2018) with minor modifications. Briefly, the
frozen brain sections were fixed and permeabilized as described above. Then, the sections were
treated with 2.5 M GdnSCN for 15 min at r.t. The sections were blocked with 5% FBS-PBS for
1 h at r.t. and were incubated with anti-PrP mAbs or anti-panleukopenia virus mAb P2-284
(Horiuchi et al., 1997) used as a negative control at 1 pg/ml in 1% FBS-PBS overnight at 4°C.
The bound Abs were probed with 0.4 pg/ml Alexa Fluor 488 F(ab’), fragment of goat anti-
mouse IgG (H+L) (Invitrogen) in 1% FBS-PBS for 1 h at r.t. Cell nuclei were stained with
DAPI, and the sections were mounted with ProLong Glass antifade mountant (Invitrogen). The
fluorescent images were acquired using LSM700 and analyzed with ZEN software (Zeiss,

Germany) as described elsewhere (Yamasaki ef al., 2014a; Yamasaki et al., 2014b).
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5.SPR

The affinity of Ab binding was determined from SPR sensorgrams measured in multi-
and single-cycle kinetics analysis using Biacore X100 (GE Healthcare). Multi-cycle kinetics
analysis was performed as follows: mAbs 31C6 and 132 were directly immobilized on the
surface of a CMS5 sensorchip (GE Healthcare) as ligands at approximately 1,000 response unit
(RU) according to the manufacturer’s instructions. The real-time association responses of
injected rMoPrP as analyte to Abs were measured for 180 sec. After measuring the association
phase, the dissociation responses were measured while the surface of the sensorchip was
washed with HBS-EP+ buffer (GE Healthcare) for 600 sec. The sensorchip was regenerated
with 10 mM NaOH according to the manufacturer’s instructions.

Single-cycle kinetics analysis using tMoPrP as a ligand was performed as follows:
1,706.7 and 140.9 RU of rMoPrP were immobilized on a CMS5 sensorchip using 1 uM and 100
nM rMoPrP, respectively. The association responses of Abs to rMoPrP were measured for 120
sec, and then the dissociation responses were measured for 3,600 sec for IgG-31C6 and IgG-
132, and 600 sec for rFab-31C6 and rFab-132, respectively. For repeated measurements, the
sensorchip was regenerated once (80 sec for rFab-31C6 and IgG-31C6) or twice (80 and 60 sec
for rFab-132 and IgG-132, respectively) with 10 mM NaOH.

The binding responses of IgG-132 and IgG-31C6 captured on the sensorchip to
rMoPrP were measured as follows. Anti-mouse IgG antibody in the Mouse Antibody Capture
Kit (GE Healthcare) was immobilized on a CMS5 sensorchip according to the manufacturer’s
instructions. Then, 10 nM of IgG was applied until the response reached approximately 500
RU. The association and dissociation responses for injected rMoPrP were measured for 120 sec
and 600 sec, respectively. Data processing and determination of association rate constant (ks),
dissociation rate constant (k4), and dissociation constant (Kp) by fitting were performed using

BIAevaluation software (GE Healthcare).
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RESULTS
1. Production of recombinant mAb 132

It has been reported that mAb 132 hardly reacts with native PrP¢ molecule on the cell
surface (Kim et al., 2004a) but reacts with denatured PrP¢ and PrP5¢ in immunoblot analysis
and rPrP in ELISA (Kim et al., 2004b), suggesting that this mAb is classified as a pan-PrP mAb.
To examine the mechanism of the PrP%¢-specific detection by mAb 132 in IFA, I cloned the
heavy and light chains genes of this mAb and constructed expression plasmids for mono- and
bivalent forms of rAbs (rFab and rIgG) (Figure I-2A) and their derivatives (Figure [-4A).

Two expression systems were used to co-express the two peptide chains of heavy and
light chain from a single plasmid (Figure [-2B); one system was bicistronic expression using
IRES (Jostock et al., 2004) and the other was C-terminal cleavage by ribosomal skipping using
a self-cleavage 2A peptide from F2A peptide (Donnelly ef al., 2001). I could construct all the
expression plasmids using IRES for rFabs 132, 31C6 and 44B1 and recombinant mAb 132
(rlgG-132). However, I successfully obtained only the expression plasmids using F2A peptide
for rIgG-132 because constructs for rFab of mAbs 132, 31C6 and 44B1 could not be subcloned
without an irregular single base insertion in the region coding the F2A peptide. The expression
and assembly of rIgGG-132 and rFabs in the culture supernatants of HEK293T cells transfected
with each expression plasmid were evaluated by immunoblotting (Figure I-2C). Expression
plasmid with F2A produced a lesser amount of rIgG-132 than that with IRES. However,
bicistronic expression using IRES produced considerable amount of free and dimeric light
chains (Figure I-2C, LC and LC, respectively), which were not observed in the use of the
expression plasmid with F2A. The production of such byproducts was also observed in the
supernatants of rFabs (rFab-132, rFab-31C6 and rFab-44B1) using IRES (Figure I-2C). These
results suggest that the expression plasmids with F2A peptide are preferable for producing rAbs

because of traces of unwanted byproducts such as LC and LCo.
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Figure I-2 Production of recombinant antibody fragments.

(A) Molecular design of mono- (rFab) and bivalent (rIgG) forms. The light chain (LC) and heavy chain (HC) or VH-
CHI1 (Fd) region are depicted with reddish and bluish colors, respectively. Intermolecular disulfide bonds are drawn in
orange lines, whereas the C-terminal epitope tail comprised of c-Myc epitope (c-Myc) and a hexa-histidine tag (6
X His) is drawn in purple. Fc, fragment crystallization; CH1-3, constant regions 1-3 of HC; CL, constant region of
LC; VH, variable region of HC; VL, variable region of LC. (B) Schematic illustration of two expression systems. DNA
fragments for an IRES and self-cleavage 2A peptide from F2A are shown in green and orange, respectively. For
producing antibody fragments into culture supernatants, HC and LC genes possess their own signal sequences (SSy and
SS;). EF, a promoter of the human elongation factor gene; Bsd, blasticidine-resistant gene. (C) Analysis of molecular
assembly of antibody (Ab) fragments. Immunoblot analysis was carried out using authentic mAb 132 (IgG-132,
1.25-10 ng/lane) and supernatants of HEK293T cells transfected with expression plasmids containing IRES (rFab,
rIgG) or F2A (rIgG) under non-reducing condition. Corresponding pictures on the right indicate the band of IgG, rlgG,
or rFab, whereas arrowheads indicate the bands of free and dimeric LC (LC,). Molecular mass markers on the left are
in kDa.
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2. Reactivity of mono- and bivalent forms of recombinant mAb 132 fragments to rMoPrP

The reactivity of the mono- and bivalent forms of mAb 132, rFab-132 and rIgG-132
to rMoPrP were assessed using ELISA (Figure I-3). Supernatants of HEK293T cells transfected
with each expression plasmid were used for the immunoreaction after estimation of
concentrations equivalent to Fab portion by immunoblot analysis. The reactivities of rFab-31C6
and rFab-44B1, rFab fragments of pan-PrP mAbs 31C6 and 44Bl, respectively, were
comparable to those of the corresponding authentic IgGs. In contrast, the reactivity of rFab-132
was much weaker than that of authentic IgG (IgG-132) and rIgG-132. The rFab-132 reacted
very weakly even at the highest concentration used (0.3 nM), whereas rIlgG-132 and IgG-132
reacted positively even at the 30-fold lower concentration (0.009 nM) (Figure I-3A). The Ag
concentration-dependent reactivity of these Abs was shown in Figure I-3B. rFab-31C6 and
rFab-44B1 showed the similar reactivity to each of the authentic IgGs. However, rFab-132
could not bind to rMoPrP efficiently compared to rlgG-132 and IgG-132. It was worth noting
that the reactivity of IgG-132 and rlgG-132 was decreased depending on the concentration of
rMoPrP compared to those of IgG-31C6 and IgG-44B1, suggesting a larger amount of rMoPrP
may be required to obtain efficient binding of mAb 132 than mAbs 31C6 and 44B1 even though
the bivalent binding may increase the binding efficacy of mAb 132.

To confirm the reactivity of the mono- and bivalent forms of mAb 132, rFab-132 and
rIgG-132 were purified from the supernatants of spinner-cultured HEK293F cells transfected
the corresponding expression plasmids using Ni*>* and Protein G affinity chromatography,
respectively. Immunoblot analysis of the purified Abs were carried out to estimate the
concentration equivalent to Fab portion and to evaluate efficient removal of LC products
(Figure I-3C). The reactivity of the purified Abs was assessed by ELISA. IgG-132 and rIgG-

132 gave a result of 3 OD4so at around 2 nM, whereas approximately 10 nM of rFab-132 was
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Figure I-3 Reactivity of recombinant antibody fragments in ELISA.

(A) Reactivity of authentic and recombinant Abs (rAbs). Twofold serially diluted Abs (0.002—0.3 nM Fab equivalent)
were added to wells coated with 100 pg/well recombinant mouse PrP (rMoPrP). Purified IgG was used for authentic
mADbs, whereas the supernatants of HEK293T cells transfected with each expression plasmid was used for rAbs after
estimation of concentrations equivalent to the Fab portion by immunoblot analysis using serially diluted purified
authentic IgG as a standard. Reactivities of authentic IgG and rIgG of mAbs 132, 31C6 and 44B1 as well as their rFab
fragments are shown by plotting mean absorbances at 450 nm of each dilutions. The supernatant of HEK293T cells
transfected without any plasmids was used as a negative control (NC). SD calculated from three independent
experiments are shown. Dotted line indicates a cutoff values calculated by the mean plus 3 X SD. (B) Reactivity of
authentic and rAbs dependent on antigen concentration. Twofold serially diluted rMoPrP (0.8—100 ng/well) was
adsorbed to wells and 0.3 nM Abs equivalent to the Fab portion were used for the detection. (C) Quantification of
purified rFab-132 and rIgG-132. Concentration of rFab-132 and rIgG-132 was estimated using twofold serially diluted
authentic 1gG-132 (0.125-10 ng). (D) Difference in reactivity of mono- and bivalent forms of mAb 132. The 100
pg/well rMoPrP and twofold serially diluted purified rFab-132 (0.09—12 nM), IgG-132 and rIgG-132 (0.02—3 nM) were
used for the detection.
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required to obtain the same level of reaction (Figure I-3D). Since the IgG concentration was
estimated according to the Fab portion, the number of IgG molecules was half of that of Fab
fragments. Therefore, the reactivity of monovalent rFab-132 was roughly estimated as one-

tenth of that of the bivalent IgG form.

3. Production of recombinant mAb 132-EGFP fusion proteins

MAb 132 fused with EGFP could be useful for a direct detection of PrP%¢ in multiple
immunofluorescence staining. Thus, I attempted to produce four EGFP fusion proteins, rFab-
132-EGFP, rF(ab’)-132-EGFP, rIgG(ACH3)-132-EGFP lacking the CH3 domain, and rIgG-
132-EGFP (Figure I-4A). The EGFP gene was fused to the 3’ ends of gene fragments encoding
various HC genes of mAb 132 via a DNA fragment encoding a spacer peptide
GGGGSGGGGSGGGGS for the bivalent form of mAb 132-EGFP (Figure 1-4A) because the
spacer would be useful in avoiding an interaction that affects proper folding of the HC region
and EGFP (Cutler et al., 2009; Weiss and Orfanoudakis, 1994). The mAb 132-EGFP fusion
proteins were expressed in HEK293T cells by a single plasmid with IRES or F2A peptide.

The expression and assembly of mAb 132-EGFP was assessed using the culture
supernatants of HEK293T cells. Similar to the expression of rFab-132 and rIlgG-132 shown in
Figure I-2C, bicistronic expression using IRES produced LC, LC;, and assembly intermediates
(Figure I-4B, indicated with arrowheads), which were not observed with expression plasmids
with F2A. Bivalent Abs were produced only from the expression plasmid for rIgG-132-EGFP
containing CH3 domain in Fc region but not from those for rF(ab’),-132-EGFP, rigG(ACH3)-
132-EGFP lacking the CH3 domain (Figure [-4B). These results indicate that the CH3 domain
is required for efficient formation of heterotetrameric IgG molecules comprised of two LC and

two HC, as reported previously (Ridgway et al., 1996).
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Figure I-4 Reactivity of mAb 132-EGFP fusion protein.

(A) Molecular design of mAb 132-EGFP fusion proteins. The LC and HC are depicted as in Figure [-2A, and the spacer
between HC and EGFP is indicated with red lines. The epitope tail comprised of c-Myc and 6 X His (purple line) was
added at the C-terminus of EGFP. (B) Analysis of the molecular assembly of mAb 132-EGFP fusion proteins.
Transfection of HEK293T cells and immunoblotting were carried out by the same method as shown in Figure 1-2.
Corresponding illustrations on the right indicate the product of rFab-132-EGFP, rF(ab’),-132-EGFP, rlgG(ACH;)-132-
EGFP and rlgG-132-EGFP, whereas arrowheads indicate possible assembly intermediates, LC and LC,. The square
brackets indicate the molecular weight range of mono- and bivalent fusion proteins. (C) Quantification of purified rFab-
132-EGFP and rIgG-132-EGFP. Detection was carried out by the same method as shown in Figure I-3. (D) Difference
in reactivity of rFab-132-EGFP and rIlgG-132-EGFP. ELISA was performed using 100 pg/well tMoPrP and twofold
serially diluted purified rFab-132-EGFP (0.09—12 nM), rlgG-132-EGFP and IgG-132 (0.02—3 nM).
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The monovalent rFab-132-EGFP and bivalent rIgG-132-EGFP were purified by Ni**
affinity chromatography from supernatants of HEK293F cells transfected corresponding
expression plasmids with F2A (Figure 1-4C), and their reactivity to rMoPrP was analyzed.
Similar to the difference in the reactivity of rFab-132 and rIgG-132 shown in Figure I-3D, the

reactivity of rFab-132-EGFP was much weaker than that of rIgG-132-EGFP (Figure [-4D).

4. Effect of valencies of mAb 132 on PrP%¢-specific detection

Next, the reactivity of the mono- and bivalent forms of recombinant mAb 132-EGFP
in PrP%-specific immunofluorescence staining was examined using N2a-3 cells persistently
infected with 22L prion strain (ScN2a-3-22L) (Figure I-5). rIgG-132-EGFP showed typical
perinuclear PrP>¢ stains as described previously (Yamasaki et al., 2014a; Yamasaki et al., 2012),
even at the lowest concentration used (Figure I-5G). rFab-132-EGFP reacted very weakly to
the perinuclear PrP%¢ at 3 nM equivalent to Fab portion (Figure I-5I), whereas intense
perinuclear stains were observed if the same concentration of rIgG-132-EGFP was used (Figure
I-5H). If cells were stained with a higher concentration of rFab-132-EGFP at 14.2 nM
equivalent to Fab portion, at which ODaso values of rFab-132-EGFP in ELISA were almost
comparable to those of rlgG-132-EGFP at 1.6 nM equivalent to Fab portion (Figure [-4D),
perinuclear PrP5¢ stains were apparent in ScN2a-3-22L cells (Figure I-5J). These results suggest

that bivalent binding of mAb 132 is required for efficient PrPS¢-specific staining.

5. Analysis of the binding characteristics of mAb 132 by SPR

To analyze the effect of antibody valency and Ag density on the reactivity of mAb 132
in more detail, I measured the binding kinetics of mono- and bivalent mAb 132 to rMoPrP using
SPR. First, the binding responses of mAbs 31C6 and 132 directly immobilized on the surface

of sensorchip as a ligand to injected rMoPrP as an analyte (Figure [-6A) were measured using
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Figure I-5 PrPSc-specific detection by direct immunofluorescence staining.

Prion-uninfected N2a-3 cells (A—E) and 22L prion strain-infected N2a-2 cells (ScN2a-3-22L) (F-J) were directly
stained using rIgG-132-EGFP (B,C, G and H) and rFab-132-EGFP (D, E, I and J) at the indicated concentrations
equivalent to the Fab portion. The leftmost images (A, F) show negative controls for EGFP fusion protein. Cell nuclei
(blue) were stained with 4°, 6’-diamino-2-phenylindole, dilactate (DAPI).
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Figure I-6 Binding affinity of authentic mAbs.

(A) Relationship between ligand and analyte in surface plasmon resonance (SPR). IgG-132 or 31C6 was directly
immobilized on the surface of a CMS5 sensorchip at approximately 1,000 response unit (RU) as a ligand. The injected
rMoPrP was passed over on the surface of the chip as an analyte. (B) SPR sensorgrams measured by multi-cycle
kinetics analysis. The sensorgrams were obtained using twofold serial dilutions of rMoPrP (1.25-20 nM for IgG-31C6
and 6.3—50 nM for [gG-132).
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multi-cycle kinetics analysis (Figure 1-6B). In the association phase, the slopes of the
sensorgram for IgG-132 were lower than that of IgG-31C6, indicating that the affinity of IgG-
132 was lower than that of IgG-31C6. In contrast, the decrease of RU in IgG-132 was slower
than that in IgG-31C6, indicating that the binding stability between 1gG-132 and rMoPrP is
higher than that between IgG-31C6 and rMoPrP. Moreover, IgG-132 required a 20-fold higher
concentration of rMoPrP to obtain the comparable levels of RU to IgG-31C6 (Figure [-6B, e.g.,
compare 1.25 nM rMoPrP for 1gG-31C6 with 25 nM rMoPrP for IgG-132), which was
consistent with the results that a larger amount of rMoPrP was required to obtain efficient
binding of mAb 132 in ELISA (Figure I-3B).

The binding kinetics of mono- and bivalent mAbs 132 and 31C6 were analyzed using
single-cycle kinetics analysis (Figure 1-7) and rate constants (k., k), and dissociation constant
(Kp) calculated from the sensorgrams are shown in Table I-4. When rMoPrP was immobilized
on the surface as a ligand and Abs were used as analytes, under which IgG can bind bivalently
to rMoPrP (Figure I-7A, left), the Kp of rFab-132 was two order of magnitude higher than that
of IgG-132. The result indicates that the lower reactivity of monovalent mAb 132 than bivalent
form (Figure I-7B, Table I-4). However, a similar tendency was observed when the Kp of rFab-
31C6 was compared to that of [gG-31C6 (Figure I-7C, Table I-4). These results suggest that the
mechanism of PrP5¢-specific detection by mAb 132 is not simply explained by Kp. Consistent
with the measurement by multi-cycle kinetics shown in Figure I-6, k, of IgG-132 to rMoPrP
(2.5 x 10°) was one order of magnitude lower than that of IgG-31C6 to rMoPrP (5.3 x 10°); on
the contrary, ks of IgG-132 from rMoPrP (1.2 x 107°) was one order of magnitude lower than
that of IgG-31C6 from rMoPrP (2.7 x 107*) when IgG was used as analytes. These results
suggest that binding reaction of mAb 132 to rMoPrP proceed slowly compared to that of mAb
31C6. Although the Kp of the two rFab fragments or that of the two IgGs were comparable each

other, there are some differences in k, and k4. The k, of rFab-132 (6.4 x 10°) was 2.6 times
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higher than that of IgG-132 (2.5 x 10°). This difference was also observed in mAb 31C6: the k,
of rFab-31C6 was 1.6 times higher than that of IgG-31C6. By contrast, the ks of rFab-132 (3.1
x 1073) was approximately 260 times higher than that of IgG-132 (1.2 x 107°), suggesting that
the binding of rFab-132 is unstable compared to that of IgG-132. The ks of rFab-31C6 (1.1 x
1072) was only 40 times higher than that of IgG-31C6 (2.7 x 107#), of which the difference was
6.5 times smaller than that of mAb 132. Taken together, these results indicate that mAbs 132
and 31C6 intrinsically possess the similar binding affinity to rMoPrP. However, the bivalent
binding can significantly enhance the binding avidity, a total affinity of multiple binding, of
IgG-132 even though the monovalent binding of mAb 132 may be restricted by the kinetics
limitation compared to that of mAb 31C6.

The results described above suggest that Ag density influences the binding of mAb
132. To assess this possibility, IMoPrP was immobilized on a CM5 sensorchip at 1.71 and 0.14
ng/mm?, and 10 nM IgG-132 and 1 nM IgG-31C6 were injected as analytes. The weight of
bound Abs was calculated from the RU of sensorgrams (Table I-5). Because of the slow
association rate of mAb 132, a 10 times higher concentration of mAb 132 was required to obtain
the RU level similar to that of mAb 31C6. When IgG-132 was used as an analyte, 30.8 pg/mm?
IgG-132 could bind to the sensorchip with 1.71 ng/mm? rMoPrP. However, only 21.7% of IgG-
132 (6.7 pg/mm?) could bind to the sensorchip with 0.14 ng/mm? rMoPrP. In contrast to mAb
132, nearly 50% of IgG-31C6 still bound to the sensorchip even if the density of rMoPrP on
the sensorchip decreased from 1.71 to 0.14 pg/mm? (22.7 and 11.3 pg/mm?). These results

indicate that the reaction of mAb 132 is more sensitive to Ag density than that of mAb 31C6.
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Figure I-7 Binding affinity of mono- and bivalent authentic and recombinant antibody fragment.

(A) Schematic illustrations for analytes and ligands. The SPR sensorgrams were measured using two different binding
types: monovalent Ab fragments (rFab) or bivalent authentic Ab (IgG) were injected to the sensorchip with
immobilized rtMoPrP (left), or rMoPrP was injected to the chip with each IgG captured at approximately 500 RU by
anti-MolgG (blue) immobilized on the surface of the chip (right). (B) Representative sensorgrams for the binding of
rFab-132 and IgG-132 to rMoPrP measured by single-cycle kinetics. All sensorgrams were obtained using twofold
serial dilutions of antibodies and rMoPrP: rFab-132, 0.63—10 nM and 1.25-20 nM; IgG-132, 0.31-5 and 0.63—10 nM;
and rMoPrP, 3.13-50 and 6.25—100 nM. The dissociation constant was calculated from three independent experiments
(mean * SD). (C) Representative sensorgrams for the binding of rFab-31C6 and I1gG-31C6 to rMoPrP measured by
single-cycle kinetics. All sensorgrams were obtained using twofold serial dilutions of Abs and rMoPrP: rFab-31C6,
0.06—1 nM and 0.13-2 nM; IgG-31C6, 3.13—50 and 6.25—100 pM; and rMoPrP, 0.16—2.5 and 0.31-5 nM.
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Table I-4. Summary of equilibrium and kinetic constants .

mAb Ligand Analyte Kp (M) ka (1/Ms) ka (1/s)
rMoPrP rFab-132 5.5+£2.9x107 6.4+4.7 % 10° 3.1+1.4x10°
mADb 132 rMoPrP IgG-132 5.7+23x 10" 25+ 1.1 x10° 1.2+0.9 x 107
IgG-132 rMoPrP 1.2+£02x10% 6.3+0.3x10* 7.6+1.4x10*
rMoPrP rFab-31C6 1.3+£02x 107 8.7+0.3 x10° 1.1+£0.2 %107
mAb 31C6 rMoPrP IgG-31C6 52+ 1.4x10M" 53+1.4x10° 2.7+0.8 x 10
1gG-31C6 rMoPrP 2.0+£0.8 x 1010 1.5+0.2 x 107 3.1+1.7 %107

a: Calculated from sensorgrams measured by single-cycle kinetics. Mean + SD from three independent

experiments are shown.
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Table I-5. Ag density-dependent binding of mAb 132.

Antibodies ® (pg/mm?) bound to sensorchip with:

Analyte (concentration *)

1.71 ng tMoPrP /mm? 0.14 ng rMoPrP /mm?
1¢G-132 (10 nM) 30.841.1°¢ 6.7+0.1°
1eG-31C6 (1 nM) 22.7+03° 113+£02¢

a: Concentration of injected antibodies as analyte.
b: Amounts of antibodies bound to sensorchip were estimated from sensorgrams as 1 RU = 1 pg/mm?,
¢: Mean + SD from three independent experiments.
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6. Reactivity of mAb 132 to PrPC€ crosslinked by anti-PrP mAb

The reactivity of mAb 132 and its derivatives suggest that a weak interaction in
monovalent binding but the enhancement of binding avidity in bivalent binding accounts for
apparent PrP5¢-specific detection in IFA. Therefore, I expected that mAb 132 would detect PrP¢
on the cell surface if two PrP¢ molecules existed close enough to enable mAb 132 to bind in
bivalent form. To address this possibility, PrP¢ on the surface of N2a-3 cells was crosslinked
by IgG-31C6 or IgG-44B1, which retains PrP“ molecules on the cell membrane possibly by
crosslinking two molecules (Kim et al., 2004a; Yamasaki et al., 2014b), and then stained with
Alexa Fluor 647 labeled mAb 132. Interestingly, mAb 132 could detect PrP¢ on the cell
membrane of N2a-3 cells pretreated with IgG-31C6 or IgG-44B1 regardless of the GdnSCN
treatment (Figures 1-8B, I-8C, I-8E and I-8F). However, this mAb did not react with PrP¢ on
the N2a-3 cells under non-treatment condition (Figures I-8A and I-8D). This result indicates
that monovalent binding of mAb 132 to monomeric PrP¢ is inefficient. However, PrP% exists
as an oligomer and consequently the epitopes locate close enough to allow mAb 132 binding
in a bivalent manner, which confers high binding avidity to mAb 132. This result also suggests
that the epitope for mAb 132 is exposed on the surface of the PrP¢ molecule regardless of Gdn

pretreatment.

7. Detection of PrP¢ in the brain section using mAb 132

The reactivity of mAb 132 suggests that the inefficient monovalent binding decreases
the signals from monomeric PrP¢ to background level in IFA with cultured cells. To assess if
the same mechanism could be applicable to tissue sections, particularly in brain where PrP€ is
abundantly expressed, I performed IFA using frozen brain sections from Chandler prion-
infected and mock-infected mice (Figure 1-9). Compared to mAbs 31C6 (Figures I-9E and I-

9G) and 44B1 (Figures I-91 and I-9K), mAb 132 showed weak fluorescence signals (Figures I-
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9OM and I-90) that are comparable to those by mAb P2-284 used as negative control (Figures
[-9A and I-9C) in the frozen section from mock-infected mouse regardless of Gdn pretreatment.
This indicate that mAbs 31C6 and 44B1 can efficiently bind but mAb 132 inefficiently bind to
PrP¢ expressed in the brain. After the Gdn pretreatment, these anti-PrP mAbs showed granular
stains of PrP¢ with intense fluorescence in the brain section from the Chandler prion-infected
mouse (Figures I-9H, I-9L and I-9P). However, a fine analysis of PrP¢ using mAbs 31C6 and
44B1 appears to be limited because of their reactivity to PrPC. In contrast, mAb 132 provides a
better signal-noise-ratio for PrP5¢ detection because of the inefficient binding to PrP¢. This is

an advantage of mAb 132 for the analysis of PrP*¢ in tissue sections.
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Figure I-8 Detection of PrPC on the surface of N2a-3 cells.

N2a-3 cells were incubated with DMEM containing 10 nM IgG-31C6 (B, E) and 1gG-44B1 (C, F) for 2 days. The cells
were stained with 1 pg/ml Alexa Fluor 647-labeled mAb 132 (green) after treatment with (D—F) or without (A—C) 5SM
guanidinium thiocyanate (GdnSCN). The leftmost images indicate negative controls for Ab-treatment (A, D). Cell
nuclei (blue) were stained with DAPI.

41



Chandler Chandler

mADb 44B1 mAb 31C6 P2-284
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Figure 1-9 Detection of PrP5¢ in frozen brain sections.

IFA was performed using the frozen brain sections of Chandler strain-infected (Chandler) and mock-infected (Mock)
mice at 120 dpi with (Gdn (+)) or without (Gdn (—)) 2.5 M GdnSCN pretreatment. PrP molecules (green) were stained
with mAbs 31C6, 44B1 and 132 followed by Alexa Fluor 488 F(ab’), fragment of goat anti-mouse IgG (H+L)
(Invitrogen) as a secondary antibody. Anti-feline panleukopenia virus mAb P2-284 was used as a negative control mAb.
Cell nuclei (blue) were stained with DAPI. The fluorescent images were acquired from the coronal sections containing
thalamus. Scale bar: 10 um.



DISCUSSION

Although mAb 132 is a pan-PrP Ab, the use of this mAb facilitates reliable PrPSc-
specific staining in cells or tissue sections pretreated with a chaotropic reagent (Sakai et al.,
2013; Tanaka et al., 2016; Yamasaki et al., 2014a; Yamasaki et al., 2012). However, the
mechanism of PrP5¢-specific detection by mAb 132 is largely unclear. To clarify this mechanism,
I analyzed the reactivity and binding kinetics of mono- and bivalent mAb 132 using ELISA and
SPR. The monovalent binding of rFab-132 was significantly weaker than that of bivalent IgG-
132, whereas that of mAbs 31C6 and 44B1 was as efficient as authentic IgGs (Figures I-3A and
I-3B). These results indicate that bivalent binding is required for efficient binding of mAb 132.
Consistent with the results of ELISA (Figures I-3 and 1-4D), analyses of binding kinetics by
SPR showed that Ag density influences the binding of mAb 132 (Table I-5). Crystallographic
analysis of IgG revealed that the distance between two Fab domains of intact IgG; is around
11.8 nm (Harris et al., 1998). The number of rMoPrP molecules in a circle of 11.8 nm in
diameter can be estimated as 6.6 and 3.7 molecules in case of 100 ng/well rMoPrP in ELISA
(Figure 1-3) and 1.71 ng/mm? rMoPrP in SPR (Table I-5), respectively. Therefore, theoretically,
the rMoPrP density in these conditions appears high enough to allow bivalent binding of mAb
132 (Miiller et al., 1998). On the other hand, in the case of 12.5 ng/well tMoPrP, the lowest
concentration that mAb 132 could bind in ELISA (Figure I-3B), and 0.14 ng/mm? rMoPrP in
SPR (Table I-5), the number of rMoPrP molecules can be estimated as 0.9 and 0.3, respectively,
in a circle of 11.8 nm in diameter. Consequently, it is expected that the binding of IgG-132 to
rMoPrP occurred mainly in a monovalent manner under these conditions (Figure I-10A). The
estimated numbers of rMoPrP molecules are consistent with the idea that bivalent binding
confers a higher binding stability to mAb 132 (Figure I-10B). Indeed, the binding of rFab-132
to rMoPrP in ELISA was not so efficient even at the highest Ag concentration (Figures I-3 and

[-4D). This trend was not observed with other pan-PrP mAbs, 31C6 and 44B1, and their rFab
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Figure I-10 Mechanism for PrPS¢-specific detection by mAb 132.

(A, B) Binding of mAb 132 to rPrP and PrP€ molecule. mAb 132 inefficiently binds to PrP molecule if density of PrP
molecules is lower than that allows bivalent binding because of low affinity of monovalent binding of mAb 132 (A),
whereas mAb 132 binds stably to PrP molecules by avidity effect if the density of PrP molecules is high enough to
allow bivalent binding (B). Orange ovals: rPrP or PrPC; black line on the orange ovals: epitope for mAb 132. Circles
indicates the area where bivalent binding of intact mouse IgG,; take place. (C, D) Binding of mAb 132 to PrPSc
oligomer/aggregate. mAb 132 does not bind to PrPS¢ without Gdn salt pretreatment (C, Gdn (-)), whereas epitopes for
mADb 132 are exposed by the pretreatment (D, Gdn (+)), multiple epitopes for mAb 132 on the PrPS¢ oligomer/aggregate
allow bivalent binding of mAb 132.
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fragments (Figures [-3A and [-3B). Furthermore, the amount of IgG-132 bound on the
sensorchip with 0.14 ng/mm? rMoPrP was only 20% of that bound to the senserchip with 1.71
ng/mm? rMoPrP. Taken together, these results indicate that monovalent mAb 132 binding is
less stable than the bivalent binding.

In the present study, monovalent and bivalent forms of mAbs 132 and 31C6 showed
similar Kp values when they were used as analytes. However, mAb 132 possessed the smaller
kq and kq values in one order of magnitude than those of mAb 31C6 regardless of the valency
(Table I-4). A small k, value indicates slow binding rate of mAb to its Ag. It has been reported
that mAb with a smaller k, required longer reaction time and relatively high concentration
compared to that with a larger k, (Olson et al., 1989). Thus, the inefficient binding of rFab-132
(Figures I-3, I-4D and I-5) may be explained by the kinetic limitation at the lower concentration
and/or in the short time incubation. However, rFab-132 showed only 2.6 times higher &, values
than IgG-132 (Table I-4), suggesting the PrPS¢-specific staining of mAb 132 is not explained
by association kinetics in different valency. On the other hand, a small £, value indicates slow
dissociation rate of mAb binding on its Ag. The ks of rFab-132 was approximately 260 times
larger than that of IgG-132, whereas rFab-31C6 showed 40 times larger ks than IgG-31C6
(Table I-4). The difference in the ks between mono- and bivalent mAb 132 was 6.5 times higher
than that of mAb 31C6. Avidity is applied to the sum of the binding affinity of Ab to its epitopes
crosslinked by bivalent binding, which is an ability inherent to the epitope and depends on the
density (Harms et al., 2012; Miiller et al., 1998; Olson et al., 1989). Thus, it is expected that
the bivalent binding of IgG-132 may strongly enhance the retention on the surface of Ags
compared to that of [gG-31C6. Indeed, the enhancement of the antitumor and antiviral activity
through the bivalent binding have been shown in anti-EGFR nimotuzumab (Garrido et al.,
2011), anti-influenza virus mAb S139/1 (Lee et al., 2012) and anti-Dengue virus mAb E106

(Edeling et al., 2014). Taken together, the Ag density-dependent enhancement of the binding
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by avidity effect may be a key mechanism of PrP5¢-specific detection by mAb 132.

MAb 132 bound to PrP¢ expressed in N2a-3 cells when PrP¢ molecules were
crosslinked by anti-PrP Abs (Figure I-8). This result clearly indicates that bivalent binding
confers a high binding avidity to mAb 132. Additionally, detection does not require the
pretreatment of cells with Gdn salt, indicating that the epitope for mAb 132 locates an
accessible surface of the PrP¢ molecule (Figure I-10A and I-10B). In contrast, pretreatment
with Gdn salt is essential for PrP5¢ detection. This means that the epitope for mAb 132 in the
PrPS¢ molecule is inaccessible to Ab before denaturation (Fig. I-10C). However, PrP5¢ exists as
an oligomer of the PrP molecule so that more than two epitopes for mAb 132, which have
become accessible after denaturation, allow Abs to bind to PrP¢ oligomers in a bivalent manner
(Figure I-10D). Thus, weak monovalent binding of mAb 132 to monomeric PrP¢ diminishes
the signals from PrP€ to background level, whereas after exposure of the epitope, mAb 132
selectively binds to oligomeric PrP% in a bivalent manner (Figures 1-9, I-10A and I-10D). This
combination provides a better signal-noise-ratio and therefore enables reliable PrPS¢ detection
in cells and section by IFA, cell-based ELISA and flow cytometry (Figure 1-9) (Sakai et al.,
2013; Shan et al., 2016; Tanaka et al., 2016; Yamasaki et al., 2018; Yamasaki et al., 2012).
However, considering the mechanism of PrPS¢-specific detection of mAb 132 described above,
mAb 132 will react with PrP€ if more than two PrP¢ molecules exist within the distance that
allow bivalent binding of IgG (Figure I-10B).

MAb 132 cannot bind with the epitope on PrP5¢ molecules without the Gdn salt
pretreatment (Yamasaki ef al., 2012). A group of anti-PrP Abs that recognize the region around
aa 90—120 of PrP molecules exhibit a similar property (Peretz et al., 1997; Serban et al., 1990;
Williamson et al., 1996). Thus, the region is partially or completely buried in PrP5¢ molecules.
Moreover, H/D exchange mass spectrometry showed that the solvent exposure of the

hydrophobic region comprised aa 111120, including the epitope for mAb 132 on PrP5¢, was
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significantly decreased compared to that of rMoPrP or PrP%¢ intermediates (Miller et al., 2013).
These results are consistent with the fact that mAb 132 cannot directly access the epitope on
PrP5¢ molecules. Most of PrPS¢-specific mAb recognize the conformational epitopes that are
exposed on PrP%¢ molecules, and thus those Abs react with PrPS without denaturation. In
contrast to the reactivity of mAb 132 to PrP%, the reactivity of PrPS°-specific mAbs decreased
after denaturation of PrP5¢ molecules (Horiuchi ef al., 2009; Masujin et al., 2013; Saijo et al.,
2016; Ushiki-Kaku et al., 2010).

In this chapter, I described the mechanism of PrPS¢-specific detection by mAb 132.
This mAb belongs to a group of pan-PrP Abs that cannot distinguish PrP5¢ from PrP€. However,
the Ag density-dependent enhancement of binding stability via bivalent binding facilitates the
detection of PrP5¢ that exists as oligomer and/or aggregates of PrP molecules. PrP5¢ oligomers
consisting of small numbers of PrP molecules are sensitive to PK treatment (Silveira et al.,
2005). Thus, the finding in this study provides a mechanistic rationale for the detection of PrPS¢-
sen in prion-infected cells by mAb 132 (Shan et al., 2016); Gdn salt treatment exposed epitopes
for mAb 132 on PrP% molecule, which are close enough to allow the bivalent binding.
Furthermore, the detection pattern of PrP¢ fibril by mAb 132 is partly different from that by
the PrPS¢-specific mAb 8D5 (Tanaka et al., 2016), suggesting that this mAb may be a useful
tool for precise understanding of the mechanism of localization and propagation of PrP5°. The
epitope for mAb 132 is widely conserved across species from animals to chicken (van Rheede
et al., 2003; Wopfher et al., 1999). Therefore, mAb 132 will be useful for the detection of PrP5°

in various species including human.
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BRIEF SUMMARY

Anti-PrP mAb 132 recognizing MoPrP aa 119—127 facilitates reliable PrPS¢-specific
detection in cells or frozen tissue sections by IFA, although pretreatment with Gdn salts is
required. Despite the benefit of this mAb, the mechanism of PrP%-specific detection remains
unclear. Therefore, I attempted to analyze the reactivity and binding kinetics of mAb 132. 1
found that monovalent binding of mAb 132 was significantly weaker than bivalent binding.
Consistent with this, the ks value of the monovalent binding was approximately 260 times larger
than that of the bivalent form, suggesting that the monovalent binding is less stable than bivalent
binding. Furthermore, compared to the other anti-PrP mAbs tested, the amount of mAb 132
bound to rMoPrP decreased if the Ag density was too low to allow the bivalent binding. If two
PrP¢ exist close enough to allow the bivalent binding, mAb 132 binds to PrP€. These results
indicate that weak monovalent binding of mAb132 diminishes PrP¢ signals to background level,
whereas the stable bivalent binding enables PrP%-specific detection after exposure of the

epitope.
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CHAPTER II
Analyses for the unique reactivity and its responsible regions of recombinant cervid PrP in
real-time quaking-induced conversion reaction in the presence of high concentration of

tissue homogenates.
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INTRODUCTION

Prion diseases in animals are generally transmitted via prion-contaminated tissues or
body fluid of prion-infected animals (Andreoletti e al., 2002; Mathiason et al., 2006; Pattison
et al., 1972; Tamguney et al., 2009) or environment contaminated with prions (Georgsson et
al., 2006; Miller et al., 2004; Pritzkow et al., 2015). The emergence of animal prion diseases
such as BSE (Wells et al., 1987) and CWD (Haley and Hoover, 2015; Koutsoumanis et al.,
2019; Osterholm et al., 2019; Vikoren et al., 2019; Williams and Miller, 2002) may raise
concerns about a potential risk for interspecies transmission including humans. Therefore,
sensitive and accurate methods are necessary for disclosing the potential existence of prions in
animals and environments.

CWD was first identified in 1967 in a group of captive mule deer and was classified
as a transmissible spongiform encephalopathies in 1980 (Williams and Young, 1980). To date,
CWD-affected cervids, such as elk, moose and reindeer, have been found in the US, Canada,
South Korea (Haley and Hoover, 2015; Williams and Miller, 2002), and Scandinavian countries
(Koutsoumanis et al., 2019; Osterholm et al., 2019; Vikoren et al., 2019). Different from other
prions, infectious CWD prions have been detected in secreted body fluids and excretions such
as saliva, urine, and feces (Williams and Miller, 2002). CWD did not transmit to mice
expressing human PrP (Kong et al., 2005; Tamguney et al., 2006). However, a potential risk of
transmission to human cannot be ignored, as CWD prions are known as experimentally
transmissible to several animals including squirrel monkey (Hamir et al., 2006; Race et al.,
2009; Sigurdson et al., 2006), and prion properties change during interspecies transmission
(Baron et al., 2011; Capobianco et al., 2007; Huor et al., 2019; Simmons ef al., 2016).

C-BSE was first recognized in the United Kingdom in 1986 (Wells et al., 1987), and
since then has spread globally. C-BSE is known as a cause of zoonotic prion diseases because

it is transmitted to human via BSE-contaminated products, which has caused the emergence of
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variant CJD (Will et al., 1996). C-BSE is now under control due to worldwide implementation
of control measures such as feed bans. However, two atypical BSEs were identified in 2004
(Biacabe et al., 2004; Casalone et al., 2004), and classified as H- and L-BSE based on the higher
and lower apparent molecular weight of un-glycosylated PrP%° detected in immunoblotting
(Jacobs et al., 2007). Atypical BSE cases were mainly disclosed in cattle over the age of 8-year-
old, and found worldwide including in Brazil wherein no C-BSE case has been reported. Thus,
atypical BSEs are thought as sporadic diseases that occur in aged cattle, similar to sporadic CJD
in human (Biacabe et al., 2008). L-BSE is known to be experimentally transmissible to primates
and mice expressing human PrP (Beringue et al., 2008; Comoy et al., 2008; Mestre-Frances et
al., 2012), whereas the evidence for zoonotic potential of H-BSE has yet been insufficient.
However, a potential risk of transmission of atypical BSE prions to human via food
consumption cannot be neglected because low levels of prion infectivity and seeding activity
of atypical BSE prions were detected in skeletal and intercostalis muscles (Sawada et al., 2019;
Suardi et al., 2012) and in tonsillar tissue (Balkema-Buschmann et al., 2011).

Real-time quaking-induced conversion (RT-QulC) is known as one of specific and
highly sensitive method detecting low levels of prions (Atarashi et al., 2011; Orru et al., 2015;
Peden et al., 2012; Wilham et al., 2010). However, the reaction is easily interfered by the
inhibitory factor(s) included in the tissue homogenates and body fluids, which hampers the
detection of prions in the presence of high concentration of tissue homogenates (Hoover ef al.,
2017; Orru et al., 2011; Wilham et al., 2010). Concentration of PrP5¢ form tissues and body
fluids by immunoprecipitation or iron oxide beads, or lipid removal by alcohol extraction partly
reduced the interference of RT-QulC reaction (Denkers et al., 2016; Hoover et al., 2017; Orru
et al., 2011). However, a simpler method is desirable for practical application of RT-QuIC. In
the recent study, rCerPrP is reportedly useful for the detection atypical BSE prions in tissues of

cattle affected with atypical BSEs even reactions were performed in the presence of high
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concentration of tissue homogenates (Sawada et al., 2019). The reason why RT-QulC with
rCerPrP is less affected by the inhibitory factor(s) in tissue homogenates than other rPrPs will
facilitate to improve RT-QulC reaction.

In Chapter 11, I extensively analyzed the reactivity of rCerPrP to CWD and atypical
BSE prions in RT-QulC in the presence of high concentration of tissue homogenates. I
confirmed that the reactivity of rCerPrP was not severely affected in the presence of high
concentration of uninfected brain homogenates compared to the other rPrPs tested. Furthermore,
I found the involvement of N- and extreme C-terminal regions of rCerPrP in the unique

reactivity on rCerPrP in RT-QulC reaction.
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MATERIALS & METHODS

1. Brain materials

Brain tissues from six CWD-affected deer were pooled and used as a source of CWD
prions. Two brains unaffected white-tailed deer in USA were pooled and used as negative
control (McNulty et al., 2019). Each tissue was homogenized in PBS at a concentration of 20%
and were frozen at —80°C until use. Brain homogenate of H-BSE-affected cattle (Okada et al.,
2011) was kindly provided by Dr. Iwamaru Y, National Institute of Animal Health, Japan. The
10% brain homogenates from C-BSE (Shindoh et al., 2009) and L-BSE (Hagiwara et al., 2007)

-affected cattle were prepared with PBS and stored at —80°C.

2. Construction of the expression system of recombinant PrPs

Expression plasmids for the full-length rMoPrP and rHaPrP comprised of aa 23—231
were kindly provided by Dr. Atarashi R, Miyazaki University, Japan. An expression plasmid
for the full-length rBvPrP comprised of aa 23—230 was kindly provided by Dr. Caughey B,
National Institute of Health, USA. Genes encoding for full-length bovine (BoPrP; aa 25—-242),
CerPrP (aa 25-233, genotype: GosM1325225Q226 (Moreno and Telling, 2018)) and sheep
(A136R154Q171) PrP (ShPrP) (aa 25-233) were amplified from the corresponding genomic DNA
(Table II-1). The gene fragment encoding N-terminal truncated rCerPrP (aa 94—233) was
amplified from that of the full-length rCerPrP using primers shown in Table II-2. Each gene
fragment was subcloned using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen). Nucleotide
sequences were determined using BigDye v3.1 (Applied Biosystems) and ABI-3130 Avant
sequencer (Applied Biosystems). Each gene fragment with the correct nucleotide sequence was
inserted into Nde I and BamH I sites of pET11a (Novagen, USA).

Genes encoding the N-terminal replaced chimera of rCerPrP and rMoPrP

(rMoN—CerPrP, rCerN-MoPrP) were generated using assembly PCR (Stemmer et al., 1995;
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Suzuki et al., 2019) with primer sets described in the Table II-2. Genes encoding the C-terminal
replaced chimeras (rCer—-Mo“PrP, rMo—Cer“PrP) were generated through two consecutive
PCRs with primers shown in Table II-2. Genes encoding rCerPrP and rMoPrP with two amino
acid substitutions (rCerPrP—173Smo/177Nmo, TMOPrP—169Ncer/173Tcer) Were generated by
assembly PCR using primer sets listed in Table II-2. Each gene was inserted into pET11a for

the expression and purification of rPrPs.
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Table II-1. Primers for cloning of the full-length rPrPs.

Constructs Primer names Nucleotide sequences "
‘BoPtP CerPrP-F* 5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
BoPrP-R 5’-TTGGATCCTCATGCCCCTCGTTGGTAATA-3’
[CerPP CerPrP-F* 5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
CerPrP-R 5’-TTGGATCCTCATGCCCCTCTTTGGTAA-3’
(ShPrP CerPrP-F* 5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
ShPrP-R 5’-TTGGATCCTCATGCCCCCCTTTGGTAA-3’

a: Same forward primer was used for the amplification because the nucleotide sequence encoding aa 25—30 of PrP
from three artiodactyls is identical.
b: Underlines in forward primers indicate Nde I site, whereas those in reverse primers indicate BamH I site.
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Table II-2. Primers for constructing Cer/Mo chimeric PrPs.

Constructs Primer names Nucleotide sequences "
FCerPrPos 213 CerPrP94-F 5’-TTCATATGGGTCAAGGTGGTACCCAC-3’
CerPrP-R 5’-TTGGATCCTCATGCCCCTCTTTGGTAA-3’
MoPrP-F & 5’-TTCATATGAAAAAGCGGCCAAAGCCTG-3’

rMoN—CerPrP

Mo-CerPrP-R?
Cer-MoPrP-F?
CerPrP-R2?

5’-GGGGTACGGTACATGTTTTCACG-3’
5’-CGTTACCCCAACCAAGTGACT-3’
5’-TTGGATCCTCATGCCCCTCTTTGGTAA-3’

rCer™"-MoPrP

CerPrP-F&?
Mo-CerPrP-R?
Cer-MoPrP-F?

5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
5’-GGGGTACGGTACATGTTTTCACG-3’
5’-CGTTACCCCAACCAAGTGACT-3’

MoPrP-R *° 5’-TTGGATCCTAGGATCTTCTCCCGTCGTAATA-3’
CerPrP-F ¢ 5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
rCer—Mo PrP MoPrPC-R¢ 5’-GTCGTAATAAGCCTGGGATTCTTTCTGGTAC-3’
MoPrP-R ¢ 5’-TTGGATCCTAGGATCTTCTCCCGTCGTAATA-3’
MoPrP-F ¢4 5’-TTCATATGAAAAAGCGGCCAAAGCCTG-3’
rMo—Cer“PrP CerPrP¢-R © 5’- TTGGTAATAGGCCTGGGACTCCCTCTGGTAC -3’
rCerPrP-R ¢ 5’-TTGGATCCTCATGCCCCTCTTTGGTAA-3’
CerPrP-F&° 5’-TTCATATGAAGAAGCGACCAAAACCTG-3’
rCerPrP- CerN173ST177N-F*  5’-AGCAACCAGAACAACTTTGTGCATGACTG-3’
173Smo/177Nmo -~ CerN173ST177N-R?*  5°-GTTGTTCTGGTTGCTATACTGATCCACT-3’
CerPrP-R &° 5’-TTGGATCCTCATGCCCCTCTTTGGTAA-3’
MoPrP-F ° 5’-TTCATATGAAAAAGCGGCCAAAGCCTG-3’
rMoPrP— MoS169NN173T-F*  5’-AATAACCAGAACACCTTCGTGCACGACTGC-3’
169Ncer/173Tcer  MoS169NN173T-R*  5°-GGTGTTCTGGTTATTGTACTGATCCACT-3’
MoPrP-R *° 5’-TTGGATCCTAGGATCTTCTCCCGTCGTAATA-3’

a: Primers used for the amplifying the gene fragments in the first step of the assembly PCR.

b: Primers for assembling gene fragments in the second step of the assembly PCR.

c: Primes used for the first step reaction to replace the C-terminus of rPrP.

d: Primers used for the addition of BamH I site for cloning into pET11a in the second step reaction to replace the
C-terminus of rPrP. GGTACC, BamH 1 site; CATATG, Nde I site.
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3. Expression and purification of rPrPs

Expression and purification of rPrPs were performed as described elsewhere (Atarashi
et al., 2007) with minor modifications. Briefly, BL21(DE3)pLysS cells (Invitrogen)
transformed with the each expression plasmid were pre-cultured in 5 ml L-Broth medium
overnight at 37°C, and were further cultured in 200 ml MagicMedia E. coli expression medium
(Invitrogen) for 30 h at 37°C. Bacterial cells were harvested and lysed using CelLytic B cell
lysis reagent (Sigma) with lysozyme (Sigma) and benzonase (Millipore) for 30 min at r.t.
Inclusion bodies were collected by centrifugation at 14,400 xg for 10 min at 4°C. The resulting
pellets were washed three times using the 10% CelLytic B cell lysis reagent and stored at —80°C
until use. Pellets were thawed and solubilized in denaturing buffer (100 mM sodium phosphate
[pH 8.0], 10 mM tris(hydroxymethyl)aminomethane [tris], 6M GdnHCI) by rotating for 2 h at
r.t. After centrifugation at 5,170 xg for 30 min at 4°C, the supernatant was mixed with Ni-NTA
superflow resin (Qiagen, Germany), equilibrated with the denaturing buffer by washing three
times, and the Ni-NTA superflow resin was loaded onto the XK16 column (GE Healthcare).
The rPrP was refolded using a linear gradient of 6 to 0 M GdnHCl in refolding buffer (100 mM
sodium phosphate [pH 8.0], 10 mM tris) using the AKTAexplore 10S system (GE Healthcare)
and eluted by a linear gradient of 0 to 500 mM imidazole in 10 mM tris (pH 5.8). The fractions
were pooled and dialyzed against ultra-pure water. After filtration, rPrP concentration was

determined by measuring absorbance at 280 nm.

4. RT-QulIC reaction

RT-QuIC with rMoPrP, rBvPrP, rBoPrP, rShPrP and rCerPrP were performed using
reaction condition with 100 pg/ml substrate and 500 mM NaCl with 0.001% SDS as described
elsewhere (Sawada et al., 2019). The reaction using rHaPrP was performed with 60 pg/ml

substrate and 350 mM NaCl without SDS. The 20% brain homogenates from prion-uninfected
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deer and cattle (hereafter referred to as normal brain homogenate [NBH]) were diluted to 2%
with PBS and were used as the negative control or diluent for the seed of the corresponding
species. Then, 2% BHs of prion-infected animals were prepared from stock solutions (10% or
20%) (Figure II-1) and were serially diluted with PBS or species-matched 2% NBH, and 5 pl
of each dilution was added into the three wells as seed. Final concentrations of brain tissue
homogenates of the seed in the reaction mixture were from 1074 [0.01%] to 10~ [0.0000001%]
after diluting with PBS. When the seeds were diluted with 2% NBH, the final concentration of
the NBH in the reaction was 0.1%. RT-QulIC reactions were performed using the Infinite F200
microplate reader (TECAN, Switzerland) at 37°C, or at 42°C for rBvPrP, using the same cycles

as described elsewhere (Sawada et al., 2019).

5. Date analysis

Threshold of the reactions were calculated as mean thioflavin T (ThT) fluorescence
intensity plus 5 x SD from the negative control wells without seed (PBS). The reactions were
considered as positive when the ThT fluorescence intensity exceeded the threshold (Henderson
et al., 2015), with the following exception. If ThT fluorescence intensity temporarily exceeded
the threshold within the first 1 h, the data from the first 1 h were excluded from calculations. If
the oscillated waveforms were continuously observed throughout the reaction, it was
considered as negative even the intensity exceeded the threshold. If oscillated waveforms were
observed prior to the appearance of the typical ThT fluorescence curve observed from rPrP
fibrils, the reaction was judged as positive once the typical fluorescence curve exceeded the
threshold. The endpoint of the reaction was determined as the highest seed dilution that gave a
positive reaction in three independent experiments with three replicates. If positive reactions
were observed at 107 dilution, the endpoint was set as <107°. The lag phase (h) was defined as

the time required for the fluorescence intensity to exceed the threshold.
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Figure II-1 Presence of proteinase-resistant PrP in the brain homogenates.

The 250 pl of 2% brain homogenates (BHs) of chronic wasting disease (CWD) (W), atypical bovine spongiform
encephalopathy (BSE) (H-BSE (H), L-BSE (L)), and classical BSE (C-BSE) (C) infected animals (INF), and those of
uninfected deer (De) and cattle (Ca) (UNINF), were digested with 40 pg/ml proteinase K (PK) at 37°C for 30 min in the
final reaction volume of 500 pl. PK-digested samples (250 pg brain tissue equivalent) were applied to each well.
Immunoreaction was performed using monoclonal antibody T2 (Shimizu et al., 2010) directly conjugated with a horse
radish peroxidase. Molecular weight markers are shown on the left in kDa.
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RESULTS

1. Detection of CWD prions in the presence of high concentration of brain tissue homogenates

The reactivity of six rPrPs to CWD prions in the presence and absence of 0.1% deer
NBH (Figure II-2) was analyzed by comparing the endpoints and lag phases. The endpoints of
the reactions using five rPrPs, rMoPrP, tBvPrP, rHaPrP, rShPrP and rCerPrP, were from 1078 to
<10~° when reactions were performed in the absence of NBH (Figure II-2, PBS). However, the
lag phases were varied with the rPrPs. Among the five rPrPs, the lag phases of rCerPrP were
shortest at each seed dilution. On the other hand, rBoPrP was ineffective in detecting CWD
prions, as the endpoint of the reaction was 10~* (Figure II-2). Interestingly, the reactions of
rHaPrP, rtMoPrP, and rShPrP were affected by 0.1% deer NBH: the reaction of rHaPrP was
completely inhibited, and the endpoints of the reactions using rMoPrP and rShPrP were
worsened by 3 and 1 logs, respectively (Figure II-2). Additionally, lag phases of the reactions
with each rPrP were significantly prolonged: the lag phases of rMoPrP, rBvPrP, and rShPrP
were prolonged by 43.5, 27.8, and 29.6 h, respectively, at 107> seed dilutions in the presence of
0.1% deer NBH (Figure II-2). In contrast, only the reaction of rCerPrP was not severely affected
by 0.1% deer NBH; the endpoint was unchanged, and the lag phase at 107> seed dilution was

only prolonged by 7.7 h (Figure II-2).

2. Detection of atypical and classical BSE prions in the presence of high concentration of brain
tissue homogenates

I also analyzed the reactivity of six rPrPs to atypical BSE (H- and L-BSE) and C-BSE
in RT-QuIC. rBoPrP showed longer lag phases compared to the other rPrPs. However, all rPrPs
showed similar endpoints of the detection of H-BSE prions in the absence of NBH (10°% or
<107, Table II-3). rBoPrP and rHaPrP seemed to be less effective than the other four rPrP in

the detecting L-BSE prions: endpoints of reactions using the former rPrPs (107¢ and 10°7) were
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Figure II-2 Reactivity of rPrPs to CWD prions in real-time quaking-induced conversion in the presence and
absence of normal brain homogenates.

(A) Representative line graphs for the detection of CWD prions serially diluted with PBS (left column) or 2% BHs of
CWD-negative white-tailed deer (NBH) (final concentration in the reaction mixture: 0.1%) (right column). Detections
performed using recombinant mouse PrP (rMoPrP) (red to yellow), bank vole PrP (rBvPrP) (brown), hamster PrP
(rHaPrP) (green), bovine PrP (rBoPrP) (black), sheep PrP (rShPrP) (purple), and cervid PrP (rCerPrP) (blue) are shown.
thioflavin T (ThT) intensities from triplicate wells were plotted against reaction time using different brightness or
colors. Dotted lines indicate the thresholds of reaction calculated from the mean ThT fluorescence intensity plus 5 X

SD of negative control wells (without brain homogenates). Lag phases (mean * SD), endpoints, and ratios of the
endpoints [Ratio, endpoint (PBS)/endpoint (NBH)] are summarized in the table. *: p < 0.05, **: p <0.01 by welch t-test.
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lower than the latter four rPrPs (10°® or <107°). A similar tendency was observed for the
detection of C-BSE prions: rBoPrP and rHaPrP (endpoints: 10~* and 107°) appeared to be less
effective than the other four rPrPs (endpoints: 107%). Although no difference was observed in
the detection endpoints of H-BSE prions among rMoPrP, rBvPrP, rShPrP, and rCerPrP, rCerPrP
was able to detect H-BSE prions with shorter lag phases than the other rPrPs, especially at
1073-1077 seed dilutions (Table I1-3). Interestingly, 0.1% cattle NBH completely interfered with
the detection of H-BSE prions with rBvPrP and rHaPrP, detection of L-BSE prions with rMoPrP,
rBvPrP, rHaPrP, and rBoPrP, and detection of C-BSE prions with the five rPrP except for
rCerPrP (Table II-3). Notably, the detection of atypical BSE prions with rCerPrP was not
severely affected by 0.1% cattle NBH: endpoints of the reaction were unchanged and lag phases
were prolonged at some seed dilutions, e.g. at 107°~1077 for H-BSE, and 10~ for L-BSE, but
the difference were under 10 h except for 1077 seed dilution of H-BSE (Table II-3). These results
suggest that rCerPrP is a good substrate for the detection of atypical BSE as well as CWD prions
in the presence of high concentrations of brain tissue homogenates. Moreover, detection of C-
BSE prions was affected by 0.1% cattle NBH, which the endpoints of the reaction worsened by
2 logs and the lag phases were significantly prolonged (Table II-3). Also, 0.1% cattle NBH did
not interfere with the detection of atypical BSE prions but interfered with the detection of C-
BSE prions, suggesting that RT-QulC using rCerPrP can discriminate atypical BSE from C-

BSE prions.
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Table II-3. Reactivity of rPrPs to atypical and classical BSE prions in RT-QuIC.

Seed rprp DU Lag phase ()" End- patios
uent® g+ 10° 10°6 107 10°8 10 point

Ve TBS 212%66 290%123 288435 350134 49.1%104 572+83 <107
NBH 504+9.9" 56.0+54" 592424 595+14"  >60.0" >60.0 107

g, PBS 106£15 219477 219:38 27.6£62 3542105 555£92 <100
NBH  >60.0"  >60.0"  >60.0"  >60.0"  >60.0" >60.0  >10*

e PBS ML2ELL 263277 288£85 435£166 S4I£88 2600 s
H NBH  >60.0"  >60.0"  >60.0"  >60.0" >60.0 >60.0  >10*

BSE o TBS 341430 412432 468474 569446 592423 58740 <10
NBH 59.0+2.6" 59.7+0.8"  >60.0" >60.0 >60.0 >60.0 10°3

g PBS 120£L1 14515 18731 199£22 310£126 S62%1001 <107

NBH 133+18 144+14 164+09 192+29 246+79 523+126 <10
c PBS 108+19 109+16 147+28 169+4.1 302+79 582+34 <10 .
er
NBH 204+156 17.4+3.0" 19.0+£3.3" 29.7+157" 29.9+13.0 51.8+12.7 <107

PBS 199+28 312+47 427+77 58.6+29 584+4.7 >60.0 108

Mo <10
NBH  >60.0"" >60.0"" >60.0"" >60.0 >60.0 >60.0  >10"
. PBS 123+07 23.0+7.6 287+95 37.6+97 486+106 56.6+45 <107 e
NBH  >60.0"" >60.0"" >60.0"" >60.0"" >60.0"" >60.0°  >10+4
e PBS 21.4+29 47.7+9.0 448+12.8 55.1+8.6 >60.0 >60.0 107 10s
L NBH  >60.0"" >60.0"" >60.0"" >60.0 >60.0 >60.0  >10"
BSE o [BS S13%104 524559 8837 >600 >60.0 >60.0 e
NBH  >60.0" >60.0"" >60.0 >60.0 >60.0 >60.0  >10"
< PBS 193+41 30.7+69 328+99 520+9.0 57.7+49  >60.0 10 o
NBH 31.1+123% 472+15.6° 50.9+18.0° 59.1+2.8°  >60.0 > 60.0 107
PBS 13.7+21 195+40 251+6.1 368+119 57.5+59 57.5+74 <107
Cer NBH 18.6+43"™ 225437 252+72 362+128 569+62 586+41 <10° :
o PBS 262+109 33.7+148 50.0+13.0  >60.0 >60.0 59.8+0.5 10° o>
NBH  >60.0" >60.0"" >60.0" >60.0 >60.0 >60.0  >10"
. PBS 238+7.5 547486 59.9+03 >60.0 >60.0 >60.0 10 o>
NBH  >60.0"" >60.0 >60.0 >60.0 >60.0 >60.0  >10"
e PBS 5214132 534+99 >60.0 >60.0 >60.0 >60.0 10° o
C- NBH  >60.0 >60.0 >60.0 >60.0 >60.0 >60.0  >10"
BSE PBS 53.6+6.5 >60.0 >60.0 >60.0 >60.0 >60.0 10
PO \BH 600" >60.0 >60.0 >60.0 >60.0 >60.0  >10" <!
< PBS 345+39 49.1+95 59.6+12 >60.0 >60.0 >60.0 10 o>
NBH  >60.0" >60.0"" >60.0 >60.0 >60.0 >60.0  >10"
Cor PBS 20.7+25 387+7.5 56.5+8.0 >60.0 >60.0 >60.0 10 102
NBH 53.5+12.9" >60.0" >60.0 >60.0 >60.0 >60.0 104

a: Seeds (brain homogenates [BHs] from prion-infected animal) were serially diluted 10-fold with either PBS or
2% NBH (final concentration in the reaction mixture was 0.1%) of the same species as the seeds.

b: Mean + SD from three independent experiments with three replicates are shown (*: p <0.05, **: p <0.01, welch
t-test).

c: The ratio was calculated as endpoint (PBS)/endpoint (NBH).
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3. Involvement of N-terminal region of rCerPrP in its reactivity in the presence of NBH

RT-QulIC reaction is reported to be easily inhibited by high concentrations of tissue
homogenates and body fluids (Orru et al., 2011; Wilham et al., 2010). In the present study, I
found that the reaction of rCerPrP to CWD and atypical BSE prions was not largely affected by
NBH as shown above. To clarify the mechanism of the unique property of rCerPrP in RT-QuIC
reaction, I further analyzed the reactivities of rPrPs shown in Figure II-3. Compared to the full-
length rCerPrP, the reactions of N-terminal truncated rCerPrP comprised aa 94-233
(rCerPrPos—33) to CWD and atypical BSE prions were completely inhibited in the presence of
NBH in the reaction (Table II-4). Furthermore, lag phases for detecting CWD and L-BSE prions
using rCerPrPos233 at 107 seed dilution in PBS corresponding to 0.01% brain homogenates
present in the reaction were obviously longer than those using full-length rCerPrP. Replacement
of the N-terminal region of rCerPrP (aa 25—153) with the corresponding region of rMoPrP (aa
23-149) (rMoN-CerPrP) showed modest influence on the detection endpoints for CWD and
atypical BSE prions: the detection endpoints of rMoN—CerPrP for CWD, H-BSE, and L-BSE
(1078, 1078, and 1077, respectively, without NBH, Table II-5) were slightly lower than those of
rCerPrP (1078, <107%, <107°, respectively, Figure II-2 and Table I1-3). Additionally, the reaction
of rMoN—CerPrP to L-BSE prions was completely inhibited, and the reactions of rMoN—CerPrP
to CWD and H-BSE were severely affected by 0.1% NBH; the detection endpoints for CWD,
H-BSE, and L-BSE prions worsened by 4, 2, >3 logs, respectively, with significant prolongation
of lag phases at each seed dilution (Table II-5). The reactivities of rMoN—CerPrP were quite
similar to those of rMoPrP; the reaction of rMoPrP to L-BSE prions were completely inhibited
(Table II-3), and the reactions of rMoPrP to CWD (Figure 11-2) and H-BSE (Table II-3) were
severely affected as observed in the significant prolongation of lag phases in the presence of
0.1% NBH.

On the other hand, replacement of the N-terminal region of rMoPrP (aa 23—149) with
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the corresponding CerPrP (aa 25—153) (rCerN-MoPrP) partially restored reactivity to a similar
level to that of rCerPrP. Detection endpoints of CWD, H-BSE, and L-BSE prions using
rCerN~MoPrP without NBH (107%, <107°, and 1078, respectively, Table II-5) were almost
comparable to those using rCerPrP (1078, <107%, and <107?, respectively, Figure II-2 and Table
I1-3). In addition, the reactivity of rCer™—MoPrP to the three prions was not affected by NBH
when endpoints were compared in the absence (PBS) and presence of NBH (Table II-5).
However, the prolongation of lag phases in the detection of CWD, H-BSE, and L-BSE prions
using rCer™-MoPrP (11.8, 20.9, and 12.0 h, respectively, at 107 seed dilution, Table II-5)
appeared to be longer than those caused by rCerPrP in the presence of NBH (7.7, 6.5, and 3.0
h, respectively, at 1075 seed dilution, Figure II-2 and Table II-3), suggesting that rCerN~MoPrP
is more affected by NBH than rCerPrP. Taken together, these results suggest that the N-terminal
region of rCerPrP is necessary for its unique property in RT-QulC reaction in the presence of

NBH.
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Efficiency for RT- Reactivity in the presence of
QuIC substrate NBH
rPrP
Slightly Moderately | Severely
Good Moderate affected affected affected
3=3 5.8 7§ 9? 1(?0 14.1 17.3 2[?6 23.0 23.3
rCerPrP 25[G _GGGGG-SM LY NTVIIRQ-GAj233| W, H, L W, H, L
59 8=3 1;2 1=48 177 21=8§ 23=2
187 223
5=5 7=1 9'_1 1l=)8 1_’:37 1£=i9 1633 2!922]2(?0
rMoPrP 23[- -7 SS-GNL MW SNIVVKDGRS]zs1 w H, L H W, L
7=9 9=6 11;4 17=32{52§ 22=622=9
214
rCerPrPos 53 94[-SM LY NTVIIRQ-GA23 H w, L W, H, L
149
rMoN-CerPrP |23 -T SS-GNL MW[ NTV IIRQ-GAl23s3| W, H L W, H, L
154
153
rCerN-MoPrP  |25{G GG GGG-SM L Y| SNIVVKDGRSfz31| W, H L W, H, L
150
222
rCer—-MoCPrP 25]/G GG GGG-SM LY NTVIIKDGRSt2s7| W, H, L L W, H
219
218
rMo—CerCPrP  |23[-_-T 5S -GNL MW _S N1V VRQ-GApss W,H,L | W,H,L
223
rCerN-Mo- 153 223
CerCPrP 25{G GG GGG-SM L Y1|508 NI V2\;1§{Q-GA|233 W, H, L W, H, L
N_ - 149 219
rMo CCer 23{- -TSS-GNL MW|NTV I I[KDGRS231 H W, L W, H, L
MO PrP 154 222
1697
rCerPrP- i
o -GA-2
173841 77Ny 25{G__GG GGG-SM_L Y 1;5 NV I TRQ-GA=33| W, H, L W, H L
377
172%7'7
rMoPrP- i
23| - - - 231
169Ngo/173T oy [ T SS-GNL MW 1/;/9? V VKDGRS} w H, L W, H, L
173

Figure II-3 Summary of the reactivity of recombinant chimeric PrPs between CerPrP and MoPrP.

rCerPrP, rMoPrP, and their chimeras are indicated with their amino acid (aa) differences. Numbers with capital letters
are the aa of CerPrP, while those with italics indicate the aa of MoPrP. “-” indicates gaps. A single-letter notation of aa
with italics indicate the substituted aa between CerPrP and MoPrP. The real-time quaking-induced conversion (RT-
QulIC) substrate efficiencies were classified as follows: Good, detection endpoints are =108 and lag phases at 107 and
1075 seed dilutions were <20 h for seeds diluted with PBS; Moderate, detection endpoints were >107% or lag phases at
107 or 1073 seed dilutions were =20 h. The criteria of the reactivity in the presence of NBH were defined as follows:
slightly affected, endpoint ratio was 2102 and prolongation of the lag phase at 107> seed dilution [lag phase (NBH) —
lag phase (PBS)] was <10 h; moderately affected: endpoint ratio is 1072 to 1073 and/or prolongation of the lag phase at
1073 was from 10-25 h; severely affected, endpoint ratio was <1073 and/or prolongation of the lag phase at 107 seed
dilution is >25 h. H, H-BSE; L, L-BSE; W, CWD.
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Table II-4. Reactivity of N-terminal truncated rCerPrP in RT-QuIC.

q_ Lag phase (h)® }
rPrP  Seed Dil a En.d Ratio®
uent 1 04 1 0—5 1 0—6 1 0—7 1 0—8 1 0—9 pomt
PBS 38.1+16.7 21.0+10.4 23.6+13.1 30.7+19.9 48.1 +15.1 562+ 113 <107 03
10
NBH >60.0"  >60.0  >60.0"  >60.0"  >60.0" >60.0 >10*
[CorPrP H. PBS 141£73 108455 11.6+12 141+72 297198 >60.0  10° 1o
94233 BSE NBH >60.0"  >60.0"  >60.0"  >60.0"  >60.0" >60.0 >10*
L. PBS 238+17.1 183432 292119 47.3+15.6 57.9+48 >60.0  10° 0
<
BSE NBH >60.0"  >60.0"  >60.0"  >60.0" >60.0 >60.0 >10*

a-c: Descriptions are the same as Table 1.
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Table II-5. Reactivity of recombinant chimeric PrP between CerPrP and MoPrP in RT-QuIC.

Lag phase (h)®

rPrP Seed Dil- En_d- Ratio ¢
uent* 104 10 10°¢ 107 108 10-° point
PBS 108+19 143+22 192455 236+9.6 532+137  >60.0 108
CWD 104
NBH 468+9.1"  >60.0" >60.0"* >60.0"* >60.0 >60.0 104
N . PBS  78+14  105+£22 12.6+23 174428 3464210  >60.0 108
rMo H 102
CerPrP - BSE NBH 52.4+13.5" 58.1+4.5" 588+3.6"  >60.0" >60.0"* >60.0 10°6
L. PBS 13527 182+22 281£56 449+140  >60.0 >60.0 107 .
<10
BSE NBH  >60.0" >60.0"* >60.0"* >60.0"* >60.0 >60.0 >104
PBS 81+12 100+15 11.8+21 174+60 451+173  >60.0 108
CWD 1
NBH 20.6+2.0" 21.8+3.0™ 23.9+25" 344+86" 515+12.0  >60.0 108
fCor. . PBS 142£21 17.6+14 19820 250+33 29.0+33 51.1+104 <10°
1
MoPrP - BSE NBH 28.4+92" 385+ 12.9" 35.7+12.5™ 44.7+92" 542+112" 57.1+88 <107
L. PBS 13821 20.1+£38 288=113 451+128 582%55 >60.0 108
1
BSE NBH 353+16.9™ 32.1+153" 44.0+189 47.1+13.0 582+3.9 >60.0 108
PBS 106+1.6 125+20 13.6+27 19.6+3.6 33.6+12.6 580+45 <10?
CWD <10—3
NBH 41.0+ 159" 44.6+ 145" 57.9+62"  >60.0" >60.0"* >60.0 10°6
3  PBS  95+13 106+28 13.0+25 267+12.8 333+159 547+10.7 <107
rCer H <101
MoPrP BSE N\BH 438+ 152" 545+ 10.6™ 57.8+6.7" 585+46™ 57.0+9.1%  >60.0 10°8
L. PBS 126+18 197+18 240+25 41.5+84 57.6+24 589+24 <I0”
1
BSE NBH 28.8+4.9" 27.6+65" 367+11.8° 52.5+9.6° 578+66 57.8+6.7 <107
PBS 205+35 245+7.1 297+67 334+75 522+11.6 589+25 <107
CWD 1
NBH 204+22 237+29 303+124 33.6+56 455+95 596+12 <107
Mo H. PBS 220+109 265+£62 297+11.0 289+64 516496 58530 <10° 1
CerPrP BSE NBH 223+14 358+12.8 37.6+128 41.7+133" 485+85 59.1+27 <107
L. PBS 220450 257+£68 359+9.1 446+9.1 51.6+184  >60.0 108
1
BSE NBH 254+67 333+63° 438+81 50.1+79 593+15 >60.0 10°8
PBS 125426 14720 20.1+52 289+124 5264156  >60.0 108
CWD 1
NBH 172+23" 203+3.5" 229+43 345+48 537+68 >60.0 108
rCer- | PBS 133+08 166+20 174=11 226+38 388120 565+94 <10°
Mo— 1
CorCprp BSE NBH 17.242.5" 22.14£39™ 27.0+£33" 32.8+4.5" 420466 529+79 <10
L. PBS 117409 195£35 23.6+29 379+128 557+69 59.8+07 <10 1
<10
BSE NBH 17.3+£3.2" 254+50™ 33.7+65" 414+140 595+16 >60.0 10°8
PBS 13.8+24 21.8+54 227430 29.6+86 573+57 59.6+12 <107
CWD <10—5
NBH  >60.0" >60.0"* >60.0™* >60.0"* >60.0 >60.0  >10*
™MoM- [, PBS  94+1.6 146=51 195+7.0 312+135 47.0£153  >60.0 108 .
Cer— <10
Mocpep BSE NBH  >60.0" >60.0" >60.0" >60.0" >60.0" >60.0  >10
L. PBS 17.644.1 223+£30 292+9.6 469+114 557+57 56461 <10 .
<10
BSE NBH  >60.0" >60.0"* >60.0"* >60.0"* >60.0" >60.0 >104
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Table II-5. continued.

a Lag phase (h)® i
rPrP Seed Dil ) En.d Ratio®
uent? 104 105 106 107 108 10° point
PBS 95+0.7 11.3+1.0 144+3.1 263+12.8 49.6+146 572459 <10?
CWD <10—2
NBH 32.8+8.2" 36.1+13.9" 47.5+£10.8" 55.5+8.0" >60.0" >60.0 107
rCerPrP— H- PBS 95+1.0 11.3+09 135+1.2 18.8+3.1 274+144 481+11.1 <10?°
2
173Smo/ BSE <10
177Nmo NBH 30.7+11.3" 42.8+15.2™ 54.5+12.9" 544+9.8" >60.0"" >60.0"" 107
L- PBS 12.1+3.1 176 £7.6 299+17.8 324+122 >60.0 56.5+5.1 10°° ,
100
BSE NBH 31.1+9.3" 48.1+13.7"" 49.6+14.0 >60.0"" 56.8+9.7 >60.0 108
PBS 12.6+24 13.2+1.7 18.5+39 348+19.5 53.1+159 595+14 <10°
CWD <10—l
NBH 282+49" 374+79" 493+12.0" 584+43™ 59.1+£2.7 >60.0 108
rMoPrP- H- PBS 11.9+38 270+149 319+52 451+149 553+93 >60.0 108
169N cer/ 1
173Tc. BSE NBH 20.1£88" 4264164 535+10.5" 568+9.6 557+13.0  >600  10°
L- PBS 235+52 249+93 328+132 469+16.6 59.7+0.9 >60.0 108 |
100
BSE NBH 21.6+72 49.4+103" 59.7+1.0% 595+16  >60.0 >60.0 107

a-c: Descriptions are the same as Table 1.
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4. Involvement of C-terminal region of rCerPrP in its reactivity in the presence of NBH

It has been reported that the aa sequence at the extreme C-terminus of PrP¢ is varied
among animal species (Billeter et al., 1997), and aa substitution in this region could influence
the efficiency of PrP® conformational conversion (Erana et al., 2017; Kurt ef al., 2017) and
transmission kinetics (Watts et al., 2015). Therefore, I analyzed the involvement of the C-
terminal region of CerPrP in its reactivity in RT-QulIC. The rCer—Mo°PrP, which possesses
MoPrP aa 219-231 in the corresponding region of CerPrP aa 223-233, with 5 aa difference in
this region from rCerPrP reacted well with CWD, H-BSE, and L-BSE prions (endpoints: <107,
Table I1-5) in the absence of NBH compared to the reactivity of rCerPrP (1078, <107, and <107,
respectively, Figure II-2 and Table 11-3). Lag phases for the detection of CWD, H-BSE, and L-
BSE prions using rCer—Mo“PrP (12.5, 10.6, 19.7 h, respectively, at 10~ seed dilution, Table II-
5) were comparable to those using rCerPrP (10.0, 10.9, and 19.5 h, respectively, Figure 1I-2 and
Table I1-3). However, the detection endpoint of CWD prions using rCer—Mo“PrP worsened by
>3 logs in the presence of 0.1% NBH with prolonged lag phases (Table II-5). This reactivity is
rather similar to that of rMoPrP to CWD prions (Figure II-2). Although the detection endpoint
of H-BSE using rCer—Mo“PrP worsened only by 1 log in the presence of 0.1% NBH, lag phases
of the detection of H-BSE prions were significantly prolonged, e.g. lag phases of the detection
using rCerPrP were prolonged only by 6.5 h at 107> seed dilution (Table II-3), but those using
rCer—Mo“PrP were prolonged by 43.9 h at 107> seed dilution in the presence of 0.1% NBH
(Table II-5). On the contrary, the reactivity of rCer—Mo“PrP to L-BSE was not severely affected,
and no differences in the detection endpoints with marginally prolonged lag phases (around 10
h) at each seed dilution (Table II-5). Thus, the reactivity of rCer—Mo“PrP to CWD and H-BSE
prions in the presence of NBH resembles that of rMoPrP, whereas its reactivity to L-BSE prions
resembles that of rCerPrP.

On the other hand, replacement of MoPrP aa 219-231 with the corresponding CerPrP
70



aa 223-233 (rMo—Cer“PrP) did not affect the detection endpoint of CWD, H-BSE, and L-BSE
prions diluted with PBS (<107, <107%, and 107%, respectively, Table II-5). However, lag phases
in the detection of three prions diluted with PBS using rMo—Cer“PrP (about 20.5-26.5hat 107*
and 1075 seed dilutions, Table II-5) were longer than those using rCerPrP (less than 19.5 h at
10~* and 107 seed dilutions, Figure I1-2 and Table II-3), but were comparable to those using
rMoPrP (14.7-31.2 h at 10™* and 1073 seed dilutions, Figure II-2 and Table 1I-3), suggesting
that tMo—Cer“PrP is less efficient than rCerPrP as a substrate for RT-QuliC reaction.
Interestingly, however, the reactivity of rMo—Cer“PrP to three prions were less affected by 0.1%
NBH; their detection endpoints were not changed, but slightly prolonged lag phases were
observed (0, 9.3, and 7.6 h, respectively, at 107> seed dilution, Table II-5). In contrast, those of
rMoPrP were severely interfered in the presence of 0.1% NBH; detection endpoints worsened
by 2—4 logs with significantly prolonged lag phases (43.5, 27.0, and >28.8 h for CWD, H-BSE,
and L-BSE, respectively, at 107> seed dilution, Figure II-2 and Table II-3). These results indicate
that replacing only eleven aa in the C-terminal region of CerPrP appeared to confer the unique
property of rCerPrP to rMoPrP that made it such that the presence of NBH interferes less the
same as the RT-QulC reaction using rCerPrP.

To confirm the involvement of N- and C-terminal regions of CerPrP in its reactivity in
RT-QulC, I further analyzed the reactivity of chimeric PrPs shown in Figure II-3.
rCerN-Mo—Cer“PrP, which is composed of CerPrP aa 25—153, MoPrP aa 150-218, and CerPrP
aa 223-233, could detect CWD, H-BSE, and L-BSE well without worsening the detection
endpoints but had marginally prolonged lag phases, most of them which were less than 10 h
long in the presence of NBH (Table II-5). These results were consistent with the finding that
both N- and C-terminal regions of CerPrP are involved in its unique property in RT-QulC
reaction in the presence of NBH. On the contrary, rMoN—Cer—Mo“PrP, which has an opposite

structure to rCerN—Mo—Cer“PrP, showed similar reactivity to rMoPrP, and detections of CWD,
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H-BSE, and L-BSE prions were severely affected by NBH (Table II-5).

5. Effect of CerPrP-specific aa in the f2—a2 loop on its reactivity in the presence of NBH
Several studies reported that the CerPrP-specific aa Asn173 and Thr177 in the f2—02
loop (aa 168—178) (Gossert et al., 2005) influence cross-species prion transmission in
transgenic mice and affect the reaction in PMCA (Harrathi et al., 2019; Sigurdson et al., 2010).
To clarify the influence of these aa residues on the unique reactivity of rCerPrP in RT-QuIC
reaction, | analyzed the reactivities of rCerPrP carrying the corresponding MoPrP aa Ser169
and Asn173 (rCerPrP—173Smo/177Nwmo). Substitution of two CerPrP-specific aa did not affect
the detection endpoints of the CWD and atypical BES prions (10~ or <107, in Table II-5)
compared to rCerPrP (1078, <107, and <107°, for CWD, H-BSE, and L-BSE, respectively,
Figure II-2 and Table II-3) in the absence of NBH. However, substitution of the two aa affected
the reactivity of rCerPrP in the presence of NBH: the detection endpoints worsened by more
than >2 logs for CWD and H-BSE prions and by 1 log for L-BSE prions, with >20 h prolonged
lag phases at most seed dilutions (Table II-5). The substitution of MoPrP Ser169 and Asnl73
with the corresponding CerPrP Ans173 and Thr177 (rMoPrP—169Nce/173Tcer) reduced the
reactivity to H- and L-BSE prions by 1 log in the absence of NBH (Table II-5). The reactivity
of rtMoPrP to CWD, H-BSE, and L-BSE prions were extremely affected in the presence of NBH
as described above (Figure II-2 and Table 11-3). However, the detection of the three prions using
rMoPrP—169Nce/173Tcer in the presence of NBH was moderately affected compared to
rMoPrP; the detection endpoints were reduced only by 1 log for CWD and L-BSE prions with

moderately prolonged lag phases (8.2—24.5 h at 10* a 107> seed dilutions, Table II-5).
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DISCUSSION

rPrPs from Bv, Ha, and Hu have been widely used as substrates to detect the seeding
activity of prions by the RT-QulC reaction (Atarashi et al., 2011; Orru et al., 2015; Peden et al.,
2012; Wilham et al., 2010). However, the reaction is known to be sensitive to inhibitory
factor(s) present in tissue homogenate and body fluids (Hoover ef al., 2017; Orru et al., 2011,
Wilham et al., 2010). In this Chapter, I demonstrated that rCerPrP reacted with CWD and
atypical BSE prions even in the presence of the highest concentration of NBH (0.1%) in the
reaction mixture. Since reactivity of rCerPrP was stable and reproducible without any influence
of lot differences, I attempted to determine the region(s) responsible for the unique reactivity
of rCerPrP. The unique reactivity of rCerPrP disappeared when the N-terminal region (aa
25-93) was truncated. Moreover, replacement of the N-terminal half of MoPrP (23—149) with
the corresponding region of CerPrP partly restored this reactivity, whereas replacing the N-
terminal half of CerPrP (aa 25—153) with the corresponding region of MoPrP abolished the
unique reactivity of rCerPrP as summarized in Figure II-3. These results indicate that the N-
terminal region of the rCerPrP is one of the determinants modulating the reactivity of rCerPrP
in RT-QulC reaction in the presence of NBH (Figure II-4). N-terminal truncated rPrPs have
been known to act as better substrates for detecting the amyloid seeding activity of PrPS¢ (Orru
etal.,2016; Peden et al., 2012). However, it has been reported that the N-terminal region is one
of essential regions for the binding between PrP¢ and PrP5¢, and PrP5¢ production (Abalos et
al.,2008; Erana et al., 2017; Hara et al., 2018; Lawson et al., 2001). Deletion of the octapeptide
repeat region (aa 51-90 of MoPrP) delayed accumulation of PrP5¢ and prolonged the survival
of mice inoculated with C-BSE prions (Hara et al., 2018), suggesting the involvement of the
N-terminal region in the efficacy of conformational conversion in certain combinations of PrP¢
and PrP%¢. In addition, aa polymorphisms of CerPrP at GIn95 and Gly96 are known to modulate

the susceptibility of deer to CWD prions (Duque Velasquez ef al., 2015; Johnson et al., 2011),
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Figure II-4. Regions responsible for the unique reactivity of rCerPrP in RT-QulC.

The three-dimensional structure of CerPrP (PDB ID: 4YXH) was drawn using open-source PyMOL. The regions
responsible for the unique reactivity of rCerPrP, N- and C-terminal regions and the B2—a2 loop are shown using blue,
yellow, and red circles, respectively. The aa of rCerPrP in the f2—a2 loop and C-terminus are shown in the single-letter
notation. Hydrophobic aa differed between rCerN~-Mo—CerCPrP and rCerPrP—173Sy,,/177Ny;, and regions in which
rCerPrP are replaced with (aa 153-222) are shown around the structure. The side chains of aa with aa numbers except
for three aa at C-terminal end were drawn with sticks and the aa residues were colored indicated with magenta.
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also suggesting the involvement of the N-terminal region of CerPrP® on the efficacy of its
conformational conversion. There are two possibilities regarding the role of the N-terminal
region of CerPrP in its unique reactivity in the presence of NBH. First, the presence of the N-
terminal region may stabilize intra- or intermolecular interaction of rCerPrP, which enhances
the efficacy of amyloid formation. Alternatively, the N-terminal region effectively inhibits the
interaction of inhibitory factor(s) in tissue homogenates with rCerPrP. However, the latter is
unlikely because the reactivity of rCerPrP to C-BSE was affected in the presence of NBH.
Although rtMo—Cer“PrP was not a good substrate for the RT-QuIC reaction, i.e., the
lag phases for detecting CWD and atypical BSE prions in the absence of NBH were >20 h at
10~* and 1073 seed dilutions (Table II-5), the C-terminal region of rCerPrP is also involved in
the unique reactivity of rCerPrP, and the reactivity of rMo—Cer“PrP was less affected by NBH
than that of rMoPrP (Figure II-3 and Table II-5). Nevertheless, the unique reactivity of rCerPrP
in the presence of NBH disappeared due to the N-terminal truncation even in the presence of
the C-terminal region of CerPrP (rCerPrPos—233) (Figure II-3 and Table 1I-4), suggesting that a
cooperative effect of the C-terminal region with the N-terminal region. Indeed,
rCer™~Mo—Cer“PrP showed better reactivity than rCer—Mo“PrP when used as a substrate for
RT-QuIC and was less affected in the presence of NBH compared to rCer—Mo“PrP, suggesting
that an additive effect of the N- and C-terminal regions of CerPrP (Figure II-3). The NMR
structure of rHuPrP and rMoPrP revealed the intermolecular interaction between the C-terminal
region (aa 219-226) and the N-terminal flexible region (Zahn et al., 2000) or the C-terminal
region (aa 215-223) and the P2—02 loop (aa 164—174) (Billeter et al., 1997). These
intramolecular interaction could be destabilized by substituting GIn217m, with Arg, which is a
mutation associated with GSS (Liemann and Glockshuber, 1999), and HuPrP Glu219 with Lys,
which is a protective polymorphism against CJD (Biljan et al., 2012). Thus, intra- and

intermolecular interactions between the N- and C-terminal regions of rCerPrP may be strong
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enough to overcome the influence of possible inhibitory factor(s) in NBH and to promote the
conformational conversion of rCerPrP.

Since rCer™~Mo—Cer“PrP possessed five aas from MoPrP including aa substitutions
ataa 173 and 177, the reactivity to CWD and atypical BSE prions of rCerPrP—173Smo/177Nwmo,
which possesses only two aa difference from CerPrP, seems to be closer to that of rCerPrP
compared to that of rCerN~Mo—Cer“PrP. The detection endpoints of rCerPrP—173Smo/177Nmo
for detecting CWD and atypical BSE prions were comparable to that of rCerN-Mo—Cer“PrP
when the seeds were diluted with PBS (Table II-5). However, the reactivity of
rCerPrP—173Smo/177Nmo Was more susceptible to the inhibitory effect of NBH than that of
rCerN-Mo—Cer“PrP even though the N- and C-terminal regions of both rPrPs were composed
of CerPrP (Figure II-3). One possible explanation for this may be an incompatibility of aa in
the region comprised of aa 154—222 in CerPrP, which contains five aa differences between Cer-
and MoPrP. Indeed, aa 173 and 177 of rCerPrP—173Smo/177Nmo were substituted by Ser169
and Asnl73 of MoPrP, respectively, which are locate within the f2—a2 loop (aa 168—178 of
CerPrP) (Gossert et al., 2005), whereas the remaining three aa are Vall87 (a2-helix: aa 176-
197 of CerPrP), 11e206 and Ile218 (a3-helix: aa 202—226 of CerPrP) (Figure 11-4). An aa
substitution at Serl70 of HuPrP with the corresponding Asn from BvPrP, which is
corresponding to aa 173 of CerPrP, increased the conversion of HuPrP¢ into the PrP-res by
CWD prions during PMCA analysis (Kurt e al., 2017). Rabbit (Rb) PrP is known to be resistant
to convert into PrP-res. However, substitution at 11e202 of RbPrP using the corresponding Val
from MoPrP, which corresponds to aa 206 of CerPrP, increased the conversion of RbPrPC into
PrP-res by RML prions during PMCA (Erana et al., 2017). Additionally, substitution of Ile215
of HuPrP with the Val from BvPrP, which corresponds to aa 218 of CerPrP, worsened the
conversion efficiency of HuPrP¢ by the RML prions (Kurt ef al., 2017). The p2—02 loop is

known to interact with the a3-helix through hydrophobic interactions and a disulfide bridge,
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but single aa substitutions within these regions decreased the hydrophobic interaction (Lee et
al., 2019). Therefore, heterologous aa combinations in the B2—a2 loop and a3-helix may
influence PrP stability and affect the conversion efficiency of rPrP during RT-QuIC reaction.
In this chapter, I showed that the RT-QulIC reaction using full-length rCerPrP as a
substrate is useful for detecting low levels of CWD and atypical BSE prions in tissues
homogenates, since the reaction of rCerPrP was not highly affected by high NBH
concentrations. Additionally, I found that at least the N- and C-terminal regions of CerPrP are
involved in the unique reactivity of the rCerPrP in RT-QulC. These results will be useful for

optimizing artificial rPrP for RT-QulIC reaction.
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BRIEF SUMMARY

RT-QuIC reaction is known as a sensitive and specific method for detecting prions.
However, the reaction is easily affected by the inhibitory factor(s) present in tissue homogenates.
To identify the RT-QulC condition that can detect low levels of CWD and BSE prions in the
presence of high concentration of brain tissue homogenates, I tested the reactivities of various
rPrPs. Among rPrPs tested, only the reaction of rCerPrP to CWD and atypical BSE prions was
less affected by the high concentration of NBH. This unique reactivity disappeared when the
N-terminal region aa 25—93 was truncated. In addition, replacement of MoPrP aa 23—149 with
CerPrP aa 25—153, and C-terminal region of MoPrP aa 219—231 with CerPrP aa 223-233 partly
conferred the unique reactivity of CerPrP to rMoPrP, suggesting the involvement of both N-
and C-terminal regions in the unique reactivity of rCerPrP. Additionally, the reactivity of
rCer™~Mo—CerPrP, a chimeric PrP comprising CerPrP aa 25—153, MoPrP aa 150218, and
CerPrP 223-233, showed an additive effect of the N- and C-terminal regions. These results
provide a mechanistic implication for detecting CWD and atypical BSE prions by RT-QuIC

using rCerPrP and are useful for further improvement of RT-QuIC.
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CHAPTER III
Monitoring for CWD status in Japan by RT-QulC assay using rCerPrP as an application of its

unique reactivity.
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INTRODUCTION

Recently, venison consumption in Japan is getting popular year by year. From 2017 to
2019, the amount of processed sika deer (Cervus Nippon) meat at the slaughterhouses increased
by nearly 150 tons every year in Japan (Ministry of Agriculture Forestry and Fisheries (MAFF),
2020). Therefore, clarifying CWD status in cervid in Japan is important for ensuring the safety
and security of deer products. There are two reports on surveillance in Japan that were
conducted more than 15 years ago, and no CWD cases were identified at that time (Kataoka et
al., 2005; Masujin et al., 2007). However, the recent emergence and spread of CWD in
Scandinavian countries remind us the importance of continuous monitoring to clarify the CWD
status. Therefore, I attempted to clarify a recent CWD status in Japan using RT-QulC assay.

The RT-QuIC assay is a specific and highly sensitive method used in detecting the
seeding activity of PrPS¢ (Atarashi et al., 2011). The assay can detect low levels of PrP5° from
tissues and body fluids of prion-infected animals within a short time. Despite its specificity and
sensitivity, the reaction is easily interfered with inhibitory factor(s) present in the tissue
homogenates or body fluids (Orru ef al., 2011; Wilham et al., 2010), that impedes the detection
of PrP%¢ from the high concentration of tissue homogenates. In the Chapter II, I demonstrated
that the rCerPrP is a suitable substrate for detecting low levels of CWD prions in a high
concentration of brain tissue homogenates. Since the reaction of rCerPrP is less affected by the
tissue homogenates present in the reaction mixture than other rPrPs (Suzuki ef al., 2020), RT-
QuIC assay using rCerPrP will be useful as a practical and reliable method for the monitoring
of CWD.

In Chapter I11, I describe the monitoring of CWD status in Japan by the RT-QulC assay.

80



MATERIALS & METHODS

1. Brain materials

A total of 690 obex region of the medulla oblongata from captured or hunted deer in
Japan during 2016—2020 were tested in this study (Fig. III-1 and Table III-1). The 634 obex
tissues were obtained from three and one game meat processing companies in Hokkaido and
Hyogo prefecture, respectively, and 56 obex tissues of Reeves’s muntjac in Kanto area were
kindly provided by Tokyo metropolitan Oshima Park Office. The tested deer included 332
males and 275 females; gender information was unavailable for the 83 samples. The estimated
age ranged from 0 to 8 year-old, while the 70 samples was unknown (Table III-1). The 100 mg
obex tissues were homogenized in sterile PBS at a concentration of 10% as described elsewhere
(Sawada et al., 2019) and stored at —30°C until use. Preparation of 20% BHs of pooled six and

two CWD-affected and unaffected, respectively, white-tailed deer were described in Chapter I1.
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Figure III-1 Captured and hunted area of cervids in the present study.

Areas of sampling. The areas where deer were captured or hunted were shown in blue circles on the map. Names of
area, and prefecture, and capture methods were shown around the circles. The capture area in Kanto area is still
undisclosed. Detailed information were provided in Table 1.
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Table 1. Summary of deer obex samples.

Sex Age
Capture areas Number Male Female Un- { s, 3 4 5 6 Un-
known known

Hokkaido

Eniwa 340 186 154 0 35 80 80 60 38 31 2

Tomuraushi 53 9 21 23 0 4 17 21 0 5 6

Toyotomi 61 41 19 1 0 27 17 14 1 1 1
Kanto area? 56 56 56
Hyogo

Tanba 180 96 81 3 4 21 62 52 21 12 5

Total 690 332 275 83 39 132 176 147 60 49 70

a: Sex and age of Reeves's muntjac in Kanto area were not applicable.
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2. Preparation for RT-QulC assay
2-1. Pretreatment of BH samples

Prior to the first RT-QulC assay, the BH samples except for those from Tomuraushi
were pretreated using a fully automatic cross-ultrasonic protein activating apparatus Elestein
070-GOT (Elekon Science, Japan) with 10 cycles of intermittent sonication and agitation in the
cold water. One cycle was comprised of 6 repetitions of 30 sec pulse on and 10 sec pulse off
followed by 2 min agitation. The BH samples from Tomuraushi were pretreated solely by the
sonication for 2 min at 35% amplitude using Ultrasonic Cup-horn Digital Sonifier (Branson,

USA). Then, 2% BH was prepared with PBS.

2-2. RT-QuIC assay

The methods for expression and purification of rCerPrP were described in Chapter I1.
RT-QuIC assay was performed as described elsewhere (Sawada et al., 2019) and in Chapter 11,
using infinite F200 and M200 microplate readers (TECAN). The duration of the RT-QulC assay
was set for a maximum of 40 h. Two-percent BH of pooled six CWD-affected white-tailed deer
from the USA was serially diluted 10-fold with PBS from 0.02% to 0.0000002% and 5 pl of
each dilution was used as seeds for positive control (final dilution in the reaction mixture:
1075-10719, corresponding to 0.001% to 0.00000001%) (hereafter referred as CWD ctrl). The
2% BH of pooled two CWD-unaffected white-tailed deer in USA was used as negative control

(NC) (McNulty et al., 2019). The first RT-QuIC tests were conducted with quadruplicate wells.

2-3. Date analysis
Data from CWD ctrl and NC were analyzed as described in Chapter II. The sample
was evaluated as positive if ThT fluorescence intensity exceeded the threshold calculated as

mean ThT intensity plus 5 x SD from the wells without seed (PBS) (Henderson et al., 2015).
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As described in Chapter I1, the lag phase (h) was defined as the time of reaction needed to cross
the threshold. If the ThT intensity exceeded the threshold, but the ThT fluorescence curve
showed atypical forms in more than one out of four wells, such a sample was considered false-
positive and was subjected to re-examination in the next RT-QulC assay with an increased

number of wells.

3. Nucleotide sequence determination of PrP gene

For nucleotide sequence determination of PrP gene, genomic DNA was isolated from
25 mg brain tissues or 100 pl of 10% BHs using DNeasy Blood and Tissue Kit (Qiagen). The
gene fragment including PRNP was amplified using primers, MD582F and MD1479R
described elsewhere (Jewell et al., 2005), and the nucleotide sequences were determined using
four primers, MD582F, MD1479R, DPrPF1: 5’-TGGCTACATGCTGGGAAGTG-3’, and

DPrPR1: 5’>-TTTTCACGATAGTAACGGTC-3".
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RESULTS

1. First RT-QuIC tests for CWD monitoring

The first RT-QuIC tests were performed with quadruplicate wells of PBS, NC, CWD
ctrl (107°-1071%) and samples examined, which were arranged in the same plate. A total of 136
wells for each control was used at the first RT-QulC tests. Figure III-2A shows the
representative ThT fluorescence curves from one RT-QulC assay and the summarized results
of RT-QulIC assay of the first RT-QulC tests. Although typical prolongation of lag phases was
observed with the dilution of CWD ctrl, reactions were positive up to 10~ dilution in the
representative RT-QulC assay. In a total first RT-QulC tests for monitoring, typical ThT
fluorescence curves that exceeded the threshold were observed in 100% wells of 107°-1077,
42.6% wells at 1078, 5.9% wells at 107, and 0.7% at 10! CWD ctrl dilutions. No positive or
false-positive reaction was observed in the wells of NC throughout the examinations. Atypical
ThT fluorescence curves such as oscillated waveforms and gradual elevation of the base line
were occasionally observed. Representative atypical fluorescence curves are indicated in Figure
III-2B. These curves exceeded the threshold but were clearly distinguished from the ThT
fluorescence curve of CWD ctrl (Figure I1I-2A) based on a lack of significant increase of the
ThT fluorescence and their appearance at a very early time point. False-positive reactions were
observed in 2, 5, and 9 wells at 1078, 107°, and 107!° dilution of CWD ctrl, and 3 wells for PBS
(Figure III-2A). In the first RT-QuIC tests, the atypical fluorescence curves were observed from
71 out of 690 samples (10.3%) and those samples were judged as false-positive (Table I11-2).
During the first RT-QulC tests, more than half of the false-positive samples showed atypical
curves only in one of four wells (Figure III-2B). Compared to the incidence of atypical
fluorescence curves in the samples from Tomuraushi that were pretreated with sonication using
a regular cup-horn sonicator (41.5%, Table I11-2), the incidence of atypical fluorescence curves

apparently decreased in samples pretreated with the intermittent 10 cycles of sonication and
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agitation (7.7%). These results indicate that the intermittent sonication and agitation performed
prior to the assays could efficiently reduce the appearance of atypical fluorescence curves if not

all.

2. Re-examination of false-positive samples by RT-QulC assay

A total of 71 samples that showed atypical fluorescence curves were subjected to the
second RT-QuIC tests with octuplicate wells to confirm the results. Of 71 samples, the atypical
fluorescence curves were observed in 6 samples (0.9%) (Table I1I-2). These samples were
confirmed in the third RT-QulC tests with twelve replicated wells, and all were judged as

negative (Table I11-2).
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Figure III-2 Representative Thioflavin T fluorescence curves from CWD-positive control and false-positive
samples.

(A) Representative fluorescence curves of CWD-positive and negative control from one RT-QulC assay (left) and
summarized results at the first RT-QulC tests (right). Brain homogenates of CWD-infected and uninfected deer (CWD
ctrl (orange) and NC (light green), respectively) were used as positive and negative controls. The quadruplicate wells
without seed (PBS (light blue)) were used to calculate the threshold (dashed lines). Data shown here were collected
using infinite M200 microplate reader. The numbers of the total wells used in the first RT-QulC tests, and positive and
false-positive wells are summarized in the table. (B) Summary of false-positive samples at the first RT-QulC tests.
Representative atypical ThT fluorescence curves (purple), oscillated waveform (left), and gradually elevated baseline
(right) are shown. Dashed lines indicate the threshold level. Data shown here were collected using infinite F200
microplate reader, which gave 3.6 times higher base line than that of M200 used in the present study. The numbers of
false-positive samples, number of wells that showed non-specific waveforms among quadruplicate wells, and the
percentage of false-positive samples which showed non-specific waveforms in 1 to 4 wells, are summarized in the table.
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Table I11-2. Summary of the RT-QulC tests for CWD monitoring.

Rounds of RT-QuIC test*®
Capture areas First Second Third
(number of samples) _ - -
Negative Fa!ie Negative Fa!ie Negative Fa!ie
positive positive positive
BH samples pretreated with intermittent sonication and agitation
Hokkaido
. 320 20 18 2 2 0
Eniwa (340) 04.1%)  (5.9%) (5.3%) 0.6%)  (0.6%) (0%)
Toyotomi (61) 53 6 6 0 0 0
(90.2%) (9.8%) (9.8%) (0%) (0%) (0%)
Kanto area (56) 520 40 40 (3 (3 (3
(92.9%) (7.1%) (7.1%) (0%) (0%) (0%)
Hyogo
161 19 18 1 1 0
Tanba (180) 89.4%)  (10.6%)  (10.0%)  (0.6%) (0%) (0%)
588 49 46 3 3 0
Total (637) 923%)  (1.7%) (7.2%) 05%)  (02%) (0%)
BH samples pretreated with a regular cup-horn sonicator
Tomuraushi (53) 3 22 19 30 30 (3
(58.5%) (41.5%) (35.8%) (5.7%) (5.7%) (0%)
619 71 65 6 6 0
Sum total (690) 89.7%)  (103%)  (9.6%) 09%)  (0.9%) (0%)

a: The values in parentheses indicate the percentage of samples judged as negative or false-positive relative to the
total number of samples from each district or total numbers of corresponding samples.
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3. Genotype analysis of PRNP

It has been reported that the aa polymorphisms of CerPrP influence the susceptibility
to CWD (Moreno and Telling, 2018). In the white-tailed deer, mule deer, and elk,
polymorphisms at codon 96 (G/S), 225 (S/F), and 132 (M/L), respectively, influence CWD
susceptibility; codon S96 of white-tailed deer, F225 of mule deer, and L132 reduce the
susceptibility to CWD (Arifin ef al., 2021). Thus, I estimated the deduced aa sequences of PrP
in deer used in this study. A total of 50 sika deer samples, 10 from Tomuraushi, 10 from Eniwa,
20 from Toyotomi, and 10 from Tamba were used for nucleotide sequence analysis. Nucleotide
sequences of the PrP gene of sika deer tested in this study were identical to that of the Chinese
domestic sika deer reported previously (Meng et al., 2005); all deer tested were homozygous
for QosM132S225 allele, which is thought to be a CWD-susceptible allele. Although further
analyses for wider regions in Japan will be necessary, these results suggest that sika deer

inhabiting Japan comprise CWD-susceptible populations.

90



DISCUSSION

RT-QuIC assay is an easy and sensitive method for detecting PrP5¢ and its utility in
the diagnosis of human prion diseases has been demonstrated (Atarashi et al., 2011). RT-QulC
assay using N-terminal truncated rHaPrP as a substrate is useful for detecting CWD prions from
lymphoid tissues (Haley and Hoover, 2015), brain tissue, saliva and urine (Henderson et al.,
2015). In this study, full-length rCerPrP was used instead of rHaPrP, which can detect low
levels of CWD prions in the presence of a high concentration of brain homogenates (Suzuki et
al., 2020). Samples considered false-positive due to the atypical fluorescence curves are easily
expected to be negative for PrP%¢, Indeed, such samples turned out negative after the following
RT-QulC tests with increased multiplicate wells (Table III-2). However, RT-QuIC assay is
sensitive enough to detect PrP5¢ below the detection limit of immunoblotting and ELISA, a gold
standard for PrP5¢ detection. Therefore, if samples show typical fluorescence curves with the
long lag phase that suggests very low PrP5¢ level, it is difficult to confirm the result with
immunoblotting and ELISA. PMCA is the sole candidate that validates such samples for the
presence of prions, since a sequential PMCA is also highly sensitive for detecting the low levels
of PrPS¢ (Saborio et al., 2001).

Since atypical BSE cases have been mainly identified in cattle over 8-year-old, atypical
BSE is hypothesized to be a sporadic disease in aged cattle, as is sporadic CJD in humans
(Houston and Andreoletti, 2019). As the prion diseases in ruminant, the possibility of CWD
occurring naturally in aged deer cannot be ruled out. Additionally, Japan imports large amounts
of dry pasture and hay cube from the USA and Canada every year (Agriculture & Livestock
Industries Corporation (ALIC), 2021). CWD prions from carcasses of CWD-affected deer that
died outside and/or excreted into the environment can contaminate pastures and soil, and they
persist for many years once excreted into the environment (Haley and Hoover, 2015; Pritzkow

et al., 2015). Therefore, even if no live deer are imported, if hay production areas overlap with
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CWD outbreak areas, there is a possibility that CWD prions will enter Japan with the imported
hay. In this study, CWD status was monitored about 10 years after the previous report (Masujin
et al., 2007). No CWD cases were again disclosed in Japan. CWD spreads horizontally from
deer to deer, whichever in the field or in the ranch (Escobar et al., 2020). Additionally, there is
an increase in demands on venison in Japan (Ministry of Agriculture Forestry and Fisheries
(MAFF), 2020). Thus, continuous monitoring is necessary for an earlier response and securing
the safety of deer products.

In this chapter, I described that RT-QulC assay using full-length rCerPrP is practical
and reliable for monitoring the potential existence of CWD prions. No CWD cases was
disclosed in Japan so far. However, the nucleotide sequence analyses of deer PrP gene indicated
that the sika deer inhabiting Japan possess CWD-susceptible allele, suggesting that CWD
prions may easily spread among sika deer in Japan if CWD prions were emerged or imported.

Therefore, continuous monitoring of CWD from wider regions in Japan will be required.
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BRIEF SUMMARY

Although there has been no report on CWD cases in Japan to date, there is concern
about the unpredictable occurrence and geographic spread of CWD. To clarify the CWD status
in Japan, I conducted CWD monitoring using RT-QulC assay, which can detect the low levels
of CWD prions. A total of 690 obex samples from sika deer and Reeves’s muntjac were tested
for CWD prions. No CWD cases were found, suggesting that CWD may be nonexistent in Japan.
The results also indicate that RT-QulC assay is useful for continuous monitoring of CWD.
Furthermore, nucleotide sequence analysis of the PrP gene revealed sika deer in Japan harbor

CWD-susceptible allele.
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CONCLUSION

Prions, the causative agent of prion diseases, are mainly composed of an abnormal
isoform of prion protein (PrP5¢), which is produced from host-encoded cellular isoform of prion
protein (PrP¢) by post-translational modification including conformational transformation. The
binding of PrP¢ to PrP5¢ and following conversion of a-helix-rich PrP¢ into B-structure-rich
PrP5¢ are thought to be a key event in prion propagation. After prion infection, production of
PrP¢ begins, and PrP5¢ gradually accumulates in the central nervous system during a long
latency period. Eventually, neuronal cell death is caused by the accumulation of PrP5¢ and/or
alteration of the neural niche as a response to PrP° formation and accumulation. Since PrP¢ is
a major component of prions and the process of PrPS¢ production is regarded as prion
propagation, PrPS¢-specific detection is important in analyzing of the mechanisms of prion
propagation and neuropathobiology of prion diseases. Furthermore, PrPS¢-specific detection is
important for the diagnosis and surveillance of prion diseases. Therefore, in my doctoral
dissertation, I studied the mechanism of PrP5¢-specific detection using monoclonal antibody
(mAb) 132, which is extremely useful for PrPS-specific staining, and the utility of real-time
quaking-induced conversion (RT-QulC) using recombinant cervid PrP (rCerPrP) as a substrate
for detecting PrP5c,

In Chapter I, to address the mechanism of PrP%¢-specific detection by mAb 132, the
reactivities of mono- and bi-valent mAb 132 to recombinant mouse PrP (rMoPrP) were
analyzed using enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance
(SPR). In ELISA, the monovalent binding of mAb 132 was significantly weaker than that of
the bivalent form, indicating that the bivalent binding confers higher binding stability to mAb
132. Compared to the other anti-PrP mAbs tested, the reactivity of bivalent mAb 132 was easily
affected by a decrease in the antigen concentration. In SPR, the binding kinetics of mAb 132

were consistent with the results of ELISA. The ks value of the monovalent binding was
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approximately 260 times larger than that of the bivalent form, suggesting that the monovalent
binding is less stable than the bivalent binding. Furthermore, the amount of mAb 132 bound to
rMoPrP decreased if the antigen density was too low to allow bivalent binding. On the other
hand, if two PrP¢ exist close enough to allow bivalent binding, mAb 132 binds to PrP¢. These
results indicate that weak monovalent binding to monomeric PrP¢ diminishes PrP¢ signals to
the background level, whereas mAb 132 binds stably to PrP% in a bivalent manner after
exposure of the epitope.

In Chapter II, I tested the reactivities of various rPrPs including rCerPrP to identify the
RT-QuIC condition under which low levels of chronic wasting disease (CWD) and bovine
spongiform encephalopathy (BSE) prions can be detected, when in the concentration of brain
tissue homogenates is high. Among rPrP tested, only rCerPrP exhibited unique reactivity: the
reactivity of rCerPrP to CWD and atypical BSE prions was less affected by the high
concentration of normal brain homogenates. The unique reactivity of rCerPrP disappeared when
the N-terminal region comprising amino acid (aa) 25—93 was truncated. In addition, the
replacement of MoPrP aa 23—149 with the corresponding region of CerPrP partly restored the
unique reactivity of CerPrP in RT-QuIC reaction. Furthermore, replacement of the extreme C-
terminal region of MoPrP aa 219-231 to the corresponding region of CerPrP partly conferred
the unique reactivity of rCerPrP to rMoPrP, suggesting the involvement of both N- and C-
terminal regions in the unique reactivity. Additionally, rCerN~Mo—Cer“PrP, a chimeric PrP
comprising CerPrP aa 25—153, MoPrP aal50—218, and CerPrP aa 223—-233, showed an additive
effect of the N- and C-terminal regions. These results provide a mechanistic implication for
detecting CWD and atypical BSE prions using rCerPrP and are useful for further improvement
of RT-QulIC.

In Chapter III, I conducted the CWD monitoring by RT-QulC assay using full-length

rCerPrP to clarify the CWD status in Japan. A total of 690 obex samples from captured or hunted
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sika deer and Reeves’s muntjac in Hokkaido and Honshu were tested using RT-QulC assay. No
CWD-positive cases were found, suggesting that CWD may be nonexistent in Japan.
Furthermore, nucleotide sequence analysis of the PrP gene suggests that sika deer inhabiting in
wide area in Japan comprise CWD-susceptible populations. Therefore, continuous monitoring
of deer from wider regions in Japan will be necessary for earlier detection and response for the
emergence of CWD cases and securing the safety of deer products.

In my doctoral dissertation, I elucidated the mechanism of PrP5¢-specific staining with
anti-PrP mAb 132. The findings provide the rationale for using mAb 132 in elucidation of
mechanism for prion propagation and neuropathobiology. I also showed the utility of rCerPrP
in RT-QulIC reaction for detecting CWD and BSE prions. The results demonstrate the practical
use of RT-QulC and are useful for further improvement of RT-QulC reaction. The findings on
PrP¢-specific detection and its application contributes to the elucidation of pathobiology of

prion diseases and further improvement of diagnosis and monitoring of prion disease.
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DRI LB B2 T D LD 72572, SPR {5 TIE, mAb 132 O SGH
imlE ELISA IZ RO RE—EL TIh, —Mifkh & OMFRIEE B EEI X ALRE 5 X0 260 fiF K
EipoTz, THUT— MRS A1 GRS & KR EMEMRNFEZRBL TVD, SHIZ, JURE
FE DML PR Al A TERWIEE, tMoPrP (ZFEG L7Z mAb 132 O &I LIz, —
J7, 2 >0 PrPC 73 _Afiih & 25 I REZREREBEN ITAFAE T 556, mADb 132 1% PrPC ISR AL
Teo ZNHORERIL, BER PrPC ~DFW\—{lifE G725 PrPC O 7 F Va7 7T R
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LU SEDDITH L, mADb 13213 PrPSc O =t h— 7" tH #4 (2 Al A 12 XD Prpse
IZZELTHREG T DAL TN,

5 BT, rCerPrP %5 Tk 4 7ot % PrP (rPrP) Z MW T, INFLANRE DN &
WIGA THIRL )L OEMEEFER (CWD), ZFERINAE (BSE) 7' UA & f i rIE72
RT-QuIC DRSOV THRFTLTZ, & L72 rPrP D95, rCerPrP D Z7%, CWD, FEE
A BSE VA AT T DRGNS @R D IR RGN ALAN L D5 B S T IZN VWD F
7R RS AR LT, 20 rCerPrP KA O SUGHEIT, N ARimeEI I /1% 25-93 ZFrE
T HIELIZIDIER LTz, E72, MoPrP O7 X /1 23-149 % CerPrP OXf i3 2 ra & E#13
5HZET, RT-QuIC KT CerPrP 58 O SUSMEDER 43I [EIE L7, 51T, MoPrP @
C RImSEI T I/ 219-231 % CerPrP O XIS D& B #5 & rCerPrP 74 D SUGHE
23 tIMOPrP |2 53722800, N K, C RIGFEIKO I 773 rCerPrP #5H O IGTEIC
B G- D2 e RSV, AT, CerPrP 7/ 25-153, MoPrP 72 /fik 150-218,
FBEON CerPrP OT /W% 223-233 ) DA SI15 rCerN-Mo—Cer®PrP |3, 2@ N K, C

Kimpadk ORI R A2 R~ U2, ZNHOFERIL, CWD BLOZEER! BSE 8 H 3 50

rCerPrP DIEFIREFZ2 R4 E B2, RT-QulC D E AR5 &L HE bbb,

FE T, AARIZKITSH CWD OIREEZ LN T 272012, 2% rCerPrP &
L7z RT-QuIC (255 CWD E=XV 7 %477z, ALiEE, AN T £35S n iz
BEF 690 [HO=AR 71, Tx U~ AV OIEFEFIERY 7 V% RT-QuIC IZEVRAE LT,
CWD [GtEBNIEERO DA T2 80D, CWD 1L H AR THAL TOZRWATREMED EU &
BEZND, IDIT, =RV O PrP BB T O IEEFNOMATIZEY, HARD R OHIERIZ
BB D=AR TN CWD JEZPEDMERRFIC IO S TOD T EAVRIRS VI, 1o
T, KVIRNHIRD T TN ONT DR RIZRE =2V 271E, CWD DOFEAERFIZIIT 5 515
DR M OSSR 7 HOR B O B2 R T 2720 I B L b g,

ARFPNLERSCTIE, $T PrP HUiR mADb 132 1255 PrPse B YL D AT = X L% fifg
LT, ZNHOF L, ZVA > ORI LT VA R ORI BB P 2 B 52375
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72> mAb 132 OfE KT 2R ERAUR LA FEHEL 55, F72, RT-QuIC BUSIZIWT
CWD & BSE & tH T 2BRD rCerPrP DA FMEIZ DWW TRLTZ, 2O DHERIE, RT-QulC
DERMMEZRTLEBIZ, RT-QuIC DHERDUGRITHENLHEM DD, PrPSe KrE Ay H
K OZFEDISERIZOWTORRIL, TV OMRIFREF ORI, 7 VA 9O,

P—=_ATADERLBEIZHE T D2H D TH D,
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