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oot T

NCaP AR1 AR2 AR3 CCaP

E 7rcr574—

W—73 -1 =32

X 2. EFFLREORFEIE

ALEIFTL—DORFBIREES T4 TOAZXTF L 10FN3 KX 1 L OIFEE (PDB IDE2 1TTF). BT REENY > K1 v FiligL, BC, DE,

FG & W) BHDIARDIL— TSN, IgDVEHOIESFEELTW3. ZOBC, DE, FG EFENB3XDN—TOFP I /BENEF 471X

TBE, TOEBFRENDCDR & LTHEET 3.

B: PEY—DRFERELDE FA KX L2280 E, 6D X712 (Cys) BE (188) (L&Y 3ENS-SKEE (186K FEHREh3. &

FERERICES T3 73 /BERE (Fa), CaltrBET34 73 /BEE () tRI(B4%E7 471X L. Silverman J, et al: Nat

Biotechnol (2005) 23: 1556-1561 & H &%,

C:7®ULUE—h (AR) 22 /87 8. 3373 /BBEEDPSRBIARZ L NIEHFIBAEL > G EHD. AR 2 /XVEDNKE & CREFIC

it%hZhNCap (N-terminal capping AR) & CCap (C-terminal capping AR) EFEEN3 AR # 4, NCap & CCapf@lic, FH 1 & h/ AR

2L NIEFEAMAETNE, UE— P 230NN TATFU—ELTHEE SN TV S, Binz HK, et al: Nat Biotechnol (2004) 22: 575-
- 582 & RE.

D:7>FHY L DIiibiBE (PDB ID;1KX0). FLFHULOHFERELZURAY LT 7 I U—DHF T, 8RDBFETSFNI WA LEHK

D2 L INTBIEE USLIVEE) FESEICEEINTVS., SHOBICIRAKDIL—TBE RE) PEREh, ThoDL~TBENK UG KRy

FELTHEETS. 51750 —TRINSOIL—TIBECERFIEASN L.

E: 7AFTILANZ KA HFRFBREED T 7 4 £F ¢ —OILHKIEE (PDB ID;1Q2N). AUy 721 (a1) EAUYIR2 (a2) D135

HEICEENFrBAENS,

#HERTY, S$6ce PIEFICIR0Ing/ml & v ) HEBE AL VIZEBRE BT A OIS Y %BEa (estrogen re-
TFn3F A4 vBEThaLwIHELDH Y, 10Fn3 % HH ceptor a :ERa) ®UF V FEESFAL VZEAL, ERa
YEBEIRFL4 DI UNRIBEEEE LTOERELMHY VH Y FOFEET, FEEHET TR ZIT, MIBANDER ¢
FEhs wEs7u7Y Y (Ig) OVHEBROEEIZL: Dav7rr—va vEREBRINTS T u—TE2ERL,
10Fn3 FA4 Y25 FE#H L LT (H24A), Koide Hid, 10Fn3 KA 4 V3SR 7o —-7L LTERTHAZ LEH
10Fn3DBC L FGA—TDERHIA TV F<A X L7zT7 7 —¥ LML Xubd10Fn3 AL Y25 TFEBELT,
SATIT)—RHER, DT TT)—HLIEFF M mRNAFA R LA BMEAVET A7) — R, &
RGBT/ K74 —%BEEL, 10Fn3 FA A YOV —THEE EHHKdA =10~200nM D kb VEGF (vascular endotheliat
2o VAR RBEATAZ LT, A2 T A growth factor) 25442 (VEGFR-2) 8 R# 7% 10Fn3
LIZRILTWwAY, Z0#Koide Hid, 10Fn3 FAAL VD (AdNectin) ZH#E, s5IC7 74274 -~ Fab—73
DQYAFA ¥ Cys) BEFET LV, QEBRA F ORKEE VEIFVEESHI MK = 0.06 ~2nM D AdNectin % EBL L 7>

MAFELZVEW) 200 E XA LT, BEftwo-hy-
brid Y AF ADERAL KA AL VIZ1I0Fn3 54 75 ) —, #& 2 256 ~— VB
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13), VEGFR-2 I REM AdNectin iXBE, MEHEE
(AdNexus) & LT, #IHABMTbNITWA. 10Fn3 F
AL VEBVIEEIRFA =475 —OfEHILR S
Y=Y FCERBHEL2T O b TN 252007 412 Koide
LIk DBESh TS,

2. PEV— (Avimer)

7 ¥ —ik, P.Stemmer 52554 L 728 L W HUERAN G
FThHYh, EYRIEBEETIBMNY VNATEAF AL ¥
DHIBLAFAL Y (~357 3 /@ 4kDa) &b &IT/ERE
hi: (2B). A ¥ A4 Vidkk4 e MIREAXEFAOM
RS EEL, BATF, ¥ VN0 E, YA VA L1008
HEULORZ DENFFLEETHILFREINA TS,
B, AFAL YD) BETFEROBRICHES T 525%%
L, VANT 4 FSS)BEEWRT L6020V AT V5%
I, BIUCE ' PEBMT 242007 I/ BEEIZIZOTE
LL, FOMDOE RS I L A LT =T FA4TF
Y— 5 ERLY, FE—I3EROBE ALV ERED
INFRFAL Y F VN0 ETHY, BHOLPITHFROME
YA VERMT AL TRLZLIY -T2 BMTH
INFI—%EBTESL. A FAL VEABRANBEI T
HEKRBETREXELZENTE, BIEE (>1.4g/D
TEHEDHLTEY—2BLIENTE D, F-HEENIC
FEIZRETH Y, BERST CHEER, MEFTIIHREM
ZOBERBEFTEL. LAL, 7ET—RZEDOAEZDR
WAKHTAEICZ YT I RAENTLE ) &w) BEDS
5. P. Stemmer 513, TOMEZ2TRT 5720D11gGHE
BRAL Vv ETER—IHEET B2 LT L) EEM 20k
M CHEELLWN.

ALOSF2BRBAT 2BICEREREIKE LT
Bhaobhv, TEI—@Y A4 Xhhs 7, SSHEAES
S FoTVwHLDIREREIIES ZoTws. vV ALK
TET—%REL, TORMEFORT E—HAEOHE
BRI BRETE LS 07210, YAV T 4 FEEORY
MOSFIZETAIHE» S, 2D &) Lo FRIERTHE
BilkoT7uty 78l woT, HERROHNE
AEL B LERL TS,

ERIZZN S DOFER BT, Stemmer 51, cMET (FF
HRaFEEF (hepatocyte growth factor ; HGF) OS&4),
CD40L (CD40 ligand), IL-6, CD28, BAFF (B cell-acti-
vating factor belonging to the TNF family) {2#&7F %
TET— R HEELY. HIL6T7TEY—Id, 3DDA FXAA
VHALRAZEBETHY, IL-6 1T HEENIMKI =
010MA — ¥ —Th -9, ZDT ¥ —R}HRSh TV 3
Hikt A%, T3 Z2h D EoMRMEEEREE2FAL T
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Wiz B2, R I ARHAVWLRERIIBVWTDIDTEY—
BIL-6 BHET AMBE7 I 0 FAOEELZBEELA.
INLDERERTVYY— %AW BERERBRLREDE
BEL LCOWEREERLTEY, BAEZ u— VRERE
ELTHE I RRBRfThhTwa.

3. 7%V (Designed Ankyrin Repeat
Proteins : DARPins)

7 v &Yy v ¥—b (Ankyrin repeat ; AR) &I3HEYR
KIELRONASFBET, COVE—MIX)IEDOHE
ERH AL VEBEL, Bhhs v BRHEERZE
¥ 3. A. Pluckthum 513D AR ZFIH L CRILESHT
THMIESTTHHEL, MEBENTHRET ZENL
SFFOBELRAI. € PARY V7 EIX, 33T VB
BEINMEL LY — 7, 2ROHBF TaN) v I A, V=T D
BELoy PARAELZ RV ELEEEZE TS (B
2C). BIRDI0Fn3 KAL Y ER UL Y AFA VERER & E
T, 8257 T RAVEARERBAROBENESH T, BNF
MICEERDFTHA. FTHEL, [gOBELIRLS
A%, Binz Hix, AR Y Y NN BN — THEEHMAEDCDR %
BHETLIEVIRBTS VT ALRBHIEHBALLIAT T
V—ZBERIL, SN E—ABESI VSV EBIUFF—E
*EFMHEL LT, BENHKd=1nMA — ¥ — DR
TURY) URBBEEL ARY YNV BON—THEIIT VY
ABEHEEATSHI LT, ATHAZERLZY. 20
#, Zahnd 1%, & » EGFR2 (human epidermal growth
factor receptor 2 ; Her2) ##EM & LT, EGFR1 8 ZERK
J& L7z Vv Her2 S R DARPin D135, N—t 7F VO (—f
£, b5 AV AT) LALIY +—7DDARPIn, &7
#°Kd =7.3nM ® DARPin 2#EBL L 722 L 2 i L7210, 4
BODH, BEA~OFESHRE SIS, 72, Kawebid, ¥
NaxyFy4 IR (TEV) OEBIZLEADNIP® Sar
7—YEEHE LT, HRMDARPInDER %217 o 724k, B
# two-hybrid Y A7 A2 HE L -FEEHAVT, MBAT
NIaPe7u 57 —¥0EM % HET 5 DARPin DFER L,
DARPin ZHIRH CHBETE 2 ESFHETHH L 2R
L7119,

4. 7FhU (Anticalin)

YEHIY YT 7 I —DHF (160 ~180 7 I/ BFRE)
i, Fi¥y 3y, A5ul F, REEPO L7 VAR
F—r LTREL MEIOL MCEL I T, Y F v Vi
LB T TH A REPRBEC-DIZHVLENTYS
SFThs. El, NUIVEREFBELREIATYS (B
MD).URINV YT 7 I BT AT HTERICHED
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ALtk 7 oFhY) VLB, A Skerra biZ X hEES
RTws, HHRAFEY S OF 3 7BROYEHY VT
HBHYY U EES /32 E (bilin-binding protein ; BBR)
EFTFEBHELLT, BBROAKDOV— THEILT VT L%RE
FWEBALLT77—VI4 75V —%2fE8L, 7t LA
S ITIF IV ol M FIRRNET VF A Y
PHELZD, SS5IHELIE, € MHROYFEH) U THS
v r7ERYFESY 232 ED (apolipoprotein D ; ApoD) %4
FEELLET7 7=V 477 —2RL,  bnES
OYVEENLLTRAZY -2V 72T, AETTEY
CRENR2Y R R BB L2, $TICCTLA-4
_(cytotoxic T-lymphocyte-associated protein 4), VEGF
CERNLRT VF A UL SNAIRKAREFE SN
TWwh2),

5. 77 4 K5 +— (Affibody)

T74KF4—iE, TFUVREHEROTITA VA
(Staphylococcal protein A ; SPA) D IgGHEAF A4 D1
DTCHBIZRAAL VG TFERE LTERLLATHHE TS
%5 (R2E). ZRAA i, 587 3 JEERENOED, 3F0
AN v 7 ANFRKRICD o 72 E T, Nord b, TOZF A A
¥ D helix] & helix2 OFE & BT 20 FREDO 135%EIC
BREALLTF—IFTARATVASA T —%4ERL,
Tag DNAFRY A 5—¥, & b Y2 Y288, BE&hH
BKI=1uMDT 74 RTA—2HEEL/-ZLxFHKELT
WaA, FA-CD28, Her2, 7304 FAXRTFFE -5y

PR T 74 K71 —HEBESKXD, HRAARE
LTHERINTw A,

BbHIC

RIS L2 WES TGO FROBE TR,
SKBEFOMVEDETICIAHHBEERTTA V25T
BTH2. L LBRCERETIEEROBE, ChHDF
FRIBEORESHRHEORE L REREE T 5724
REZWVWIE PBROLEETHIOLALRBETHDEER
LB, oK, FI 2 E0k, (BEEEER) /ka (FEER
EEH) OEEHOHE, @pHeHANFHEEYK, TuT
7 -CEAYE, OREDBEEAELF LEEEDEWI L, 2
FRBHTREEZLMETH 5D, BEHENRMOFE
LAELEMRTE L. ONBSRETORBARLHEB I 4O
Tr—NFA Y, @QFcyIV=F) 728 br727
S —BRBROFTYA VORI hIREBETHS. LA L
BERBEENOOoH 3 FHE2EHTVE L, QRETHD
BAREERTIE, OQBEORER L LOEHEES
074-ViETAHIE, QRSE - REOHETHSHZ
, QBEFEBEZMEME B 2EEOET X MEAE
RENB IR EOBREE, TTIREEREOETIERL,
ERTEZHEROMBICZoTWa. HikrryI=7Y
YDEFIIERNTVS,. ZOBFEICRURAA T
EhHH, “BEFILRE OZDX ) eN—-FLELEDL
FEBZBDD, F72, 5 BEDIHIHFLLRTHA v 2E
HHLTWL OXEERL V.
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delays the onset of disease in mice inoculated with a
mouse-adapted prion

Daisuke Ishibashi?, Hitoki Yamanaka?, Naohiro Yamaguchjb, Daisuke Yoshikawa®,
Risa Nakamurab, Nobuhiko Okimura®, Yoshitaka Yamaguchid, Kazuto Shigematsu®,
Shigeru Katamine b Suehiro Sakaguchi a,b,d,x

2 PRESTO Japan Science and Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama, Japan
b Department of Molecular Microbiology and Immunology, Nagasaki University Graduate School of Biomedical Sciences,
1-12-4 Sakamoto, Nagasaki 852-8523, Japan
¢ Department of Pathology, Nagasaki University Graduate School of Biomedical Sciences,
1-12-4 Sakamoto, Nagasaki 852-8523, Japan
9 Division of Molecular Cytology, The Institute for Enzyme Research, The University of Tokushima,
3-18-15 Kuramoto-cho, Tokushima 770-8503, Japan

Received 26 June 2006; received in revised form 25 August 2006; accepted 26 September 2006
Available online 6 October 2006

Abstract

Host tolerance to endogenous prion protein (PrP) has hampered the development of prion vaccines as PrP is a major component of prions.
Indeed, we show that immunization of mice with mouse recombinant PrP elicited no prophylactic effect against a mouse-adapted prion.
However, interestingly, mice immunized with recombinant bovine PrP developed the disease significantly later than non-immunized mice
after inoculation of a mouse prion. Sheep recombinant PrP exhibited variable prophylactic effects. Mouse recombinant PrP stimulated only
very weak antibody responses. In contrast, bovine recombinant PrP was higher immunogenic and produced variable amounts of anti-mouse
PrP autoantibodies. Sheep recombinant PrP was also immunogenic but produced more variable amounts of anti-PrP autoantibodies. These

results might open a new way for development of prion vaccines.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Prion; Vaccine; Tolerance

1. Introduction

Transmissible spongiform encephalopathies or prion dis-
eases, including Creutzfeldt—Jakob disease (CID) in humans
and scrapie and bovine spongiform encephalopathy (BSE) in
animals, are a group of devastating neurodegenerative dis-
orders transmitted by unconventional infectious agents, the

* Corresponding author at: Division of Molecular Cytology, The Institute
for Enzyme Research, The University of Tokushima, 3-18-15 Kuramoto-
cho, Tokushima 770-8503, Japan. Tel.: +81 88 633 7438;
fax: +81 88 633 7440. .

E-mail address: sakaguch@ier.tokushima-u.ac.jp (8. Sakaguchi).

0264-410X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2006.09.078

so-called prions {1,2]. Many lines of recent evidence sug-
gest that BSE prions could orally transmit to humans via
contaminated food, causing new variant type CJD in young
people [3-5]. It was also recently reported that blood transfu-
sion could be a risk factor for prion transmission in humans,
causing subsequent CID inrecipients [6,7]. However, no pro-
phylactic measures agair)st the transmission of prions have
been developed.

Prions are thought to be mainly composed of the pro-
teinase K (PK)-resistant, amyloidogenic isoform of prion
protein, designated PrPS¢, which is generated by conforma-
tional conversion of the normal cellular isoform of PrP (PrPC)
via unknown post-translational modifications [1,2]. PrPC is
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a glycosylphosphatidylinositol (GPI)-anchored membrane
glycoprotein most abundantly expressed in neurons [1,2].
PrP is therefore a plausible target molecule for the devel-
opment of prophylactic measures against prions. Gabizon
et al. previously reported that polyclonal antibodies against
PrP could reduce the infectivity of hamster-adapted prions
by a factor of 100 [8]. Heppner et al. [9] recently showed
that mice transgenically expressing anti-PrP monoclonal anti-
body, 6H4, were resistant to the disease after intraperitoneal
inoculation of mouse-adapted scrapie RML prions. White
et al. also demonstrated that two other anti-PrP monoclonal
antibodies, ICSM 18 and 35 could prevent prion infection in
mice by passive immunization [10]. This successful preven-
tion of prion infection by anti-PrP antibodies indicates that
active immunization or vaccination against PrP could be a
promising prophylaxis against prion transmission.

In the present study, we immunized BALB/c mice with
recombinant mouse, bovine, and sheep PrPs and thereafter
intraperitoneally challenged these immunized mice with a
mouse-adapted prion. Immunization with mouse recombi-
nant PrP showed no prophylactic effect against the prion
infection in mice. Instead, the immunization appeared to
exacerbate the infection. In contrast, mice immunized with
bovine recombinant PrP exhibited slightly but significantly
prolonged incubation times, compared with those of non-
immunized mice. The immunizing effects of sheep recombi-
nant PrP on the infection were variable.

2. Materials and methods

2.1. Expression and purification of recombinant PrP
immunogens

DNA fragments corresponding to the mouse PrP residues
23-231 (according to GenBank accession no. M13685), the
sheep PrP residues 25~234 (GenBank accession no. U67922),
and the bovine PrP residues 25-242 (GenBank accession
no. AJ298878) were independently amplified by polymerase
chain reaction (PCR) using appropriate primer pairs shown in
Table 1. Following sequence confirmation of these PCR prod-
ucts, the fragments were digested with BamHI and HindIl
and inserted into a pQE30 vector (QIAGEN, Hilden, Ger-
many). The pQE30 vector was developed to produce the
proteins of interest with a N-terminal 6 x His tag.

Table 1
The DNA sequences of primers used for constructs

E. coli (M15) cells were freshly transformed by each plas-
mid, cultured in LB medium containing 1 mM isopropylthio-
B-D-galactoside (IPTG), and collected by centrifugation. The
collected cells were lysed using CelLytic B bacterial cell
lysis/extraction reagent (Sigma-Aldrich Co., St. Louis, USA)
in the presence of deoxyribonuclease I and the lysate was
centrifuged at 25,000 x g for 10min. The resulting pellet
was suspended in Reagent containing 0.2 mg/ml lysozyme
and incubated with occasional shaking at room tempera-
ture (RT) for 15 min. Volume of the suspension was then
increased by addition of 1:10 diluted Reagent and centrifuged
at 25,000 x g for 10 min. The resulting pellet was washed 3
times with the 1:10 diluted Reagent, suspended in a lysis
buffer (§ M Urea, 10 mM Tris-HCl, 100 mM Na;HPO4, pH
8.0) and further purified using a Ni-NTA column (QIAGEN)
as recommended in the manufacturer’s protocol.

2.2. Purification of recombinant mouse PrP minus a 6 x
His tag

The DNA fragment corresponding to mouse PrP 23-231
was amplified by PCR using an appropriate pair of primers
(Table 1). Following sequence confirmation, this fragment
was digested with Ndel and BamHI and inserted into a
pET11a vector (Novagen, Inc., W1, USA). E. coli (BL21)
cells were transformed by the resulting plasmid and cul-
tured in LB medium containing 1 mM IPTG. The cells were
collected by centrifugation and suspended in buffer (50 mM
Tris-HCI, 1 mM EDTA, 100 mM NaCl, 1 mM PMSF, pH 8)
containing 300 pg/ml lysozyme. After incubation for 20 min
at RT, deoxycholic acid was added to the suspension for
another 20 min and genomic DNA was digested with deoxyri-
bonuclease I at RT for 30 min. The resulting extract was again
centrifuged at 25,000 x g for 20 min and the pellet was solu-
bilized in buffer (8 M urea, 50 mM Tris—HCI, 1 mM EDTA,
pH 8). This extract was applied to a CM-sepharose column
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) and
recombinant PrP was eluted using a linear NaCl gradient from
0 to 500 mM in the same buffer.

2.3. Immunization
Purified recombinant PrPs with a 6x His tag were dia-

lyzed against PBS and 100 pg of each recombinant protein
were intraperitoneally inoculated into a 4 week-old female

Constructs ) Forward primers

Reverse primers

6x His-tagged PrPs

Mouse PrP23-231
Bovine PrP25-242
Sheep PrP25-234

Non-tagged PrP
Mouse PrP23-231

geggatccaaaaageggecaaagectggag
gcggatccaagaagegaccaaaacctggag
gcggatccaagaagegaccaaacctggeg

ggatgccatatgaaaaageggecaaag

ccaagctictatcagetggatettcteeegtegta
ccaagctictatcaacttgeeectegttggtaata
ccaagctictatcaacttgeccecctitggtaata

gaggatcctattagetggatcttcteee

Underlined sequences indicate appropriate restriction enzyme sites described in Section 2.
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BALB/c mouse (SLC Japan, Shizuoka, Japan) at 2-week
intervals together with complete Freund’s adjuvant (Difco
Laboratories, Detroit, MI) for the first immunization and with
incomplete Freund’s adjuvant (Difco Laboratories) from the
second immunization. Antisera were collected 1 week after
the final immunization and stored at —20 °C until used. Mice
were cared for in accordance with the Guidelines for Animal
Experimentation of Nagasaki University.

2.4. Prion inoculation

Brains were removed from the diseased mice infected with
the mouse-adapted Fukuoka-1 prion {11] and homogenized to
1% (w/v) in PBS. Aliquots (100 wl) of the homogenate were
intraperitoneally inoculated into each mouse 1 week after
receiving their fifth immunization with recombinant PrPs.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Each well of a 96-well immunoplate (Nunc) was coated
with 500 ng of purified mouse recombinant PrP without a
6x His tag or other recombinant PrPs with a 6x His-tag by
overnight incubation at 4 °C and then blocked with PBS con-
taining 0.05% Tween-20 (T-PBS) and 25% Block Ace (Daini-
honseiyaku Co., Tokyo, Japan) at 37 °C for 1 h. To detect
specific IgG antibodies, serially 10-fold diluted antiserum
was added to the wells for 1 h at 37 °C and unbound antibodies
were removed by washing twice with T-PBS. Immune com-
plexes were detected using secondary sheep anti-mouse IgG
antibodies conjugated with HRP (Amersham Biosciences),
2 mM 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid),
and 0.04% H;0O,. Anti-PrP antibodies titers were determined
using colorimetric values expressed at 405 nm.

For ELISA of mouse PrP peptides, moPrP90-109,
moPrP131-154, and moPrP219-231, 1 pg of each peptide
was coated on a 96-well immunoplate (Nunc) and simi-
larly subjected to the’ procedures described above except
for using 3,3',5,5-tetramentylbenzidine (Pierce, Rockford,
IL) instead of 2 mM 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) and detecting signals at 450 nm instead of
405 nm. The peptides (>70% purity) were purchased from
Sigma-Aldrich Japan K.K. (Hokkaido, Japan).

2.6. Constructions of expression vectors for mouse,
sheep, and bovine PrP‘

The DNA fragment encoding full-length mouse PrP€
was amplified by PCR with a sense primer (5'-tcggatcc-
agtcatcatggcgaaccttgge-3; the underlined sequence, a
BamHI site; the bold sequence, a start codon) and an antisense
primer (5-cctctagaccteatcccacgatcaggaaga-3'; the under-
lined sequence, a Xbal site; the bold sequence, a stop codon)
using a cloned mouse genomic DNA as a template. The DNA
fragments for sheep and bovine PrPC were similarly ampli-
fied with a sense primer (5'-tcggatccagtcatcatggtgaaaagccac-
3’; the underlined sequence, a BamHI site; the bold

sequence, a start codon) and an antisense primer (5'-
cctctagaccetatectactatgagaaaaa-3'; the underlined sequence,
a Xbal site; the bold sequence, a stop codon) using a cloned
bovine PrP cDNA and a cloned sheep PrP genomic DNA
as a template, respectively. After confirmation of the DNA
sequences, each DNA fragment was digested by BanHI and
Xbal and introduced into a pcDNA3.1 vector (Invitrogen,
Carlsbad, CA).

2.7. Immunoblotting of eukaryotic PrP¢

African green monkey kidney COS-7 cells were tran-
siently transfected by a pcDNA3.1 vector (Invitrogen)
inserted with or without the DNA fragment encoding full-
length mouse, sheep, and bovine PrP® using lipofectamin
2000 (Invitrogen) and lysed in lysis buffer (1% Triton X-
100, 1% sodium deoxycholate, 300 mM NaCl, 100 mM
Tris—HCl, pH 7.5) 3 days after transfection. Proteins were
separated by 12% SDS-PAGE and electrically transferred
onto an immobilon-P membrane (Millipore, MA, USA).
The membrane was incubated with 1:400-diluted antiserum
raised against recombinant PrPs in BALB/c mice and sec-
ondary sheep anti-mouse IgG antibodies conjugated with
HRP (Amersham Biosciences). Immune complexes were
visualized using the ECL system (Amersham Biosciences).

2.8. Flow cytometry

Cells were harvested with PBS containing 0.2% EDTA,
suspended in BSS buffer (140mM NaCl, 54mM KCl,
0.8 mM MgSOy4, 0.3 mM NayHPOy4, 0.4 mM KH,PO4, 1 mM
CaCl; pH 7.0), and incubated with 100-fold diluted antisera
for 30 min on ice. The treated cells were then washed three
times with BSS buffer, reacted with FITC-conjugated goat
anti-mouse IgG (H+L) (Chemicon International, CA, USA),
and analyzed by FACScan (Becton Dickinson, NJ, USA).

2.9. Statistical analysis

Logrank test was used for analysis of the incubation times
between mice immunized with and without recombinant
PrPs. Colorimetric data from ELISA were subjected to one
way ANOVA followed by Tukey—Kramer multiple compari-
son test.

3. Results

3.1. Different effects of immunization with recombinant
mouse, sheep, and bovine PrPs on mouse-adapted prion
in mice

We intraperitoneally immunized BALB/c mice with
purified recombinant mouse, sheep, and bovine PrPs
(100 pg/mouse) five times at 2-week intervals and intraperi-
toneally inoculated a mouse-adapted Fukuoka-1 prion into
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Fig. 1. Incubation times in mice immunized with mouse (A), bovine (B),
and sheep (C) recombinant PrPs after intraperitoneal inoculation of a mouse-
adapted Fukuoka-1 prion. (A) Incubation times in mice immunized with
mouse recombinant PrP (n=7) and in non-immunized mice (n=8). No
prophylactic effect from immunization with mouse recombinant PrP was
detected. Instead, incubation times seemed to be shortened, compared with
those of non-immunized mice. (B) Incubation times in mice immunized
with bovine recombinant PrP (n=6) and in non-immunized mice (n=8).
The immunized mice developed the disease with significantly delayed onset
(p=0.0008, Logrank test). (C) Incubation times in mice immunized with
sheep recombinant PrP (n=7) and in non-immunized mice (n=8). Except
for two of the immunized mice, the other five mice showed extended incu-
bation times compared to non-immunized mice.

the immunized mice 1 week after the final immuniza-
tion. Non-immunized BALB/c mice developed the disease
291+ 10 days post-inoculation (p.i.) (Fig. 1). Immuniza-
tion with mouse recombinant PrP had no prophylactic effect
against the disease. The immunized-mice succumbed to the
disease at 269 + 22 days p.i. (Fig. 1A). No significant differ-
ence in the incubation times could be detected between the
mice immunized with and without mouse recombinant PrP
(»p=0.22, Logrank test), but incubation times of the immu-
nized mice appeared to be shortened compared with those
of the non-immunized mice. In contrast, mice immunized
with recombinant bovine PrP showed significantly delayed
onsets at 322 + 15 days p.i., compared with non-immunized
mice (p=0.0008, Logrank test, Fig. 1B). Immunization with
recombinant sheep PrP showed variable effects against the
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prion. Five out of seven immunized mice developed the dis-
ease with prolonged onset (Fig. 1C). Two remaining mice
became sick at 239 and 246 days p.i., as early as mice
immunized with mouse recombinant PrP began to succumb
(Fig. 1C). Accumulation of PrP%¢ and pathological changes
including vacuolation and gliosis were indistinguishable in
the brains of terminally diseased mice (data not shown).

3.2. Bovine and sheep but not mouse recombinant PrP
stimulates antibody responses against respective
immunogens in mice

To assess the immunogenicity of recombinant bovine,
sheep, and mouse PrPs in mice, we investigated antibody
responses in the immunized mice. Antisera were collected
just before prion infection and each serum of the four to five
immunized mice of each group was subjected to an ELISA to
detect specific IgG antibodies against respective immunizing
recombinant PrPs. In the mice immunized with mouse recom-
binant PrP, only slightly higher antibody binding expressed
as optical density values at 405 nm (ODggs) were detected,
compared with those of non-immunized mice (Fig. 2A). In
contrast, much higher ODygs5 values were observed in the
mice immunized with recombinant bovine and sheep PrPs
(Fig. 2A). We also performed Western blotting of COS-7
cells transiently expressing mouse, sheep, and bovine PrPC
without a 6x His tag using the antisera. No mouse PrP®
could be detected by the anti-mouse recombinant PrP sera on
Western blotting (Fig. 2B). In contrast, all of the anti-sheep
and -bovine recombinant PrP sera we used for Western blot-
ting substantially detected sheep and bovine PrP€ expressed
in COS-7 cells, respectively (Fig. 2B). However, the signals
were variable in intensity with each anti-sheep or -bovine
recombinant PrP serum. Three out of four anti-bovine PrP
sera showed relatively strong signals of bovine PrPC but the
remaining one exhibited faint signals (Fig. 2B). In the case
of anti-sheep PrP sera, one antiserum revealed relatively
strong signals but the remaining ones exhibited weak
signals (Fig. 2B). These results indicate that recombinant
bovine and sheep but not mouse PrP were immunogenic
but their immunogenicities were variable in BALB/c
mice.

We further carried out fluorescence activated cell sorter
(FACS) analyses and found that the antisera against bovine
and sheep PrPs also contained various amounts of antibodies
capable of reacting with respective native PrPC transiently
expressed on.COS-7 cells (Fig. 2C).

3.3. Anti-PrP autoantibodies are variably produced in
mice immunized with recombinant bovine and sheep
PrPs

We investigated whether the antisera against recombinant
bovine and sheep PrPs could crossreact with mouse PrP by
carrying out ELISA. The immunizing recombinant PrPs con-
tained a 6 x His tag. Therefore, to eliminate immunoreactivity
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against the tag with antibodies that might be produced in
the immunized mice, we used recombinant mouse PrP with-
out the tag as an ELISA antigen. The antisera raised against
mouse recombinant PrP showed only slightly higher OD4qs
values depicting antibody responses at a 100-fold dilution,
compared with those of non-immunized mice (Fig. 3). In
contrast, a range of much stronger antibody responses show-
ing as higher ODygs values was detected with the antisera
against bovine recombinant PrP (Fig. 3). The antisera against
sheep recombinant PrP showed more variable titers of anti-
PrP autoantibodies (Fig. 3). One mouse elicited the highest
titer of anti-PrP autoantibodies among the immunized mice,
but another mouse exhibited a very weak antibody response
showing OD4gs values as low as those from mouse recombi-
nant PrP-immunized mice (Fig. 3).

3.4. Anti-bovine and anti-sheep PrP antisera recognize
prion epitopes

Mouse PrP residues 91-110, 144~152, and 146-159 are
the targets for protective monoclonal antibodies, ICSN 35,
6H4 and ICSN 18, respectively [9,10]. Thus, we investigated
whether the antisera against bovine and sheep recombinant
PrPs could recognize these epitopes. Two different mouse
PrP peptides, moPrP90-109 and moPrP131-154, were syn-
thesized and subjected to a more sensitive ELISA with each
concentrated (20x) antiserum of the four to five immu-
nized mice of each group because the conventional ELISA
described above was less sensitive for detecting the specific
signals. This sensitive ELISA resulted in higher backgrounds
from non-immunized sera (Fig. 4). However, these two pep-
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moPrP90-109, moPrP131-154, and moPrP219-231, positively reacted with
antisera raised against bovine and sheep recombinant PrPs on ELISA, com-
pared with sera from non-immunized normal mice (**p <0.01).

tides were recognized with the anti-bovine and the anti-sheep
PrP sera, showing higher ODyso values compared to non-
immunized sera (Fig. 4).

Mouse PrP residues 220-231 form target epitopes for PrP-
specific Fab fragments, termed R1 and R2, both of which are
capable of clearing PrP5¢ from prion-infected N2a neurob-
lastoma cells {12]. We similarly performed the ELISA with
a synthetic moPrP219-231 peptide (Fig. 3). Higher specific
absorbance could be detected in the anti-bovine and anti-
sheep sera, compared to non-immunized sera. However, we
could notdetect any therapeutic effects of these antisera using
prion infected N2a cells (data not shown). This is probably
due to very low titers of the antibodies against the peptide in
these antisera, as the specific signals were undetectable by
conventional ELISA.

4. Discussion

In the present study, we showed that BALB/c mice immu-
nized with bovine recombinant PrP exhibited slightly but
significantly extended survival after peripheral infection with
the mouse-adapted Fukuoka-1 prion. In contrast, we could
not detect any prophylactic effects against the prion in mice
immunized with mouse recombinant PrP. Instead, the disease
seemed to be accelerated in most of the immunized mice.
Sheep recombinant PrP had variable effectiveness against the
prion infection. Five out of seven immunized mice developed
the disease later than non-immunized mice. However, the
disease seemed to be exacerbated in two remaining mice with
incubation times as short as those of mice immunized with

~ mouse recombinant PrP. These results indicate that immu-
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nization effects of recombinant bovine, sheep, and mouse
PrPs on the prion infection were different in BALB/c mice.

We showed that heterologous bovine and sheep recombi-
nant PrPs, but not mouse PrP, were immunogenic in mice,
stimulating antibody responses against the respective immu-
nizing antigens. Interestingly, we also showed that mice
immunized with bovine and sheep recombinant PrPs variably
produced a considerable amount of anti-PrP autoantibod-
ies, and that these anti-PrP autoantibodies could react with
the mouse PrP epitopes, moPrP90-109, moPrP131-154, and
moPrP219-231. White et al. showed that passive immuniza-
tion of mice with anti-PrP antibodies, which recognize the
epitopes overlapping the two former epitopes, moPrP90-109
and moPrP131-154, efficiently blocked prion infection [10].
Ithas been also reported that titers of anti-PrP autoantibodies,
which were induced by immunization with mouse recombi-
nant PrP, were well correlated to the onset time of disease in
mice inoculated with mouse 139A prion [13]. It is there-
fore likely that autoantibody-mediated humoral immunity
could be associated with the attenuation of the Fukuoka-1
prion in mice immunized with bovine and sheep recombi-
nant PrPs. However, at the present time, we do not know the
exact mechanism of the protective effects of bovine and sheep
recombinant PrP immunization on prion infection. It was
reported that a cytotoxic T cell-like clone could be isolated
by immunization of PrP-null mice with a PrP-derived peptide
conjugated with keyhole limpet hemocyanin {14]. This might
indicate an alternative possibility that cellular immunity may
be involved in protection against prion infection.

The prophylactic effects of the immunization of mice
with recombinant sheep PrP on the prion infection seemed
variable, compared with those of recombinant bovine PrP.
Western blotting of bovine PrPC with the anti-bovine PrP
sera revealed that specific antibody responses were variable
in the mice immunized with bovine recombinant PrP. Mice
immunized with sheep recombinant PrP also showed vari-
able antibody responses. The titers of anti-PrP autoantibodies
were also various in amounts in the mice immunized with
sheep or bovine recombinant PrP but seemed more vari-
able in the mice with recombinant sheep PrP than in the
mice with recombinant bovine PrP. One mouse immunized
with recombinant sheep PrP elicited very weak autoanti-
body responses, showing OD4gs values as low as those of
mice immunized with recombinant mouse PrP, while the
other mouse produced anti-PrP autoantibodies higher than
any mice immunized with recombinant PrP. Moreover, on
Western blotting, specific antibody responses seemed weaker
in the mice immunized with sheep PrP than in the mice
immunized with bovine PrP. The titers of anti-mouse PrP
autoantibodies also seemed lower and autoantibodies against
moPrP90-109 and moPrP219-231 were significantly less
produced in the mice with recombinant sheep PrP than in
the mice with bovine recombinant PrP. It is therefore sug-
gested that this more variable and lower amount of anti-PrP
autoantibodies may reflect variable and less effective protec-
tion from the disease in mice immunized with recombinant

sheep PrP, compared with that of the mice immunized with
bovine recombinant PrP. However, unfortunately, because
we did not individually identify the immunized mice, we
could not directly compare the autoantibody titers to length
of the incubation times in mice immunized with recombi-
nant bovine and sheep PrPs in the present study. Thus, at
this point, we are unable to directly answer the question why
the immunization effects of recombinant sheep PrP on the
prion infection were more variable than those of recombi-
nant bovine PrP or why the two mice immunized with sheep
recombinant PrP succumbed to the disease earlier than con-
trol non-immunized mice.

The disease also seemed to be exacerbated in the mice
immunized with mouse recombinant PrP. It was reported
that complement components C3 and Clq mediate the initial
trapping of prions in lymphoreticular tissues [15,16]. There-
fore, complement components, which might be upregulated
by immunization, may be associated with the slight, but not
significant, exacerbation of the disease. Alternatively, certain
conditions induced in the peritoneal cavity by multiple immu-
nizations could be considered to be involved in the disease
exacerbation because the prion was inoculated into the same
peritoneal cavity. However, these remain to be elucidated.

It was previously shown that recombinant mouse PrP was
immunogenic eliciting anti-PrP autoantibodies in CD-1 mice
and could slightly retard onset of the disease in immunized

‘mice after inoculation with amouse-adapted 139A prion {13].

However, we detected only a very weak antibody response
in BALB/c mice immunized with mouse recombinant PrP
and no such prophylactic effects of the immunization on the
prion infection. Polymenidou et al. also reported that recom-
binant mouse PrP failed to induce anti-PrP autoantibodies
in C57BL/6x 129Sv mice [17]. The different genetic back-
ground of mice used in each experiment may be responsible
for the different antibody responses. Gilch et al. reported
successfully inducing anti-PrP autoantibodies by immuniza-
tion of mice with mouse recombinant PrP [18]. In this case,
the recombinant PrP was inserted by a human or hamster-
derived 3F4 epitope at the corresponding region, resulting
in the recombinant PrP with two different amino acids from
mouse PrP [18]. Thus, the recombinant PrP might acquire
heterologous PrP-like immunogenicities in part and thereby
induce anti-PrP autoantibodies in mice.

Molecular mimicry between microbial and host anti-
gens is a well-known hypothetical mechanism for triggering
autoimmune diseases via production of autoantibodies and/or
autoreactive T cells [19,20]. This hypothesis postulates that
shared identical amino acid sequences or homologous but
non-identical amino acid sequences between microbial and
host antigens could be essential for the initial processes
of molecular mimicry {19,20]. PrPs are highly conserved
molecules among mammals, sharing marked similarities in
both amino acid sequence and tertiary structure [21-23].
Bovine and sheep recombinant PrPs contain 19 and 21 amino
acids different from mouse recombinant PrP, respectively,
indicating that the higher immunogenicity of bovine and
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sheep recombinant PrPs in mice might be attributable to
these different amino acids. About half of these different
amino acids in bovine and sheep PrPs are’ concentrated in
the regions corresponding to moPrP90-109, moPrP131-154,
and moPrP219-231. Bovine and sheep PrPs possess 2and 3,4
and 3, and 4 and 4 different amino acids in the corresponding
moPrP90-109, moPrP131-154, and moPrP219-231 regions,
respectively. It is therefore possible that these regions of
bovine and sheep PrPs are immunogenic in mice because
of the different amino acid composition, eliciting antibod-
ies, which were not only specific to themselves but also to
the corresponding mouse epitopes. In other words, heterolo-
gous bovine and sheep PrPs might mimic host mouse PrP to
overcome tolerance. Taken together, our present results might
open a new avenue for development of molecular mimicry-
based prion vaccines.
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Abstract The gastrointestinal tract is thought to be
the main site of entry for the pathological isoform of
the prion protein (PrP5). Prion diseases are believed
to result from a conformational change of the cellular
prion protein (PrP<) to PrPS¢. Therefore, PrP* expres-
sion is a prerequisite for the infection and spread of the
disease to the central nervous system. However, the
distribution of PrP° in the gut is still a matter of contro-
versy. We therefore investigated the localization of
PrP°¢ in the bovine and murine small intestine. In cattle,
most PrP¢ positive epithelial cells were detected in the
duodenum, while a few positive cells were found in the
jejunum. PrP° was expressed in serotonin producing
cells. In bovine Peyer’s patches, PrP° was distributed in
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extrafollicular areas, but not in the germinal centre of
the jejunum and ileum. PrP® was expressed in myeloid
lineage cells such as myeloid dendritic cells and macro-
phages. In mice, PrP° was expressed in some epithelial
cells throughout the small intestine as well as in cells
such as follicular dendritic cell in the germinal centre of
Peyer’s patches. In this study, we demonstrate that
there are a number of differences in the localization of
PrP° between the murine and bovine small intestines.

Keywords Prion protein - Bovine small intestine -
Murine small intestine - Peyer’s patch -
Immunohistochemistry

Introduction

The normal cellular isoform of the prion protein (PrP®)
is a highly conserved glycosylphosphatidylinositol
(GPI)-anchored sialoglycoprotein. PrP° is expressed in
particular in the central nervous system (CNS) and its
function is as yet unclear. However, it is widely
accepted that the conversion of PrP° into a detergent
insoluble-, relatively protease-resistant isoform prion
protein is a defining event in the pathogenesis of trans-
missible spongiform encephalopathies (TSEs) (Prus-
iner 1998). This form is called the disease-associated
form (PrPS°). PrP knockout mice are resistant to scra-
pie infection (Biieler et al. 1993; Manson et al. 1994).
Therefore, PrP° expression is thought to be a prerequi-
site for the infection and spread of the infectious agents
to the CNS. TSEs are fatal neurodegenerative diseases
that affect both humans and animals. They include
Creutzfeldt-Jakob disease (CJD), Gertsmann-Straussler-
Scheinker syndrome and kuru in the human, scrapie in
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sheep and goats, and bovine spongiform encephalopa-
thy (BSE) in cattle.

In 1997, it was reported that variant CJD in humans
was most likely due to the transmission of BSE because
of the consumption of BSE agents-contaminated foods
(Will etal. 1996; Bruce etal. 1997; Hill et al. 1997).
Both naturally and experimentally, the spread of TSEs
by ingestion of the infectious agents has been described
in a variety of species ranging from domestic animals to
humans (Marsh etal. 1991; Foster et al. 1993; Wells
et al. 1994; Will et al. 1996; Bons et al. 1999; Heggebg
et al. 2000; Herzog et al. 2004). As described above, the
oral route of infection is widely assumed to be impor-
tant under natural conditions. Following an oral chal-
lenge of rodents with scrapie, the infectious agents first
accumulate in Peyer’s patches, gut associated lymphoid
tissues and the ganglia of the enteric nervous system
(Beekes and McBride 2000; Gonzalez etal. 2005;
Bergstrém et al. 2005). Therefore, the gastrointestinal
(GI) tract, especially the intestine, is thought to be a
significant site of entry and first replication of the infec-
tious agents.

The conformational conversion of PrP° into PrP% is
a key step in the pathogenesis of TSEs by the widely
accepted protein-only hypothesis (Prusiner 1982). To
understand the critical process of TSE infection, it is
important to characterize the cell types expressing PrP®
in the GI tract. In spite of the putative entry site, rela-
tively few studies of PrP%expressing cells in the GI
tract have been conducted. Those that have been car-
ried out have been done mainly in rodents (Fournier
et al. 1998, 2000; Ford et al. 2002; Marcos et al. 2004).
However, these results lack consistency. In cattle, only
one paper has reported the immunoreactivity of PrP®
in the bovine GI tract (Marcos et al. 2005b). In addi-
tion, it has been reported that PrP° mRNA (Caughey
et al. 1988; Brown et al. 1990), and PrP° assessed by
western blot analysis (Horiuchi et al. 1995), are widely
detected in non-neuronal tissues. However, the cell
types expressing PrP¢ in the bovine intestine have not
yet been established. The aims of this study were to
reveal the distribution of PrP° in the bovine small intes-
tine (duodenum, Jejunal solitary Peyer’s patches and
ileal continuous Peyer’s patches) and to characterize
the cell types producing PrP°.

Materials and methods
Animals and tissue preparations

Three Holstein calves (male, 6 weeksold), three
BALB/c mice (male, 3 weeks old) and three Ngsk
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Prnp® mice (male, 3 weeks old) (Sakaguchi et al.
1996) were used in this study. All animals were clini-
cally healthy and free of infectious disease. This study
was conducted in accordance with the Guidelines for
Animal Experimentation in Tohoku University.
Immediately after slaughter, the duodenum, the jeju-
num with solitary Peyer’s patches and the ileum with
continuous Peyer’s patches were dissected from the
Holstein calves and immersed in 4% paraformalde-
hyde in phosphate buffered saline (PBS; PH 7.4) over-
night at 4°C. The murine duodenum was placed in
periodate lysine paraformaldehyde (PLP) fixative
overnight at 4°C. After fixation, the tissue samples
were paraffin-embedded and 2-um-thick sections
were made. In order to carry out immnohistochemis-
try for the CD markers, sections of the bovine intes-
tine were snap-frozen in OCT compound (Sakura
Finetechnical, Tokyo, Japan) and 5-um-thick cryosec-
tions were made.

Primary antibodies

Two kinds of anti-PrP¢ antibodies were used in this
study: a rabbit antibody against the sequence of amino
acids between 148 and 164 of bovine PrP°¢ (diluted 1/
2,000, LSL, Tokyo, Japan) (Nakamura et al. 2002) for
the bovine samples and a rabbit antibody against the
sequence of amino acids between 1 and 50 at the N-ter-
minus of human PrP¢ (diluted 1/300, IBL, Gunma,
Japan) for the murine samples. In addition, a number
of other antibodies were used for the further identifica-
tion of PrP° positive cells (Table 1).

Immunohistochemistry

Paraffin sections were mounted on silane-coated
slides, deparaffinized in xylene and rehydrated in a
series of graded ethanol and water solutions. After
this, endogenous peroxidase was blocked with 3%
H,0, for 5min. Slides were washed with distilled
water, placed in Target Retrieval Solution (Dako
Cytomation, Carpinteria, CA) and heated in an auto-
clave for 5 min at 121°C as an antigen retrieval tech-
nique (Miyazawa et al. 2006a). Background blocking
was performed with normal goat serum (Vector Lab-
oratories, Burlingame, CA) for 20 min before incuba-
tion with a specific antiserum. The sections were
incubated overnight at 4°C with the anti-PrP° anti-
body, rinsed in PBS and incubated with biotynilated
goat anti-rabbit IgG (diluted 1/200; Vector Laborato-
ries) for 40 min. Following this, the sections were
treated with an ABC-PO kit (Vector Laboratories)
for 1h, visualized by 3,3'-diaminobenzidine tetra-
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Table 1 Antibodies for identification of PrP*-positive cells

Specificity Species Developed in Clone # Dilution Products?
Chromogranin A Human Mouse LK2H10 1/200 PROGEN
Gastrin/CCK Human Rabbit 1/2,000 AFFINITI
Somatostatin Human Rabbit 1/200 CHEMICON
Serotonin Human Rabbit 1/400 CHEMICON
CD3° Bovine Mouse MM1A 1/50 VMRD
CD172a° Bovine Mouse DH59B 1/50 VMRD

2 Products from ROGEN Biotechnik GmbH (Heidelberg, German), AFFINITI Research Products Ltd. (Exeter, UK), CHEMICON
INTERNATIONAL (Temecula, CA) and VMRD Inc. (Pullman, WA)

T cell marker
¢ Myeloid cell marker including DC and macrophage

hydrochloride (DAB) and then counterstained with
Mayer’s hematoxylin. To test the specificity of immu-
nostaining of bovine tissue, negative controls were
run in which the primary antibody was omitted or
replaced with an irrelevant rabbit IgG. In addition,
adsorption controls were performed. Briefly, antisera
against PrP® (LSL) were preincubated for 14 h at 4°C
with the bovine-recombinant PrP° (amino acids 25-244
of bovine PrP% Chemicon) before application to the
tissue sections.

Immunocytochemical restaining method

All polyclonal antibodies used in this study were
developed in rabbits. To visualize the structure of
intestinal tissue clear, we selected the re-staining
method. After immunohistochemical detection of
PrP® the paraffin sections were placed in a citrate
buffer (0.01M; pH 7.4), heated in an autoclave for
5 min at 121°C to elute the anti-PrP° antibodies, and
incubated with various antisera against some neuro-
endocrine markers overnight at 4°C. The sections
were rinsed in PBS, incubated with FITC conjugated
goat anti-rabbit IgG (diluted 1/400; Sigma, St Louis,
MO) for 1h, and counterstained with propidium
iodide (PI; Sigma). The sections were observed and
photographed by confocal laser microscopy (MRC-
1024; BioRad, Alfred Nobel Drive Hercules, CA).
Following microscopic observation, the coverslips
were removed and counterstained with Mayer’s
hematoxylin, and the same section was then re-
observed. For cryosections, the sections were incu-
bated with two kinds of mouse monoclonal antibodies
against CD markers overnight at 4°C. The sections
were rinsed in PBS, incubated with FITC conjugated
goat anti-mouse IgG (diluted 1/400; Sigma) for 1 h,
and counterstained with PI (Sigma). The observation
of these sections was done using a similar method to
that described above.

Results

Localization of PrP®-positive cells in the bovine
and murine small intestine

PrP°—positive cells were found throughout the small
intestine of calves and mice, and the staining for PrP°
on cryosections was the same as for paraffin sections. In
calves, PrP°-positive epitheliocytes were observed in
the basal region of the duodenum crypts (Fig. 1d), but
not in the villi (Fig. la—c, f, j, k). In the jejunum, PrP*
positive epitheliocytes were seldom detected in the vil-
lous crypts and undetectable nearby in the ileum
(Fig. 1h, 1). Immunostained cells in Peyer’s patches
were detected in the dome region under the follicle-
associated epithelium (FAE), but not in B cell follicles
(Fig. 1e, f, i, j). These cells possessed granular PrP*-
immunoreactivity in their cytoplasm (Fig. 1g, k). Simi-
lar cells were occasionally observed in lamina propria
of the duodenal villi (Fig. 1c). These immunoreactivi-
ties in the bovine small intestine were not detected in
negative and absorption controls.

In mice, PrP®-positive epitheliocytes appeared ran-
domly in the epithelium of the villi and crypts through-
out the small intestine (Fig.2b, c). These epithelial
cells might be identified as neuroendocrine cells on
the basis of their morphology. Some of these cells had
the typical morphology of the intestinal open endo-
crine cells with long apical processes reaching the
lumen (Fig. 2c). PrP°-positive cells were also observed
in the epithelia of the basal regions of the crypts
(Fig.2b). These cells had the morphology of the
closed endocrine cell type. PrP° was detected in follic-
ular dendritic cell (FDC)-like cells within the B cell
follicle (Fig. 2a, ¢), but not in the dome region under
the FAE of the Peyer’s patches (Fig. 2d). In contrast,
there was no PrP®-immunoreactivity in Ngsk Prnp®’
mice (Fig.2f-j). These data suggest that there are
differences in the pattern of distribution as well as in
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Fig. 1 Localization of PrPe-

Calf

positive cells in bovine small
intestine. Immunohistochemi-
cal micrographs show bovine
duodenum (a-d), jejunum
(e-h) and ileum (i). In the
bovine duodenum, PrP¢ was

Duodenum

ol
clearly observed in some epi- s
thelial cells close to the crypt 55
and the lamina propria (¢, d), f 7
but very weakly in the jejunal )i
solitary and the ileal continu- ;5

ous Peyer’s patches (h, 1). Im-
munopositive granules were
detected in the dome region
of bovine jejunal and ileal
Peyer’s patches (g, k)

the nature of the cells expressing PrP° in the Peyer’s
patches of calves and mice.

Identification of cell types expressing PrP°
in the bovine small intestine

Figure 1d shows that PrP%positive epithelial cells in
calves looked like neuroendocrine cells on the basis of
their morphology. In order to determine the nature of
the epitheliocytes displaying PrP® immunoreactivity,
double immunostaining was performed (Fig. 3). In the
bovine duodenum, all PrP°positive cells expressed
chromogranin A, indicating that they were neuroendo-
crine cells (arrows in Fig. 3a, b). In addition, all PrP*-
positive cells expressed SHT (arrows in Fig. 3¢, d);

@ Springer

Jejunu

LA )

F ik
R

-
2
Y

¢

{-
\

however, not all the SHT-positive cells also expressed
PrP°¢ (arrowheads). Any other neuroendocrine mark-
ers, such as gastrin and somatostatin, were not
expressed in PrP%“immunolabeled epithelial cells
(Fig. 3e-h).

In bovine jejunal solitary and ileal continuous
Peyer’s patches, PrP%-positive cells were detected in
the dome region under the FAE. These were consid-
ered to be lymphoid cells, because of their distribution
(Fig. 1f, i), Therefore, we performed a dual immuno-
staining for PrP® and CD markers in order to identify
the lymphoid cell type (Fig. 4). As for the immunohis-
tochemistry results, PrP%positive cells of the dome
region were myeloid-lineage cells with a CD172a
marker (arrows in Fig. 4a, b, e, ), but not T cells with
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Fig. 2 Localization of PrP®-
positive cells in murine small
intestine. Immunohistochemi-
cal micrographs show duode-
num of BALB/c mice (a-e)
and prion protein knockout
mice (Ngsk Prnp®®) (fj). The
higher magnification photo-
graphs showed thal some epi-
thelial cells were clearly
stained with PrP° nearby the
crypt and in the crypt on the
side of villi (b, c), but not of
the FAE (d). PrP° was detect-
ed within the germinal centres
of murine Peyer’s patches (a,
e) in contrast to bovine Pe-
yer’s patches (Fig. 1). No
PrP’-immunoreactivity was
observed in Ngsk Prnp%’ mice

(t3)

CD3 (arrowheads in Fig. 4c, d, g, h). In addition, these

BALB/c Ngsk Prnp™®
Duodenum Duodenum

st
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Discussion

myeloid cells with PrP° penetrated through the FAE
(Fig. 4e, ). These data indicate that PrP° is strongly  Recently, it has been reported that PrP°is expressed in
expressed by myeloid origin cells such as dendriticcells ~ bovine duodenal epithelium (Marcos et al. 2005b),

(DCs) and macrophages in bovine Peyer’s patches.

and this conclusion is consistent with our data. In our
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Fig. 3 Dual immunostaining
for PrP°and various neuroen-
docrine markersin the bovine
duodenum. The paraffin sec-
tions of the bovine duodenum
were performed to the immu-
nohistochemical restaining,
using anti-PrP¢ antibody and
four kinds of antibodies
against a neuroendocrine
markers. The same section is
shown in the left and right
photograph in each row. The
photographs in the left column
showed the immunostaining
for chromogranin A (CgA, a),
serotonin (5HT, ¢), gastrin/
CCK (Gas, ) and somato-
statin (Som, g). The photo-
graphs in the right column
showed the immunostaining
for PrP° (b, d, f, h). Arrows
and arrowheads pointed to
PrPC-positive cells and the
cells only with neuroendo-
crine markers, respectively.
All PrP’:immunoreactive epi-
thelial cells expressed CgA
(arrows in a, b) and SHT (ar-
rows in ¢, d). However, there
were SHT-immunoreactive
epithelial cells without PrP°,
Green is the subset of neuro-
endocrine markers and red
are the nuclei of all cells. Bars
10 ym

study, the majority of PrP°positive cells were
observed in the bovine duodenal epithelium. The
number of PrP°-positive epithelial cells was decreased
close to jejunal solitary Peyer’s patches, but not in ileal
continuous Peyer’s patches. In addition, all PrP®-posi-
tive epithelial cells were identified as serotonin (SHT)
producing cells. The previous reports of studies on
rodents (Ford et al. 2002; Marcos et al. 2004) and
monkeys (Marcos et al. 2005a) show that PrP° is co-
localized with SHT-producing cells, in common with
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our data. We also detected PrP°-positive epithelial
cells in the murine intestine, which had the typical
morphology of neuroendocrine cells. Ford etal
(2002) have also reported that PrP°positive cells in
the murine mucosal wail of the gut are endocrine cells
producing SHT. However, it has been reported that
PrP¢ is detected in cells producing not only serotonin
but also somatostatin and gastrin in the rat (Marcos
et al. 2004) and monkey small intestine (Marcos et al.
2005a). On the other hand, it has been reported that
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Fig. 4 Identification of PrP*-
positive cells in bovine small
intestine. The cryosections of
the dome region in bovine
jejunal and ileal Peyer’s
patches were performed to
the immunohistochemical re-
staining, using anti-PrP° anti-
body and anti-CD markers.
The same section is shown in
the left and right photograph
in each row. Arrows and
arrowheads point to PrP°-pos-
itive cells and the cells only
with CD markers, respec-
tively. In jejunal solitary and
ileal continuous Peyer’s patch,
PrP°-immunoreactivity was
observed in a subsel of
CD172a-positive cells, which
were myeloid lineage cells
including macrophages and
dendritic cells (arrows in a, b,
e, f). CD3-positive cells (T
cells) did not express PrpP°
(arrowheads in c, d, g, h).
Green is the subset of CD
markers and red are the nuclei
of all cells. Bars 20 pm

Jejunum

Heum

the basic helix-loop-helix transcription factor neurog-
enin 3 (ngn3) is required for endocrine cell fate specifi-
cation in multipotent intestinal progenitor cells (Jenny
et al. 2002). Although ngn3 was not directly related to
the PrP° expression, unknown factors might control
the production of PrP® and SHT.

There is no report that SHT producing neuroendo-
crine cells may be closely related to TSE infection.
Iwanaga et al. (1994) have reported a topographical
relationship between SHT producing cells and nerves
that the nerve fibres containing vasoactive intestinal
polypeptide are observed in close proximity to SHT
immunoreactive cells. We propose the hypothesis

33

that PrPS¢ by oral infection may contact with PrP° of
SHT producing cells in lumen and convert their PrP°
into the abnormal PrP%¢, and then these converted
PrP° may be transferred to the proximal nerve
fibres.

In murine Peyer’s patches, PrP®-immunoreactivity
could not be detected in the FAE, including M cells, in
common with a previous report (Ford et al. 2002). The
latter authors also reported that weakly immunoposi-
tive granules were occasionally observed within the
apical region of enterocytes. PrP° was also expressed in
FDC-like cells in follicle in mice. In bovine Peyer’s
patches, PrP°positive epithelial cells could not be
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detected in the FAE, and PrP° was detected in
CD172a-positive cells in the dome region of Peyer’s
patches. It has been reported that CD172a is a myeloid
lineage marker (Herrmann etal. 2003) and is
expressed in bovine myeloid DCs (Miyazawa et al.
2006b). Our results are supported by the fact that mye-
loid DCs in human and Langerhans cells in mice
strongly express PrP°® (Burthem et al. 2001; Sugaya
et al. 2002).

We were not able to detect PrP°positive cells in
bovine jejunal and ileal follicle tissues using an anti-
body against the 148164 amino acid sequence of PrP°
(Fig. le, i). Thielen et al. (2001a) have reported that
PrP¢ is expressed in bovine FDCs of lymph node and
tonsil, but not of the germinal centre, using SAF32
and SAF34 antibodies binding the 79-92 amino acid
sequences located within ‘the octorepeat region of
PrP°. These authors suggest two reasons why these
antibodies do not react with PrP° expressed in FDCs:
(1) the 79-92 amino acid sequences of PrP° might be
inaccessible in the germinal centre or (2) the PrP°
synthesized in the germinal centre might undergo sev-
eral post-translational modifications, e.g., pattern of
glycosylation, folding and hydrolysis of antigenic
sites.

It is interesting that the myeloid lineage cells
express PrP° in bovine Peyer’s patches because mye-
loid DCs and macrophages have a high ability to take
up and present antigens. In particular, the susceptibil-
ity to prion infection following oral challenge is
thought to correlate with the number of Peyer’s
patches (Prinz et al. 2003). It has been shown that
DCs penetrate through the gut epithelium, extend
their dendrites outside the epithelium and directly
sample bacteria (Rescigno et al. 2001), and that in
vitro infectious agents are transported by M cells
using the Caco-2 cell line (Heppner et al. 2001). We
also confirmed CD172a-positive cells with PrP¢ creep-
ing between epithelial cells in the FAE (Fig. 4e, f). In
addition, Huang et al. (2002) have shown that migrat-
ing intestinal myeloid DCs transport PrPS° from the
gut.

PrPS¢ accumulation and its infectivity are easily
detectable in spleen, tonsil and other lymphoid tissues
during scrapie in sheep, hamsters and mice (Andreo-
letti et al. 2000; Schreuder et al. 1998). In addition,
PrP%¢ accumulation is found in lymphoid tissues in the
case of experimental transmission of BSE to sheep
(Foster et al. 2001) and transgenic mice with expres-
sion of bovine PrP° (Asano et al. 2006), and in the
case of vCJD (Wadsworth et al. 2001). In most cases,
PrP% accumulation mainly occurs in FDCs before
spreading to the nervous system (van Keulen et al.
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1996; Kitamoto et al. 1991; Hill et al. 1999; Sigurdson
et al. 2002). These data are in sharp contrast to the
evidence that was observed during BSE in cattle. Pre-
vious reports indicated that the infectivity was found
only in the central and peripheral nervous system, but
not in lymphoid tissues (Buschmann and Groschup
2005), and that no PrPS¢ accumulation was observed
in spleen of BSE-infected cattle (Somerville et al.
1997). In addition, it has been reported that the infec-
tivity is found in the terminal ileum of cattle experi-
mentally inoculated with end-stage clinical BSE
(Wells et al. 1994), but not in that of clinically affected
natural BSE cases in cattle (Terry etal 2003).
Although FDCs in sheep, hamster and mice seem to
express high levels of PrP° (McBride etal. 2002;
Brown et al. 1999; Thielen et al.2001b; Bencsik et al.
2001), FDCs of bovine Peyer’s patches may not
express PrPe.

Race et al. (2000) reported that PrP expression in
peripheral nerves was sufficient for successful infec-
tion of the brain, and that peripheral expression of
heterologous PrP completely protected the delivery of
PrP5¢ to the brain. In addition, FDCs-deficient mice
delayed the neuroinvasion and reduced the disease
susceptibility (Mabbott et al. 2000, 2003; Montrasio
et al. 2000), and wild-type mice had incubation time
250 days less than mutant mice, which were deficient
in the functions of immune system (Schlomchik et al.
2001). These data indicate that an intact immune sys-
tem including FDCs may increase agent uptake and
delivery. However, it remains to be determined that
how and where the infectious agent enters the GI tract
in cattle, and further, how it replicates and is trans-
ported to the CNS. We speculate that myeloid lineage
cells expressing PrP° might be fundamentally involved
in the propagation and replication of the infectious
agents.

In conclusion, we summarized results in the text and
illustrated in the figures for Table 2. We have shown
that PrP°¢ is expressed in some but not all serotonin
(5HT) producing cells in bovine duodenum, and that
myeloid lineage cells such as myeloid DCs and macro-
phages are immunoreactive for PrP® in bovine Peyer’s
patches. There is quite a difference in the distribution
of PrP¢ in the follicle of Peyer’s patches between cattle
and mice. It has been reported that PrP° in the CNS is
involved in the survival of Purkinje cells (Sakaguchi
et al. 1996). However, the functional significance of the
PrP° only in the serotonin producing cells is unclear at
present. Further studies, possibly using bovine small
intestinal epitheliocytes in vitro are needed to under-
stand the function of PrP° in bovine small intestinal
epitheliocytes.
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Table 2 Distribution of PrP¢ in bovine and murine small intestine

Region Duodenum Jejunum Ileum

Bovine

Villous epithelium SHT-producing cells SHT-producing cells ND

FAE -2 ND ND

Dome region - CD172a* cells CD172a* cells
Follicle - ND ND

Murine

Villous epithelium Enteroendocrine cells Enteroendocrine cells Enteroendocrine cells
FAE ND ND ND

Dome region ND ND ND

Follicle FDC-like cells FDC-like cells FDC-like cells

This table summarizes the results which are reported in the text and illustrated in the figures

ND not detectable, FAE follicle associated epithelium
2 Bovine duodenum has no Peyer’s patches
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