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be a similar mechanism to that of B. ahormis. Effector pro-
teins secreted by the type IV system of B, abortus have not
been identified and this study is the first report describing a
candidate effector-like protein secreted by the type 1V sys-
tem of B. aborus. Hsp6li are major antigens that elicit
strong antibody responses in many bacteria (29). This in-~
cludes bactena that lack the type [V secretion system.
Therefore, there is a possibility that Hsp60 might release by
another secretion system and bind a denatured part of an
effector protein of the type IV secretion system that might
carry the Hsp6il ta the bacterial surface.

It has been reported that PrP€ interacts with Hsp6lh by
using a Saccharonryies cerevisiar two-hybrid screening system
(33). The PrP is the causative agent of neurodegenerative
diseases such as Creutzfeld-Jakob disease in humans, bo-
vine spongiform encephalopathy, and serapie in sheep {34).
The pathological, infectious forn, Pr™, is a 8 sheet aggre-
eate, whereas the nonual cellular isoform, Pri*, consists of
a largely o helical, autonomously folded COOH-tenuinal
domain and ann NHa-terminal segment that is unseructured
in solution (33). Conformational conversion of PrP into
PP has been suggested to involve a chaperone-like fac-
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Figure 6. P1P-regulated swimming ineer-
nabization of B. abertis, (A and BY Selected dme
lapse videomicrascopic images of will-type 8.
abars entry into macrophages fram normal (A)
or Pri* -deficient C37BLS6 mive (13}, Elapsed
time in minutes is bdicited at the battom of
cach frame. Anews point to bacteria, () Gen-
eralized actin polvmerization after contact of
macrophages with B, aborus, Bacteria were de-
posited onto macrophages from nonmal fop) or
Prit ~deficient mice (bottom) and then invu-
bated tor 5 min, fixed. ad stained tor actin dila-
ments. Phase contrast mivroscopy of the comre.
sponding microscopic fields are shown. Arrows
point ta bacteria.

tor. GroEL of E. cali can catalyze the aggregtion of chem-
ically denatured and of tolded. recombinant PiP in a
model reaction in vitro {(36). Based on a previous report, it
was thought that surface-exposed Hsptt) of B. abormus
could bind to PrI’“and catalvze the aggregation of Pr*Con
macrophages. Consistent with this hyporhesis. Hsp6i) ex-
pressed on L. lacis could catalyze the aggregation of PrP®
on macrophages. However. Prl tail formation was not
observed in macrophages infected with Hsp6t* L. laais.
Hsp6d is not sufficient for PrP¢ wil formation. In addition,
swimmming internalization and macropinosome formation
were not observed in macrophages infected with Hspo0™
L. lactis. PrP% tail formadon was required for bacterial
swimming on macrophages and another bacterial facror,
secreted by the type 1V systew, appears to be required for
PrP% tail formation.

B. abortus internalizes into macrophages by swimming on
the cell surface for several minutes, with membrane sorting
occurring during this period (6, 37). Pri*’ tail formartion is
involved in the signaling pathway for swimming internal-
ization because the PrP¢ il colocalized with Grb2 (un-
published data). Recently, evidence that PrP® interacts
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L ° wean CFUs of tiplicate sanples
€ o & °°° from a typical experiment  (per-
< 5 ° funned at least four tnes) and their
E‘_ standard deviation, respectively. (1)
] © IProdiferation in mice. The CFUs of
E" kel each strain were enuerated in e
2 _(E spleens of five micf- from each group

' A L7¥3 L2 ar 1 d after infection. For cach
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with Grb2 was provided by the rwo-hybrid screening sys-
tem (38). Grb2 is an adaptor protein involved in intracellu-
lar signaling from extracellular or transmembrane receptors
to inmacellular signaling melecules (39). The structure of
Grb2 consists of a central SH2 domain flanked by rwo SH3
domains. The SH2 domain is responsible for interaction
with tryrosine kinase, whereas the SH3 domains can bind to
proline-rich motifs (40). Grb2 interacts through its SH3
domains with Wiskote-Aldrich syndrome protein (WASP),
which plays a role in regulation of the actin eytoskeleron
{#1). WASPD is 2 64-kD protein expressed exclusively in
hematopaietic cells (42). The carboxyl terminal portion of
WASP contains regions that show homology to several ac-
tin-binding proteins. such as verprolin and cofilin, which
may allow binding of WASP to filamentous actin {43). In
regard to internalization of B. abormes, surface-exposed
Hsp6 of B. ehormns promotes aggregation of PrP¢, and
PrP tail formation is induced by unidentified factor(s) se-
creted by the rype IV system. The interaction of Pri*- tail
with Grb2 will initiate cytoskeletal rearrangement and in-
duce generalized membrane rutiling. Bacteria may obtain
driving force for swiniming internalization from membrane
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ruffling, like riding the wave of membrane until enclosed
in macropinosomes. Consistent with this hypothesis. Grb2.
which had interacted with PrP* il, was excluded in mac-
ropinosomes containing B. abertis (unpublished data). Pre-
sumably, the signal mediated by Grb2 is not required for
replicative phagosome formation after macropinosome for-
mation. Instead, a signal mediated by lipid rafts is needed
for replicative phagosome formation (6).

The function of the B. ahortus rir3 Jocus is essential for
intracellular survival, both in culeured cells and in he
mouse model (10, 11, 44-46). Our results of virulence for
mice contirmed these previous works, The role of mouse
macrophages in mediating  resistance  or susceptibility
among mouse strains to some inmacellular pathogens has
been shown by studies of the Iry/ L/ Big resistance model.
Resistance to Salworella enterica serovar Typhimurium,
Leishmania donovani, and mycobacterial species is regulated
by polymorphism of the Nramp! gene that controls mac-
rophage function (47). Bovine Nramp! is 2 major candi-
date for controlling the in vivo—resistant phenotype against
B. aborius infectdon (45). Qur previous study indicated that
Niemann-Pick type C1 gene (NPC1) regulated the inter-

PrP* Promotes Baicella Infechon
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nalization and intracellular replication of B. abartus and alse
contributed to bacterial proliferation in mice (49). Macro-
phages from NPC1-deficient mice did nor support inter-
nalization and intracellular replication of B. ahortus (49). In
chis study, inhibidon of internalization was not observed in
macrophages from Pr1¥ -deficient mice. In NPC1-deficient
mice macrophages, lipid raft-asociated molecules, such as
cholesterol, GM1 ganglioside, and GPl-anchored proteins,
accumulated only in intracellular vesicles (49). In coutrast,
these molecules were present in both plasma membrane
and intracellular vesicles of macrophages from Pri¢-defi-
cient mice as well as macrophages from parent mice (un-
published data). Therefore, lipid raft-associated molecules
on the plasma membrane are essential for the mternaliza-
tion of B. aborms, and PrP promotes the bacterial swinm-
ming internalization,

Lipid rafts are invelved in infection by several intracellu-
lar pathogens. For example, macropinosomes containing L.
puenmophila included lipid raft-associated molecules (30).
GPl-anchored proteins were present in Toxoplasma gondii
and Plasmodinm falciparm vacuooles (51, 52). The intracellu-
lar parasite L. donovani can actively inhibit the acquisition

13 Watarai et al.

Incubation time {min)

cient mice, awessed by immunofluores-
cence microscapy. (A) Macrophages from
CA7BLG or el =deficient CATBL 70 miice
were infecred with wild-type or e 34 mu-
rant B, whorrys for 335 min. (13 and C) Wild-
ovpe (solid bans) or vicli4 muast (open bany)
were deposited onto macrophages from
normal {BB) or Pri*t -deficient mice (C), and
then incubated for the perods of tane indi-
vated and probing with LAMP-1 was per-
formed. % Phagosomies positive refers to
pereentage of internalized  bacrera thae
showed costaining with LAMP-1, based on
observation of 100 bacteria per coverslip.
ata are the average of triplivate samples
from three identical experiments. and error
ban represent the standard deviation, NI,
not detectable,
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of flotillin-1—enriched lipid rafts by phagosomes and the
maturation of these organelles (33). Lipid platforis have
been implicated in the budding of HIV and influenza virus
{34, 55). The compartmentalization of Ebola and Marburg
viral proteins within lipid rafts during viral assembly and
budding has alse been shown (36). In addition, P was at-
tached to membranes by a GPl-anchor that associated with
lipid rafts, and a recent study showed that conversion of
raft-associated PrPY to the protease-resistant state required
insertion of PrP™ into contiguous membrane (537). Thus,
lipid rafts, including PrP%, may have an important role as a
gateway for the intracellular trafficking of pathogens (38).
Current treatment of acute brucellosis requires com-
bined regimen of antibjotics and is conditioned by the fact
that brucellae are facultative intracellular pathogen. Thus, it
is important to treat patients with drugs that penetrate mac-
rophages. This fact seems to be responsible for the long du-
ration of the disease and the high incidence of relapses. To
this end, the study of the immunogenicities of antigens and
their use in combination with new systems is very impor-
tant for the development of better vaccines or antimicrobial
agents. New strategies are also necessary to prevent brucel-



losis while avoiding the disadvantages of the currently used
live vaceines for animals. The stody of host—pathogen mo-
lecular interactions raises the possibility of novel vaccines or
antimicrobial agents. The results of our study thus provide
a potential new target for prevention of infection by intra-
cellular pathogens.
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Experimental Transmission of Abnormal Prion Protein (PrPsc) in the
Small Intestinal Epithelial Cells of Neonatal Mice

M. OkamoOTO, H. Furuoka, M. HoriucHl, T. NogucHi, K. HAGIwARA, Y. MURAMATSU,
K. ToMoNAGA, M. Tsuil, C. IsHiHARA. K. IKUTA, AND H. TANIYAMA

Abstract. Using an immunchistochemical method. we attempted to detect the transmission of abnormal
prion protein (PrPsc) to the enterocytes of the small intestine of nconatal mice by oral exposure with sheep
Brain affected by scrapie. Five J-day-old neonatal mice were exposed by oral inoculation to the homogenized
brain of a scrapic-affected sheep. In the small intestine of all mice 1 hour after inoculation, immunorcactivity
with antinormal prion protcin (PrPc) antibody was seen in the cytoplasm of villus enterocytes. This finding
suggests transmission of abnormal PrPsc into the cytoplasm of enterocytes. In control mice treated with normal -
sheep brain, no PrPec signal was scen in enterocytes of the small intestine, Immunopositivity for ncurofitament
protein and glial fibrillary acidic protein was scen in the cytoplasm of enterocytes of mice inoculuted with
scrapie and normal sheep brain. This suggests that the entcrocytes of neonatal mice can absorb PrPsc and other
macromolecular proteins of the sheep brain affected by scrapie and may be more important than previously
thought as a pathway for PrPsc transmission in nconatal animals.

Key words:

Animal-transmissible spongiform encephalopathies or pri-
on diseases, including ovine scrapic and bovine spongiform
encephalopathy (BSE), are caused by acquisition of abnor-
mal prion protein (PrPsc). Replication of the PrPsc depends
critically on the host normal prion protein (PrPc), which de-
velops into an abnormal. detergent-insoluble, proteinase-re-
sistant isoform, PrPsc, in affected tissues such as the central
nervous system {CNS} and lymphoid tissues.® However. how
and when animals acquire PrPsc in the course of natural
scrapie infection is not known. In experimental studies in-

Mice: PrPsc; absorption: enterocyte: immunohistochemistry.

volving intragastric or oral inoculation of rodents with PrPsc
from scrapie brain. PrPsc was detected in Payer’s patches,
put-associated lymphoid tissues.”*" and ganglia of the en-
teric nervous systems beforc its detection in the CNS.*M
After the ingestion of PrPsc, uptake by the small intestine
may follow either M-cell dependent or M-cell independent
routes.* However, little is known about the transpoit mech-
anisms by which PrPsc reaches the germinal centers of lym-
rhoid tissues from the gut lumen.

In neonatal animals, histologically. distended vacuocles



Brief Communications and Case Repons

Var Pathol 30:6, 20603

’_“"
. '! v ."' .
“ 4
- s f Tk 4
N N

' . .
& ¢ .
v
- N *
L [ ] r a
X -
U tr ! \ i ’ .
“. f‘d s 5 . .
. e < ¥ " -
. -, v . .
— g —
1
- *
L [T “ -
, . R
. W, X . v, -;;.
- RS - e w -
e 5 : - -
I} “ . o e f
- ) ‘
: . f .
e, ™
. >,
ie 5
. SRR i . =
g _,"‘.‘ . K
- ‘.-ﬂ.!_ ' .o ‘; .
o - PR GA
. , i
.. ; e
N, o g2 L
- 1
M 3 S 553.?. [A N .k ¢
. PR N T - el R e
L S, i g g P A

Fig. 1.

Medulla oblongata: scrapic infected sheep, positive PrPe signal is scen in ncuropil with spongiform change.

ABC method, Mayers hematoxylin counterstain. Bar = 20 mm.

Fig. 2.

Small intestine; mouse, I hour afier inoculation with homogenized sheep brain with scrapie. Positive signal for

PrPc is present in the intralumeral sheep brain tissue {arrows) and in an centerocyte (arrowhead). ABC method. Mayer's
hematoxylin counterstain. Bar = 30 mm.

Fig. 3. Small intestine; mouse. 1 hour afier incculation with homogenized sheep brain with scrapie. Positive signal for
PrPe is present in the apical and basilar cytoplasm of villus entcrocytes (arrows). ABC method, Mayer's hematoxylin
counterstain. Bar = 20 mm.

Fig. 4. Small intestine: mousc. 1 hour afier inoculation with homogenized sheep brain with scrapie. Immunostain
omitting PrPc antibody shows no PrPc signal in enterocytes. ABC method. Mayer's hematoxylin counterstain. Bar = 20 mm.

containing colostral protein are frequently found in the cy-
toplasm of enterocytes lining villi of the small intestine. sug-
gesting intestinal macromolccular uptake by pinocytosis dur-
ing the first weeks after birth.™'* In this study. using immu-
nohistochemical methods. we atiempted to detect the entry
of PrPsc into the enterocyies of the small intestine of neo-
natal mice following oral exposure 1o sheep brain containing
abnormal prion of scrapie.

The first occurrence of ovine scrapie in Japan was re-
ported in 1984."* Mice inoculated with fresh brain homog-
enates of an affected sheep showed the clinical signs and
histopathologic lesions of scrapie afler a long incubation pe-
riod.”

Five 1-day-old nconatal mice were cxposed by oral in-
oculation to sheep brain containing PrPsc. The sheep brain

used for this study had been fixed in 10% formalin solution
for 7 days and embedded in paraffin for 20 yrs.'* Deparaf-
finized tissucs (100 mg) of the medulla oblongata of the
sheep were homogenized in 1 ml phosphate-buffered saline
{PBS) with a polytron for 3 minutes, and 20 ml of homog-
enized brain was used for each peroral inoculation. For im-
munohistochemical controls, tissue sections were stained by
procedures that omitted only the primary antibody. For neg-
ative controls, three neonital mice were exposed by oral in-
oculation to normal sheep brain fixed in 10% formalin, em-
bedded in paraffin, and extracted by identical procedures. All
inoculated mice were sacrificed under ancsthesia 1 hour after
inoculation. Duodenum and jejunum were fixed in 4% para-
formaldchyde in PBS for 24 hours and embedded in paraffin.
Thin paraffin sections (4 mm) of the small intestine of mice
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Fig. 5. Small intestine; mouse, 1 hour after inoculation
with homogenized sheep brain with scrapie. There is PrPc
signal mainly in the basilar cytoplasm of enterocytes at tip
of the villus adjacent to the nucteus (arrows). ABC methed,
Mayer's hematoxylin counterstain. Bar = 10 mm.

and the medulla oblongata of the sheep brain affected by
scrapic were deparaffinized and stained with hematoxylin
and eosin (HE).

Histologic sections of sheep brain and mouse small intes-
tine were stained immunohistochemically by the avidin-bi-
otin-peroxidase complex (ABC) procedure (ABC-peroxidase
staining kit (Elite: Vector Laboratorics, Burlingame, CA).
The specific antibody used in the present study was an af-
finity-purified polyclonal rabbit anti-PrPc antibody described
in previous reports.®!* The synthetic peptide used as immu-
nogen was B-103, corresponding to bovine PrP codons 103-
121. This polyclonal antibody reacted strongly with PrPec-
enriched fractions of brain tissuwes of cattle. sheep. and
mouse on Western blots.*

Deparaffinized tissue sections for PrP immunostaining
were autoclaved at 121 C for 30 minutes after immersion in
98% formic acid for 30 minutes and in 60 pg/ml proteinase
K (Wako Pure Chemical Industries, Tokyo. Japan) in 0.1
mol/liter phosphate buffer saline for 5§ minutes. Sections
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Fig. 6. Small intestine; mouse, | hour after inoculation
with homogenized sheep brain with scrapic. GFAP signal is
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seen in the apical cytoplasm of enterocytes (arrows). ABC
method, Mayer’s hematoxylin counterstain. Bar = 20 mm.

Fig. 7. Small intcstine; mouse, 1 hour after inoculation
with homogenized sheep brain with scrapie. NF signal is
observed in the apical and basilar cytoplasm of enterocytes
{arrows). ABC method, Mayer’s hematoxylin counterstain.
Bar = 20 mm.

Fig. 8. Small intestine; mouse, | hour after inoculation
with homogenized brain of normal sheep (*). No PrPc¢ signal
is seen in the cytoplasm of enterocytes. Tissucs were sub-
jected to multiple pretreatments. ABC method, Mayer’s he-
matoxylin counterstain. Bar = 50 mm.
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were incubated with primary antibedies at room temperature
for 30 minutes. Afier washing with distilled water, sections
were incubated with 0.5% biotinylated goat antirabbit anti-
body for 30 minutes at room temperature und with ABC
conjugated peroxidase for 30 minutes. Color was developed
in a 0.05% 3.3'-diaminobenzidine solution. Tissue sections
without pretreatment were incubated with rabbit antibody to
bovine plial fibrillary acidic protein (GFAP) (Dako. Co..
Carpinteria. CA) and a rabbil antibody cocktail to human
ncurofilament (NF) {Affinity Research Products Limited,
Mamhead, UK): these proteins served as markers of nervous
tissue.

In the brain of the sheep with scrapie. evtoplasmic vacu-
olation of neurons and spongiform change of the gray matter
were identified in the HE sections of the medulla oblonga-
ta."* Immunorcactivity for PrPc was found in the ncuropil of
the medulla oblongate (Fig. 1)

In the small intestine of all five mice given scrapic-af-
fected brain | hour prior to being killed. sheep brain tissue
was present in the gut lumen. Immunopositive signals for
-PrPc were found in the intralumenal sheep brain tissue (Fig.
2) and the apical and basilar cvtoplasm of villus and crypt
enterocytes {Fig. 3) in the small intestine of all mice treated
with scrapie brain. When PrPe antibody was omitted, no
positive signals for PrPc were found in enterocytes (Fig. 4).
PrPe-positive cells ranged from 1 to 2 per high-power ficld
(Fig. 5). Positive signals for GFAP and NF were found in
the medulla cblongata of the sheep brain with scrapic and
in enterocytes of the small intestine of all mice inoculated
with scrapie brain {Figs. 6 and 7).

In all mice given normal brain, no PrPc was scen in the
intralumenal brain tissue or enterocyies of the small intestine
(Fig. 8). but signal for GFAP- and NF-positive signals was
found in the enterocytes.

For immunchistochemical detection of abnormal PrPsc in
the brain, several pretreatments have been employed, in-
cluding picric acid, formic acid, stcam autoclaving. and mi-
crowave treatment, because epitope retrieval after formalin
fixation and paraffin embedding of the brain tissue is very
difficult.® Without pretreatment there is a high probability of
false-negative immunostaining.! Therefore. single or multi-
ple pretreatments are necessary for immunchistochenical
detection of the PrPsc. In the present study, we used multiple
pretreatments. Immunopositivity for PrPe was detected in the
sheep brain with scrapic and in enterocytes of mice inocu-
lated with shecp brain containing the abnormal scrapic prion.
The immunochistochemical results suggest entry of PrPsc
into the cytoplasm of enterocytes. However, absorption of
sheep brain containing PrPsc occurred only in enterocytes in
the duodenum and jejunum in this study. Intralumenal sheep
brain was obscrved only as far distally as the jejunum. This
material could not be observed in the ileum in mice at only
1 hour after ingestion. Observation of absorbed PrPsc in the
ilcum would require being killed later. We have demonstrat-
ed absorption of PrPsc in the jejunum and ileum of adult
mice in another study (M. Okamoto, T. Noguchi, and H.
Tamiyama, unpublished data). It is not clear from our studies
whether different segments of the small intestine differ in
their ability to absorb the macromolecular proteins of sheep
brain. ‘
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In Germany. milk substitutes made from bone meal and
fat of discased animals are belicved to play an important
role in the transmission of BSE in cattle® In the present
study, immunohistochemistry suggests that PrPse of sheep
brain affected by scrapic enters neonatal murine enterocytes
by pinocytosis. Thus, the results support the possibility that
PrPsc included in milk substitutes may be absorbed by en-
terocytes of the small intestine of the neonate and may thus
be an important pathway for nconatal PrPsc transmission in
sheep, cattle, and mice, The mechanism of PrPse transmis-
sion from cnterocytes 1o the germinal centers of lymphoid
tissues or peripheral perve systems remains unclear.
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The effects of Soto’s ‘p-sheet breaker peptide’ and its
polymer on PrP* formation in ScN2a cells were investi-
gated. Surface plasmon resonance study indicated that
direct binding between PrP{81-145) and the ‘p-sheet
breaker peptide’ is not specific and may not play a major
role in the inhibition of PrP* formation.

Introduction

Prions are transmissible, fatal neurodegenerative agents that
affect bumans and a wide variety of animals.! In the PRION-
ONLY hypothesis, direct interaction between the pathogenic
prion protein {PrP*) and the endogenous cellular prion protein
leads to PrP% accumulation, which plays a central role in the
transmissible spongiform encephalopathies (TSEs). PrP¥ is an
abrnormally folded, protease-resistant, B-sheet-rich iseform of a
normal protein PrPC,

Molecules that stabilize the conformation of PcPS, or
destabilize PrP* via specific binding, are currently targets
of active investigations.

Several synthetic peptides,? and some low-molecular weight
organic compounds,’ have been reported to inhibit these
transformations in vitro. Among these, Soto's B-sheet breaker
peptide (i-PrP13: sequence DAPAAPAGPAVPV) (Fig. 1)
blocks PrP* formation in cell-free systems and scrapie-infected
cell culture. Intracerebral injection of i-PrP13 with infectious
PrP* also delays the time to the onset of symptoms for mice.*
The mechanism of action, however, remains elusive.

i-PrP13 is a synthetic peptide that was designed based on
the conserved residues 115-122 of prion proteins (sequence:
AAAAGAVYV), Aspartic acid and four prolines were inserted
into the native sequence. The above region, PrP(115-122), has
been suggested to play a central role in the conversion of PrP®

t Human Stress Signal Rescarch Center, National Institute of
Advanced Industrial Science and Technology, Ikeda, Osaka 563-8577,
Japan.

to PrP%.* It has therefore been implied that a direct interaction
of i-PrP13 with the prion protein at the conserved region is
important to its inhibitory activities. This assumption, however,
has not been examined experimentally.

We quantitatively measured the affinity of the ‘B-sheet
breaker’ (i-PrP13) with PrP(81-145) by means of surface
plasmon resonance (SPR). The dissociation constant K, was
fairly large (> 107 M), which provided evidence against the
initia} hypothesis.

We then devised and chemically synthesized an oligomeric
i-PrP13 with enhanced affinity to PrP(81-145).

The inhibitory activities of both monomeric and oligomeric
i-PrP13 were evaluated with the prien-infected mouse neuro-
blastoma ScN2a cell line.

Results

The SPR technique was applied to evaluate the affinity between
i-PrP13 and a prion protein fragment PrP(81-145). First,
mouse PrP(81-145) was prepared by solid-phase peptide syn-
thesis (yield 23%). To produce an affinity toward anti-prion
monoclonal antibody 3F4 (DAKO), residues 108 (L to M) and
111 (V to M) were replaced. e-Biotinylated L-lysine and two
glycines (as linkers) were added at the C-terminus so that the
peptide could be immobilized to the SPR sensor tip surface.
The sequence of the synthetic PrP(81-145) is shown in Fig. 2.
The molecular ion (m/z 7115.0 for M + H*) for synthetic
PrP(81-145), as observed by MALDI-TOF mass spectrometry,
corresponds well with the calculated molecular weight (7114).
The biotinylated PrP(81-145) was injected over the gold
surface coated with streptavidin (Sensor tip SA, BlAcore). A
surface density of 4000 resonance units was generated for
PrP(81-145), which corresponds to approximately 4 ng mm™2,
Differing amounts of PrP-specific monoclonal antibody 3F4
were applied to the biosensor immobilizing PrP(81-145)
(Fig- 3). An analysis of these sensorgrams gave a dissociation
constant Kp of 7.0 x 107° M. This result corresponded well

Fe.1
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‘B-Sheet breaker peptide’ (i-PrP13) 1.
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Linker
Fig. 2 Biotinylated mouse PrP(81-145).
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Fig. 3 SPR sensorgrams of anti-prion monoclonal antibody 3F4
binding to immobilized mouse Pri(81-145).

with the reported value of Ky, 2.15 % 107* M between Syrian
hamster PrP(29-231) and 3F4,% which validated the sensor tip
for detection of specific binding to PrP.

However, there was no interaction detected when the P-sheet
breaker i-PrP13 was employed as an analyte (K, > 1073 M,
sensorgrams are not shown).

The results were in conflict with the widely circulated
hypothesis that i-PxP13 has specific affinity to PrP. This
unexpected finding prompted us to synthesize a polymer of
i-PrP13 to provide insight into binding affinity-inhibitory
relationships.

Cluster effects or multi-valent effects are molecular design
principles that enhance weak nonbonding interactions.” Thus, a
polymer of i-PrP13 would have higher affinity to PcP by these
cffects. This strategy has been very popular in sugar science,
and we successfully utilized this approach in a glycopeptide
antibiotic vancomycin, where both the affinity to their receptors
and the antibacterial activities against resistant bacteria were
significantly improved.®

The sidechain amino group of L-lysine was modified
with a2 norbornene subunit, and the modified amino acid
K(norbornene) was then introduced at the WN-terminal
(Scheme 1) or C-terminal portion of i-PrP13 (not shown).

Ring-opening polymerization of the peptide was performed
using Grubbs catalyst® in chloreform—methanol (1 : 1). Fmoc
groups of the resulting polymer were removed with piperidine.

The SPR sensorgram of the N-terminally-modified i-PrP13
polymer 3 is shown in Fig. 4.”° Unlike monocmeric i-PrP13,
the polymer had specific interactions with immobilized
PrP(81-145). Because the rigorous analysis of data was not
trivial due to the polyvalent nature of the sample, the apparent
dissociation constant K, was estimated on a per monemer-unit
basis. The K, value of 1.91 x 10~* M indicated an at least
10-fold enhancement of affinity.

We investigated next if the i-PrP13 or its polymers inhibited
the accumulation of PrP% in scrapie-infected mouse neuro-
blastoma N2a ccll (ScN2a), following the procedures of
Prusiner ef af !

The 1 uM of quinacrine was used as a positive control.

It was proved that neither the i-PrP13 (lane 2) nor the
polymers (lanes 4, 6) inhibited the formation of proteinase
K resistant PrP% up to 250 pg ml~! (Fig. 5). In contrast, the

2
FmocHN DAPAAPAGPAVPY
o
— _Sheet breaker peptide
Fmoc-K{norbormene) P pep
Mes-N_ N-Mes

Clo. AH [(01eg)
A=py,
% boy, " CHEILMeOH(1A)
re, 10h, 93%

piperidine, DMF
rt, 1h, 98%

HzN DAPAAPAGPAVEY
0

Scheme 1  Synthesis of i-PrP-polymer (average n = 10).
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Fig.4 SPRsensorgramsofani-PrP13 polymer Ibindingtoimmobilized
mouse PrP(81-145).

positive control (quinacrine) effectively cleared the formation
of PrP* at a concentration of 1 pM. Because we and Soto
et al. have employed different cells for our cell-culture studies,
a direct comparison of data is not possible. However, the
inhibitory activity of i-PrP13 was much weaker than that of
quinacrine.”?

Discussion

Conversion to the infectious conformer PrP* is particularly
associated with major structural rearrangement in the central
portion of the prion protein. PrP(90-145) is the region sug-
gested to be the most important. Employing PrP-specific
monoclonal antibodies with different epitope recognitions,
Prusiner et o/ have shown that the Fabs D13 (epitope: 132-156

| org.8iomol. chem., 2003,1, 2626-2629 | 2627
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Fig.5 Effects of i-PrP13 and its polymer on PrP* formation of ScN2a
cells—ScN2a cells were cultured for 5 days in the medium containing
either unmodified i-PrP13 (lane 2), the N-terminally K({norbornene)-
modified monomer (lane 3) and polymer (lane 4), or the C-terminally
K(norbornene)-modified monerser (lanc 5} and polymer (lane 6). As
controls, the cells were grown in the absence of the peptides (lane 1) or
in the presence of guinacrine (lane 7). The cell lysates were subjected to
Western blotting analysis before (panel A) or after (panel B) proteinase
K (PK) digestion.

of PrP) and D18 (epitope: 95-103 of PrP) only inhibit the for-
mation of PrP*, All PrP-specific antibodies have dissociation
constants in the 107 M range. This result also suggests the
importance of the central region.”

If the i-PrP13 specifically binds and stabilizes the normal
conformation of prion proteins as hypothesized, it would likely
inhibit their conversion to misfolded isoforms.

We have demonstrated in the present study, however, that
i-PrP13 and even its polymer have poor specific interactions
(dissociation constants of > 107* M and 1.9 x 107* M, respect-
ively) with the prion protein fragment PrP(81-145). In addition,
they do not inhibit PrP* accumulation in ScN2a cells at a high
sample concentration of 250 ug ml™'. These results indicate that
direct binding of i-PrPI3 might not play a major role in the
inhibition of PrP% formation. Although more investigation
is needed, it is noteworthy that i-PrP13 did not show any
iphibitory activities with regard to PrP* formation in ScN2a
cell lines, which is one of the most widely used cells in prion
research. Our results provide the basis for mechanistic con-
siderations of the effects of i-PrP13 peptide in an in vive
system.*

Experimental

General procedures for solid-phase peptide synthesis

The peptides employed in this study were synthesized by the
conventional Fmoc sclid-phase method with a Pioneer auto-
mated peptide synthesizer (Applied Biosystems). HATU was
the coupling agent. 2-Cl-tnityl chloride resin (Nova) was
employed as a solid support so that the products were cleaved
under mild conditions (acetic acid, trifluoroethanol). For the
preparation of PrP(81-145), PAC-PEG-PS resin (Applied
Biosystems) was employed. Acidic cleavage (TFA) of the PrP
peptide from resin was conducted with scavengers (thiophenol
and ethanedithiol).

Amino acids, including a-Fmoc-¢-biotinyl-L-lysine, were
purchased from Watanabe Chemicals, Japan.

Synthetic peptides were purified by size-exclusion chromato-
graphy (Superdex 7SHR 10/30, 30% aq. acetonitrile with 0.1%
TFA).

Molecular icn peaks for all synthetic peptides were detected
with a Voyager STR MALDI-TOF mass spectromester (Applied
Biosystems),

Norbornene-modified L-lysine [K{norbornene)]:
N-e-Norbornene-modified L-lysine was synthesized accord-
ing to Scheme 2.
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Scheme 2 Synthesis of Fmoc-K (norbornene)-OH.

p-Sheet breaker polymer
The N-terminally-modificd monomer peptide 2 (sequence:
Fmoc-K(norbornene)-DAPAAPAGPAVPV) was synthesized
by the Fmoc method as described in the general procedures
(total yield 87%). To a solution of the monomer in methanol-
chloroform (1 : 1} was added a 0.1 equivalent of Grubbs
catalyst to conduct ROMP (ring-opening metathesis poly-
merization), The degree of polymerisation was estimated as
10-mer. An Fmoc group of the product was removed with
piperidine-DMF (4 : 1). The crude product was purified by
size-exclusion chromatography. The poly-f-sheet breaker 3
proved to be fairly soluble in water (>> 5% wt/vol).

The C-terminally-modified polymer was also prepared by
similar procedures.

Surface plasmon resonance (SPR)

Surface plasmon resonance was recorded with BlAcoreX
{BlAcore), and the data were analyzed with BIA¢valuation ¢.2
SPR kinetic software (BIAcore).

Solutions of the interacting peptide (‘analyte’) were injected
over the surface at 25 °C with a flow rate of 10 pL, min™ in HBS
running buffer [10 mM Hepes (pH 7.4)-150 mM NaCl, 3 mM
EDTA, 0.005% (v/v) Surfactant P20]. After injection, analyte
solutions were replaced by HBS at the same flow rate. The
surface was regenerated with 5 mM glycine {pH 2.0, 30 s, 10 uL)
after each measurement. Analyte solutions were run simul-
taneously over a control surface without immobilized PrP(81-
145). The response in the control flow cell was subtracted from
each sensorgram, and the sensorgram was normalized to a
baseline of 0 RU,

Ir vitro assay for PrP™ formation

ScN2a cells were cultured in Dulbecco’s Modified Eagle
Medium {(GIBCO™) supplemented with fetal calf serum (10%%),
penicillin (50 unit ml™"), and streptomycin (50 pg ml ™). i-PrP13
or its K(norbornene)-derivatives at a final concentration of 250
ug ml™' (equivalent to 1.7 % 10~* M i-PrP13 monomer) were
added to the the cells grown in 25 cm’® flasks (day 1). To over-
come the problem of possible extracellular and/or intracellular
degradation of the peptides, supplementary doses (a final
concentration of 100 pg m!~!) of the peptides were added to the



medium on day 3. As controls, the cells were grown in the
absence of compounds or in the presence of 1 pM quinacrine.
The cells were harvested on day § and subjected to the protein-
ase K digestion assay to determine the amounts of PrP5 by
Western blotting utilizing anti-PrP antibody 6H4 {Prionics)."
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Since October 18, 2001, ‘bovine spongiform encephalopathy
(BSE) examination for all cattle slaughtered at abattoirs in
the country’ has been mandated in Japan by the Ministry of
Health, Labour and Welfare (MHLW). ‘Plateria® ELISA-kit
(Bio-Rad Laboratories, Hercules, Calif., USA) is routinely
used at abattoirs for detecting proteinase K (PK)-resistant
prion protein (PrP%) in the obex region. Samples positive
according to the ELISA screening are further subjected to
Western blot {WB) and histologic and immunohistochemical
examination (IHC) at the National Institute of Infectious
Diseases (NIID) or Obihiro University. If PrP* is detected
either by WB or by IHC, the cattle are diagnosed as BSE.
The diagnosis is approved by the Expert Committee for BSE
Diagnosis, MHLW., From October 18, 2001 to September 30,
2003, approximately 2.5 million cattle were screened at
abattoirs. A hundred and ten specimens positive according to
ELISA were subjected to WB/IHC. Seven showed positive
by both WB and IHC, all exhibiting the typical electrophoretic
profile of a high content of the di-glycosylated molecular form
of PrP% (1-3) and the distinctive granular deposition of PrP%
in neuronal cells and neuropil of the dorsal nucleus of vagus.

An ELISA-positive specimen from a 23 month-old Holstein
steer slaughtered on September 29, 2003, in Ibaraki Prefecture
(Ibaraki case)} was sent to the NIID for confirmation. The
animal was reportedly healthy before slaughter. The OD titer
in ELISA was slightly higher than the ‘cut-off” level given
by the manufacturer. The histology showed no spongiform
changes and THC revealed no signal of PrP* accumulation
typical for BSE. However, WB analysis of the homogenate
that was prepared from the obex region and used for ELISA
revealed a small amount of PrP¥ with an electrophoretic
profile different from that of typical BSE-associated
PrP% (1-3). The characteristics were (i) low content of the
di-glycosylated molecular form of PrP%, (i1) a faster migra-
tion of the non-glycosylated form of PrP* on SDS-PAGE,
and (iii) less resistance against PK digestion as compared with
an authentic PrP* specimen derived from an 83-month-old
Holstein (Wakayama case) {Fig. 1). Table I summarizes the
relative amounts of three distinctive glycoforms (di-, mono,

*Corresponding author: Mailing address: Department of Bio-
chemistry and Cell Biology, National Institute of Infectious
Diseases, Toyama 1-23-1, Shinjuku-ku, Tokyo 162-8640, Japan.
Tel: +81-3-5285-1111, Fax: +81-3-5285-1157, E-mail; yamakawa
@nih.go jp
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PrPS.Wakayama PrP-lbaraki mouse PrpPse

12 3 45 6 7 8 9 1011

Fig. 1. Westemn blot analysis of PrP* after proteinase K digestion. Lanes
1 -3: typical bovine PrP5 obtained from Wakayama case (32, 8 and 2
2g tissue equivalent). Lanes 4 and 5: [baraki case PrP% (2.5 and 10
mg tissue equivalent). Lanes 6 and 7: Ibaraki case PrP* after addi-
tional proteinase K (PK} digestion (2.5 and 10 mg tissue equivalent).
Lanes 8-11: mouse PrP> (0.1, 0.4, 1.5 and 6 g tissue equivalent).
Western blot analysis was performed according to the protocol
recommended by the Expert Committee for BSE Diagnosis, MHLW.
Briefly, 50 mg of brain tissve was hydrolyzed successively with
collagenase (50 reg/ml, for 30 min) and PK (40 pg/ml, for 30 min)
at 37°C in 500 2£1 of 50 mM Tris-HCI buffer (pH 7.5) containing
0.1 M NaCl, 2% zwittergent 3- 14, 0.5% sarcosy! and 5% 2-butanol,
After PK was inhibited by the addition of Pefa-block (2 mM), the
homogenate was hydrolyzed with DNase | (40 ttg/ml) for 5 min at
room temperature. PrP® was then precipitated by the addition of 250
11 of 2-butanol-methanol mixture (5:1, v:v) and centrifugation at
15,000 rpm for 15 min, The precipitates were dissolved with 50 p1]
of the SDS-sample buffer and SDS-PAGE (12% polyacrylamide gel
was applied) (Janes 1-5 and 8-11). Alternatively, the precipitates
thus obtained were subjected to the second round of PK digestion
before applying to SDS-PAGE (lanes 6, 7). Proteins were transferred
onto PVDF membrane and PrP% was detected by 2 mouse monoclonal
antibody 44B1 (mAb 44B1), which recognizes a discontinuous
epitope located between 155 and 231 amino acids in the mouse PrP
sequence (Kim, C-L. et al.,, Virology, in press), and horse-radish
peroxidase-labeled anti-mouse 1gG for ECL-chemiluminescence
(Amersham, Buckinghamshire, UK) detection. Upon the WB described
above, PrP* contained in as small as 1-2 ztg brain tissues (obex or
thalamus) of BSE affected cattle (lane 3) and PrP% in 0.1 z£g brain
tissue of terminally sick mice (lane 6) were detectable.

non-glycosylated) of PrP* calculated by densitometric analy-
sis of the blot shown in Fig. {. As 2.5 mg wet weight obex-
equivalent homogenate of the Ibaraki case (Fig. 1, lane 4)
gave slightly stronger band intensities of PrP% than an § g
wet weight obex-equivglent homogenate of a typical BSE-
affected Wakayama case (Fig. 1, lane 2}, the amount of PrP>
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Table 1. Comparison of the glycoform ratio between typical
and atypical PrP™

Ratio of the band intensity (%)

Ibaraki case
{atypical case)

Molecular species in PrP* Wakayama case

(typical case)

Di-glycosylated PrPs 69.3 476
Mono-glycosylated PrP* 23.2 26.5
Non-glycosylated Prps 7.5 259

The band intensities of the non-, mono-, and di-glycosylated forms
of PrP* of the Wakayama and |baraki cases (Fig. 1, lanes 1 and 5)
were determined by a digital-image analysis sofiware (Image Gauge,
version 3.45, Fuji Photo Film Co., Tokyo), and the ratio of the three
glycoforms were calculated.

accumulated in the Ibaraki case was calculated to be 1/500-
1/1000 of the Wakayama case. In the Ibaraki case, the PrP™
bands were not detectable in the homogenates of the proxi-
mal surrounding region of the obex. These findings were
consistent with the low OD value in ELISA, i.e., 0.2-0.3 for
the Ibaraki case versus over 3.0 for the Wakayama case. The
DNA sequence of the PrP coding region of the Ibaraki case was
the same as that appearing in the database (GenBank accession
number: AJ298878). More recently, we encountered another
case that resembled the Ibaraki case. It was a 21-month-
old Holstein steer from Hiroshima Prefecture. WB showed
typical BSE-specific PrP* deposition though IHC did not
detect positive signals of PrP™ (data not shown),

Though the clinical onset of BSE is usually at around 5
years of age or later, a 20-month-old case showing the clinical
signs has been reported (4). Variant forms of BSE similar
to our cases, i.e., with atypical histopathological and/or
biochemical phenotype, have been recently reported in Italy
(5) and in France (6). Such variant BSE was not associated
with mutations in the prion protein {PrP) coding region as in
our case {5,6).

The Ministry of Agriculture, Forestry and Fisheries of
Japan (MAFF) announced a ban of feeding ruminants with
meat bone meal (MBM) on September 18, 2001, and a
complete ban was made on October 15 of the same year.
According to the recent MAFF report, the previous seven
cases of BSE in Japan were cattle born in 1995-1996 and
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possibly fed with cross-contaminated feed. However, the two
cattle in this report were born after the complete ban. Whether
contaminated MBM was implicated in the present cases
remains to be investigated.
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Abstract

We previously reported the development of chicken monoclonal antibodies (mAb) against mammalian-conserved molecules
by cell fusion and phage display using the mouse mAb expression vector pPDS. However, chicken hybridomas produce
relatively small amounts of antibody when compared with mouse hybridomas, and application of the pPDS may be limited in
two-antibody assays with a mouse mAb because it contains mouse Ck as a detection tag. To circumvent the above problems,
two expression vectors were established and used to produce a functional recombinant chicken mAb. These vectors, which were
designed to accommodate a single chain fragment of the variable region (scFv) of the antibody, contained a chicken C\ and
FLAG with or without 6 % histidine sequences in the 3’ terminus of the scFv to serve as detection and purification tags. In this
study, a prion protein (PrP)-specific chicken mAb (HUC2-13) was expressed as phage-displayed and soluble scFv mAb forms
by using these vectors. The scFv mAbs expressed by these vectors exhibited the same antigen-binding specificity to PrP as that
of the original HUC2-13, could be purified with ease, and used in combination with a mouse mAb. These results indicate that
the methods described herein offer an alternative to chicken mAb production from hybridomas and immunized chicken
splenocytes, and may contribute to the use of chicken mAb reagents in numerous fields.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Chicken monoclonal antibodies; Cell fusion; Phage display; Expression vectors

1. Introduction

The use of monoclonal antibodies {mAbs) has

Abbreviations: scFv, single chain fragment of the variable
region; mAb, monoclonal antibody; VH, variable region of the
heavy chain; VX, variable region of the light chain; PrP, prion
protein, CHB, reverse primer for heavy chain variable region;
CHSF, forward primer for heavy chain; CLSB, reverse primer for h
chain; CLF, forward primer for A chain; CRB, reverse primer for
reamplification of scFv fragment,
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contributed greatly to progress in the biological and
clinical sciences. However, conserved mammalian
molecules are known to be less immunogenic in the
mammals commonly used for immunization (Song et
al., 1985; Groschup et al,, 1997). The chicken is a
useful animal for the development of specific anti-
bodies against these proteins (Asacka et al, 1992;
Matsushita et al., 1998} as it is located on a different
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branch of the phylogenetic tree from mammals. We
recently developed a chicken mAb named HUC2-13
that recognizes the N-terminal residues of the mam-
malian prion protein (PrP), which was generated by
cell fusion (Matsuda et al., 1999). Although HUC2-13
is a very useful antibody in prion research, the hybrid-
oma produces a small amount of antibody when
compared with mouse hybridomas (Nishinaka et al,,
1996). The rapid purification of chicken antibodies is
sometimes difficult because chicken antibodies do not
combine with protein A or protein G (Hadge and
Ambrosius, 1984) and are more sensitive to acid or
alkali treatment than are mammalian anttbodies (Shi-
mizu et al., 1992). In order to obtain a large quantity
of the mAb, recombinant HUC2-13 scFv mAb was
generated using the expression vector pPDS, as pre-
viously described (Nakamura et al., 2000). The
recombinant mAb was reactive with PrP. These results
indicate that the phage-display system is an effective
antibody production tool and may replace the chicken
hybridoma system. However, application of the pPDS
vector is limited in two-antibody assay systems using
a mouse mAb because it contains only the mouse Ck
sequence as a detection tag (Yamanaka et al., 1995,
1996).

In this study, in order to overcome the above
problems and enable the recombinant antibody to be
used as a chicken antibody, we attempted to establish
expression vectors optimized for chicken antibodies.
We first constructed a new expression vector, which
included chicken Ch and FLAG sequences (Brizzard
et al., 1994) in the 3’ terminus of the single chain
fragment of the variable region (scFv) as detection
tags, Secondly, a vector which had a 6 x histidine tag
in the 3’ side of the FLAG sequence was also
constructed in order to facilitate purification without
an acidic buffer. Here, we show the usefulness of
these two vectors in a chicken recombinant antibody
system.

2. Materials and methods
2.1, Chicken hybridoma line
The chicken hybridoma cells HUC2-13 (Matsuda

et al.,, 1999) were used because they produce an
antibody specific to the N-terminal sequence (amino

acids; RPKPG) of PrP. Cells were maintained in
Iscove’s modified Dulbecco’s medium (Gibco, USA)
containing 10% fetal bovine serum (Sigma, USA), in
a 5% CO; incubator at 38.5 °C,

2.2. Antigen

The synthetic human PrP peptide (H25, amino acid
residues; 25-49), as the HUC2-13-reactive antigen,
was synthesized by solid-phase peptide synthesis
{Model PSSM-8, Shimadzu, Japan). A 10% homoge-
nate of normal BALB/c mouse brain was also used as
intact PrP. Preparation was performed as previously
described (Nishida et al., 2000).

2.3. RT-PCR

Total RNA was extracted from the HUC2-13
hybridoma cells (3.0 x 107 cells) with ISOGEN-LS
(Nippon Gene, Japan). The first strand ¢cDNA was
primed with Oligo-(dT),;_ g primer (Roche Diagnos-
tics, Switzerland) and synthesized with a Superscript
II Synthesis cDNA Kit (Gibco), The variable regions
of the antibody were amplified by PCR with KOD
plus DNA polymerase (Toyobo, Japan) using two
primer pairs: CHB (forward), 5-CTGATGGCGGC-
CGTGACGTT-¥, containing an Eagl restriction site
(underlined} and CHSF (reverse), 5-TCCACCTG-
TCGACACGATGACTTCGGT-Y for the amplifica-
tion of the variable heavy chain (VH), CLSB (for-
ward), 5-TCTGACGTCGCGCTGACTCAGCC-3'
and CLF (reverse), 5'-CTTGGGCGCGCCTAG-
GACGGTCAGGGTT-3, containing a BssHII restric-
tion site (underlined) for the amplification of the
variable A-light chain (VA). The scFv linker was
prepared as previously described (Yamanaka et al,
1995, 1996). In order to make the scFv fragment,
purified VH and VN fragments were assembled with
purified scFv linker by PCR. Re-amplification of the
scFv was performed using CRB, 5-TATCTGAT-
GGCGGCCGTGA-Y, containing an Eagl restriction
site (underlined) and CLF primers.

2.4. Construction of pCPDS and His-pCPDS vectors
Chicken CAh-cDNA was obtained from H-B15

inbred chicken ¢cDNA cloned into pBluescriptll SK
(—) (Stratagene, USA) by PCR. For overlapping
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PCR, the chicken CN sequence cloned into pBlue-
scriptll SK (- ) was re-amplified using another pri-
mer pair, the forward primer containing Eagl and
BssHII restriction sites, and the reverse containing
the amber stop codon and FLAG sequence (amino
acids; DYKDDDDK). The 3’ half of gene III was
amplified from the pPDS vector using a forward
primer including the amber stop codon and a part of
the FLAG sequence, and a reverse primer containing
an EcoRI site. They were assembled by the over-
lapping PCR method and then cut by Fagl and EcoRLL
These enzyme-treated constructs were ligated to the
identically treated pPDS, and the final constructed
vector was named pCPDS.

To introduce the 6 x histidine tag into pCPDS, the
chicken C\ and FLAG sequences were amplified
from the pCPDS vector using a forward primer (CA
re-amplification primer) and a reverse primer contain-
ing the amber stap codon, the 6 x histidine tag and the
FLAG sequence. The 3 half of gene IIl was amplified
from the pCPDS vector using a forward primer con-
taining the 6 x histidine tag and gene III sequences,
and a reverse primer (gene III amplification primer).
They were assembled using the overlapping PCR
method and then cut with Eagl and FcoRI. These
enzyme-treated constructs were ligated to the identi-
cally treated pPDS, and the final constructed vector
was named His-pCPDS.

2.5, Construction of the scFv antibody

Fifty nanograms of the HUC2-13 scFv fragment
was ligated with 100 pug of pCPDS or His-pCPDS at
the Eagl and BssHII sites. The resulting DNA was
transformed into 100 pl aliquots of Escherichia coli
XL1-Blue competent cells (Stratagene), and then
plated on LB agar (13 g/l of Bacto agar, 10 g/l of
tryptone, 5 g/l of yeast extract, and 10 g/l of NaCl)
supplemented with 100 pg/ml of ampicillin. The
culture was then infected with VCS-M13 (7.5 x 10°
PFU, Stratagene) in a medium containing ampicillin
(100 pg/ml), tetracycline (50 pg/ml) and 1% glucose.
Cells were collected by centrifugation at 800 x g for
10 min, resuspended in 5 ml of Superbroth (Burton et
al, 1991) containing ampicillin (100 pg/ml), tetracy-
cline (25 pg/ml) and kanamycin (50 pg/ml), and IPTG
was then added at a final concentration of 250 pM.
The culture was incubated overnight at 37 °C with

vigorous agitation. The recombinant phages (super-
natant) were collected by centrifugation for 10 min at
3000 x g and filtered through a 0.45-um filter. Phage-
displayed HUC2-13 scFv mAbs from pCPDS and
His-pCPDS were named HUC2p-1 and HUC2p-2,
respectively. Soluble scFv antibodies, which were
prepared using non-amber suppressor cells (SOLR
strain; Stratagene), were obtained as bacterial culture
supernatants. The soluble HUC2-13 scFv mAbs from
pCPDS and His-pCPDS were referred as HUC2s-1
and HUC2s-2, respectively. Phage-displayed and
soluble HUC2-13 scFv from pPDS (HUC2p and
HUC2s, respectively) were used as controls.

2.6. Detection of chicken CA

In order to determine the expression of the chicken
C\ sequence, the recombinant phages (4.0 x 10'¢

'CFU/ml) constructed by pCPDS, His-pCPDS and

pPDS vector alone were subjected to sandwich
ELISA. The plates (Maxisorp Nunc-Immuno ™ meod-
ule, Nunc, USA) were coated with 50 ng/well of anti-
mouse K antibody (Southern Biotechnology, USA)
and anti-chicken light () antibody (Bethyl Laborato-
ries, USA), respectively, and blocked with 25%
BlockAce (Yukiiirushi, Japan) in PBS at 37 °C for
1 h. Phages were then added to each well (50 pl/well)
and incubated at 37 °C for 1 h. Bound phages were
detected using a peroxidase-labeled anti-M13 phage
antibody (Amersham Biosciences, USA). After wash-
ing the plates, o-phenylene diamine sulfate was added
and optical density was measured at 492 nm,

2.7. ELIS4

ELISA plates were coated with 50 pl/well (2.5 pg/
ml) of H25 peptide or BSA (control antigen) at 4 °C
overnight. Plates were blocked with 350 pliwell of
PBS containing 25% BlockAce at 37 °C for 2 h. The
recombinant mAbs were then added to each well (50
iwell) and the plates were incubated at 37 °C for 1
h. Bound mAbs were detected using a peroxidase-
labeled anti-chicken N chain antibody (Bethyl Labo-
ratories). After washing the plates, o-phenylene dia-
mine sulfate was added and the optical density was
measured at 492 nm. The culture supematant of the
HUC2-13 hybridoma cells was used as a positive
control.
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2.8, Purification of the scFv antibody

Purification of HUC2s-1 and HUC2s-2 was first
conducted using an anti-FLAG M2 affinity gel
{Sigma) or nickel ion-charged Chelating Sepharose
Fast Flow (Amersham Biosciences, Sweden) and then
by using HiPrep Sephacryl 5-200 HR (Amersham
Biosciences, Sweden), according to manufacturers’
instructions. The concentrations of purified HUC2s-
1 and HUC2s-2 were determined with a Protein Assay
kit (BIO-RAD, USA). For SDS-PAGE, purified mAbs
(20 pg/lane) was electropheresed in a 15% polyacry-
lamide gel and stained with CBB-R250. ELISA was
performed as described above.

2.9. Western blotting

The equivalent of 50 pg of 10% mouse brain
homogenate was separated using 13.5% polyacryla-
mide gels and then transferred to an Immun-Blot™
PVDF membrane (BIO-RAD, USA) at 200 mA for 2 h.

Membranes were blocked with PBS containing 8%

skim milk (Becton Dickinson, USA), 0.2% Tween 20
and 2.5 mM EDTA for 2 h at room temperature. Blots
were developed by peroxidase-conjugated anti-chicken
N\ or anti-mouse k antibodies (Southern Biotechnology)
and anECL system (Amersham Biosciences, Sweden).

For expression analysis of FLAG in the recombi-
nant scFv antibodies, the recombinant mAbs were
assessed by Western blotting analysis using biotin-
labeled anti-FLAG (Sigma) or peroxidase-labeled
anti-mouse K antibodies.

3. Results and discussion
3.1. Vector construction

Gene conversion is the main contributor to antibody
diversification in chicken (Bernard et al., 1978;
Sakano et al., 1980), in contrast to the mammalian
mechanism, which involves gene rearrangement of
functional V, J and D segments (Reynaud et al.,
1985, 1987, 1989; Thompson and Neiman, 1987). It
was reported that this gene conversion was not
observed at the 3’ region of framework 4, derived
from Jx or JH, or the 5’ region of framework [, derived
from Vhor VH, during the processes of diversification

(McCormack and Thompson, 1990). This allows RT-
PCR of the V region repertoire to be performed with
only one pair of primers. Furthermore, it became
evident that techniques for obtaining phage-displayed
chicken antibodies is simpler than previously reported
methods for obtaining phage-displayed mouse anti-
bodies (Davies et al., 1995; Yamanaka et al., 1996;
Jennifer et al., 2000).

Phage-displayed chicken mAbs were recently gen-
erated from immunized chicken spleen cells (Yama-
naka et al., 1996) and chicken hybridoma cells
{(Nakamura et al., 2000) by using the mouse-antibody
expression vector pPDS, which contains the mouse
Crk sequence as a tag (Yamanaka et al,, 1993, 1996).
However, cross-reactions between the recombinant
chicken mAbs obtained from the vector and mouse
immunoglobulins (Igs) may have adverse effects on
the application of recombinant chicken mAbs. For
example, background staining was observed due to
cross-reaction with endogenous Igs in immunohisto-
chemistry using mouse tissue, and due to artificial
reactions by secondary antibodies directed towards
mouse Igs in a sandwich ELISA system using
recombinant chicken mAb and a mouse mAb,

To overcome these problems, we constructed the
expression vectors pCPDS and His-pCPDS. The for-
mer vector was designed to express scFv, chicken Ch
and FLAG tags, fused with the carboxy-terminal half of
coat protein III (cp3) at the 218th amino acid under the
control of the lactose promoter based on the pPDS
structure (Fig. 1A). The ribosome-binding site and the
leader sequence of ¢p3 were followed by Eagl and
BssHII restriction sites for cloning. The stop codon,
TAG, was inserted between the FLAG and cp3 sequen-
ces in order to generate soluble antibody fragments in
non-suppressor strains of E. coli. (Marks et al., 1991;
Hoogenboometal., 1991} (Fig. 1B). Added to the latter
vector was a 6 x histidine tag based on pCPDS to allow
purification of the scFv mAb from the vector under
neutral pH conditions (Fig. 1C). Both vectors were
adjusted in terms of number of bases in an scFv-cloning
site in order to allow a mock tag to be expressed.

3.2. Expression of chicken CA and FLAG
Chicken CN expression in the two vectors was

determined by sandwich ELISA. Phages produced
from pCPDS and His-pCPDS without the HUC2-13



