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Fig. 3 Expression of ILR in the ileal Peyer’s patches of newborn and
2-month-old calves (D dome, S submucosa, F follicles, ¥ villous
region). a CD25 expression was detected in the FAE, villous region,
and submucosa in the ileal PP of newborn calves. b In 2-month-old
calves, strong expression of CD25" cells was found in the villous

calves, few IL-4R* and IL-13R* cells are observed in
newborn calves. IL-4 and IL-13 are the key cytokines in
the pathogenesis of allergic inflammatory disease (Andrews
et al. 2006). Two distinct IL-4 receptors occur: type 1, which
includes IL-4Ro and CD132 (IL-2Rx), and type 2, which
includes IL-4R o and IL-13R«x1 (Ratthé et al. 2009). IL-13R
also possesses two types of receptors: the heterodimers,
composed of the IL-13Rx1 chain and IL-4Re chain, or IL-
13Ro2 (Arima et al. 2005). IL-4 and IL-13 have many
functional properties in common because of a common
receptor complex comprising IL-4Ra and IL-13R«xl
(LaPorte et al. 2008). In this study, polyclonal antibodies
against IL-4Re and IL-13Ro2, which has a high affinity for
IL-13 but not IL—4, have been used; therefore, the distribu-
tions of IL-4R* and IL-13R" cells are remarkable. IL-4 has
anti-inflammatory functions and proinflammatory functions.
For instance, IL-4 induces the production of an IL-1R
antagonist considered to be an anti-inflammatory cytokine

@ Springer

region and submucosa. IL-4R " cells were more prominent in the dome
region of 2-month-old calves (d) than in newborn calves (¢). Few IL-
13R" cells were found in the dome region and follicles of newborn
calves (e), but many IL-13R" cells were present in 2-month-old calves

(f). Bars 100 pm (a—f)

that blocks IL-1 effects in neutrophils and the recruitment of
inflammatory cells by increasing the expression of vascular
cell adhesion molecule-1 on the endothelial surface (Ratthé
et al. 2009). Although the effect of IL-13 binding to IL-
13Ro2 is unclear, IL-13 plays a central role in host defense
against parasite infection and in the pathogenesis of allergic
diseases by binding to IL-4R«x and IL-13x1 (Andrews et al.
2009). Thus, the results of this study showing the expression
of IL-4R and IL-13R indicate that several imnune responses,
such as the above-mentioned activity, might occur during the
newborn to 2-month-old period, especially in the dome
region in which immune responses are pronounced. On the
other hand, few differences exist in the expression of IL-6R
and IL-10R in the ileal PPs of newborn and 2-month-old
calves. IL-6R" and IL-10R™ cells have been widely detected
in several areas of the PPs of newborn calves. These data
suggest that no marked immunological changes occur with
regard to IL-6R and IL-10R, at least during the 2 months
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immediately after birth. Further, IL-6R and IL-10R might
have been expressed in the prenatal period.

In conclusion, although the number of cattle examined is
small for evaluations, the present study demonstrates that the
distribution of the immune cells in ileal PPs differs between
newborn and 2-month-old calves. Moreover, our results also
indicate that the expression of ILRs markedly change from the
newborn stage to 2 months of age. These data are the first
evidence of the remarkable development of cytokine receptors
in the ileal PPs of newborn calves and provide a basis for
further investigation of the immature immune system in
newborn calves and the dramatic development of the immune
system in ileal PPs. Furthermore, in view of the high risk of
infection in newborn calves, these results provide useful data
for further studies on the interaction between the immune
systems in the PPs of calves and infectious agents such as
bacteria, viruses, and prions. Although immunohistochemical
analysis has been carried out, the details of the expression of
ILRs remain to be elucidated. Further studies will be required to
define the expression and the function of various immune cells
in the ileal PPs of calves.
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Although the experimental transmission of amyﬁmd protein
A (AA) amyloidosis with amyloid-enhancing factor has been
studied intensively, its pathogenesis remains obscure. We
previously found that rabbits affected with ‘sore hocks’ (SH)
uniquely developed AA amifimdasis in response to primary
inflammatory stimulation followed by the administration

of bovine AA fibrils. However, it is unknown why only the
rabhits with preexrsting SH deawelﬁped experimental A&
amyloidosis, There may be hidden factors in the SH status
that stimulate the mechanism of ¢ross-species transmission
of A# amyloidosis. To examine the essential factors in the
development of experimental AA amyloidosls in SH-affected
rabbits, we studied the etiology of 5H in rabbi tspaﬁmieg cally
and bacteriologically. in addition, we :iawioped artificial SH
symptams in normal rabbits by use.of an adj uvant prepared
fram smpizyfamws aureus (StA) isolated from a spontanecus
SH-affected rabhbit, and we evaluated the incidence of AA
amyleidosis in rabbits with or without experimental SH
symptoms. We found that 5tA administration was extremely
efficient at stimulating the induction of experimental A
amyloidosis, and the influence of SH was required. We found
that the persistent 5, aureus infection in SH fadlitates the
development of experimental AA amyloidosis n rabbits and
that the inflammatory stimulation provided by SHacts asan
additional accelerator in experimental AA amyloidosis,

Keywords: ﬁﬁamylm&asiaamy%&&ﬁnﬁnmnﬂngfat:tﬁn
bovine amyloid fibril, rabbit, sore-hocks, Staphylococtus
aureus

Abbreviations: AA, amyloid A; AEF, amyloid-enhancing
factor; SAH, serum amyloid A; ELISA, epzyme-linked

immunosorbent assay; FCA, Freuind's complete adjuvant;

HE&E, hematoxylin and sosing HC, immunchistochem-

Istry; 15A, iodine sulfuric acid; LPS, lipopolysaccharide;
mib, monoclonal antibody; PBS, phﬁi}ﬂ?‘iat& buffered
szling; SEA, staphylococeal enterotoxin A; SEB, staphylo-
caccal enterotoxin B; SEC, staphylococcal enterotoxin C;
SED, staphylocaccal éntergtoxin D) S5H; sore-hocks: Sta,
Staphylococcus spp. adjuvant

Introduction

Aamnyloidosis is a general term for several diseases that are
characterized by the extracellular deposition of amyloid fi-
brils with a f-sheet siructure in different organs and tissues
|1} Approximately 30 Fr&carsnr prateins for amyloidosis that
form amyloid fibrils in the human body have been identi-
fied; each precursor protein provokes one or a few disorders
[2]. Amyloid protein A (AA) amyloidosis is & major form of
systemic amyloidosis that is fatal. AA amyloidosis occurs in
patients with rheumatoid arthritis or other chronie inflam-
matory diseases. The precursor protein of AA is serum amy-
loid A (SAAY, which is an acute-phase reactant synthesized
by the liver in response to inflammation [3]. At continually
high concentrations, SAA can spontaneously aggregate into
amyloid fAbrils by an undetermined process [1].

AA amyloidosis can be induced in mice by repeated ex-
posure to inflammatory stimulants, such as subcutaneous
injections of silver nitrate, Freund’s complete adjuvant (FCA),
casein, or [ipopolysaccharide (LPS) [4-7]. In these experi-
mental systems, the systemic amyloidasis develops after 4 lag
phase of several weeks. But, the lag phase can be &mmamaﬁy
shortened by administration of an amyloid-enhancing factor
(AEF) [8-1D]. It has been suggested that AL amyloid fibrils,
immunoglobulin light-chain amyloid fibeils, and Alzheimer
brain extracts can act as AEFs [11],
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Bovine AA amyloidosis is a fatal disease in cattle [12,13].
Typical symptoms of bovine AA amyloidosis are diarrhea and
nephratic syndrome. However, amyloid deposits in organs
and tissues are sometimes encounteredsin cattle without these
typical symploms. In fact, amyloid dépf:mts in the kidneys
have been observed in unsymptamatic slaughtered cattle atan
unexpected incidence [14,15). Furthermore, the widespread
distribution of amyloid deposits has been observed in several
tissues including muscle in cattle diagnosed with AA amyloi-
dosis [16].
AEPs can sometimes function as cross-seeding factors be-
tween animal species (17,18]. Oral administration of bovine
amyloid fibril, which is derived from cattle with AA amyloi-
dosis, accelerates the development of experimental murine
amyloidosis [19]. We previously investigated whether bovine
AA amyloid fibrils act as an AEF in rabbits. We found that
amyloidosis in rabbits was induced by the intravenous admin-
istration of bovine AA amyimri in conjunction with multiple
injections of an FCA-LPS emulsion [20]. All rabbits that
developed amyloidosis had preexisting ulcerative padoder-
matitis, which is known as ‘sore hocks’ (SH). SH is a pressure-
related condition in which the weight-bearing undersides of
rabbits' feet develop suppurative pododermatitis caused by
infectious pyogenic bacterium such as Staphylococcus spp.
Particularly, severe cases of SH can progress to osteomyelitis
and septicemia [21], It remains unclear why only the rabbits
with p:aex;snng it SH dév&iﬁpeé experimental amylm&as;s in
our previous study. We speculate that some factor or factors
in 8H stimulate the mechanism of cross-species transmission
of AA amyloidosis,
1n the present study, we sought to understand the relation-
ship between SH and experimental rabbit amyloidosis. We
examined the ¢tiology of $H in rabbits pathologically and
bacteriologically, and we evaluated the incidence of AA amy-
loidosis in rabbits with or without experimental SH symp-
toms, We found that the persistent bacterial infection in SH
facilitates the development of experimental AA amyloidosis
in rabbits, and the inflammatory stimulation provided by SH
acts asan additional accelerator in the development of experi-
~mental AA amyloidosis,

Materials and methods

Macroscopic and histological examination of SH lesions

- §H lesions were collected from five randomly selected rabbits
 that had spontaneously developed SH. The lesions were exam-
ined macroscopically and fixed in 15% neutral buffered for-
 malin. Then, they were embedded in paraffin, cut into 2-ym
sections, and stained with hematoxylin and eosin (H&E). The
~ grading of $H lesion was determined by gross observation as
follows: +, mild lesion; -++, moderate lesion ftequemly pecr-
 ring in conjunction with abscesses in subcutaneous tissue;
4y severe lesion with multiple abscess formations.

Bacterial isolation from SH lesion
A portion of a lesion was obtained from a rabbit that had
_ spontaneously developed SH and was diagnosed with AA am-

Copyright £ 2011 Informa UK Ld.

red and examined by polariz

Pathogenesis of experimental rabbit AA amyloidosis 113

yloidosis. The tissue was homogenized with 3 ml of sterilized
phosphate buffered saline (PBS). The suspension was plated
onto mannitol salt agar (Nissui, Tokyo, Japan) and blood
agar at serial dilutions to obtain the total number of bacteria.
Colonies on the mannitol agar plates and blood agar plates
weie counted and used Tor further experiments. Ten-colonies
on the mannitol and blood piaieb were purified and routinely
identified as Staphylococcus spp. Enterotoxin production was
examined by using an SET-RPLA kit {Denkaseiken, Tokyo,
Japan).

Animals ]

Sixty-seven outbred, Japanese white rabbits weighing 2,1-4.3
kg were obtained from Japan-Ram {Hiroshima, Japan). At the
time of receipt, 36 rabbits were spontaneously affected with

SH, while the remaining 31 rabbits appeared to be heaithy

The rabbits were kept in cages and received ad libifum access
to CR-3 pellets (CLEA Japan, Tokyo, Japan) and tap water.

Preparation of bovine amyloid fibrils ;

Bovine AA amyloid fibrils were extracted from the kidng:ys
of Holstein-Friesian cattle that had developed systemic AA
amyloidosis. Amyloid fibrils were extracted by using the
method deseribed by Pras et al. [22). Briefly, kidneys were lio-
megemzad in 0.15 M NaCl and centrifuged at 46,600¢ for 20
min at 4°C {thlma Iwmﬁ}ﬂ"’fygm 45Tirotor, Eeukman, CJX

USA), and then the supernatant was discarded. This process
wis rvapeated until the absorbance of the supernatant at 280
nm became less than 0.02. The pellet was homogenized with
cold distilled water and centrifuged at 46,600 for 20 min ar
4°C, and the supernatant was collected, This step was repeated
for a total of four times, and the wpemazaﬁts from the re-
peated extractions were pooled and centrifuged at 100,000
for 1 b at 4°C. The pellets were stained with alkaline Congo
d light microscopy to confirm
the presence of amyloid fibrils. The pellets containing amyloid
fibrils were dissolved in distilled water at a concentration of
20 mig wet weight/ml, and the suspensions were stored at4°C

until use.

Production of SH-like lesions in rabbits

To praduce artificial SH (SH-like) lesions in rabbits, the plant-
er hair was artificially removed from 18 healthy rabbits that
were reared in wire-floor cages to promote the dwelapmem
of pododermatitis. Within a few weeks, the rabbits developed
ulcerated lesion on their soles. The lesions appeared the same
as SH bul there were no abscesses in the SH-like lesions, while
some abscess formations were observed in the real sore hock
lesions. Therefore, the SH-like lesion were thought to be less
severe than the SH lesions. The grading of SH-like lesion was
determined by gross observation as follows: +, mild lesion;
44, moderate lesion: ++-+, severe lesion,

Preparation of bacterial adjuvant
A Staphylococcus spp. colony was inoculated onto lysogeny
broth agar plates. After incubation for 24 h at 37°C, the colo-

nies on the plates were suspended in 20 ml of sterile PBS and

centrifisged at 16,770g for 10 min (6900 high-speed centri-
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fuge: RA-400 rotor, Kubota, Osaka, Japan). This process was
repeated one more time. The cell pellets were suspended in
15 ml of sterile PBS and heated at 70°C for 30 min to inac-
tivate viable cells. The heated bacterial cell suspension was
centrifuged at 16,770g for 10 min, The centrifuged cell pellets
were dehydrated for a day. A total of 2 mg of dried cells was
suspended in 10 ml of 2 solution of Bayel T and Arlacel A
{17:3}, and the suspension was used as adjuvant (heat-killed
Staphylococcus spp. adjuvant: StA). Because the isolated Staph-
ylococeus aureus strain from SH leston had been purified and
repeatedly cultured in the plates, there was minimal chance of
contamination of any amyloid fibyils in the StA.

induction of rabbit amyloidosis

The experiments with rabbits were conducted essentially ac-
cording to the protacol described by Horiuchi et al. 201 All
rabbits were subjected to a series of five intradermal injections
with an interval of 4 days between each injection. Each injec-
tion contained two kinds of adjuvant. Rabbits in groups A,
B, and C were inoculated with 1 ml of an FCA {Calbiochem,
CA, USA) emulsion containing 200 ug of LPS derived from
Escherichia coli O:111 Bed (Wako, Tokyo, Japan). Rabbits in
groups I, E, and F were inoculated with 1 ml of an StA-LES
emulsion. Rabbitsin gmupa Aand D were originally affected
with §H, while rabbits in groups B and E had artificially pro-
duced SH. Rabbits in groups C and E, which did not have SH,

were wsed as controls.

Tabbits in all groups (A to F) received an intravenous in-
jection of 1 ml of bovine amyloid fibril solution, which was
performed concurrently with the last inflamumatory stimula-
tion. The rabbits were sacrificed on the 2nd or 3rd day after
bovine amyloid administration. Macroscopic, histological,
and immunohistochemical examinations for rabbit amyloi-
dosis were performed as described below. All animal experi-
mernt protocols were approved and performed according to
the guidelines of the Committee for Animal Experiments of
Obihiro University of Agriculture and Veterinary Medicine.

Measure of serum SAA concentration
The SAA concentrations in rabbitserum were measured by an
enzyme-linked immunosorbent assay (ELISA) kit for multi-
species SAA (BioSeurce International, Camarillo, CA, USA)
Rabbit sera were collected at the time of sutopsy and stored
at —20°C. Ar the time of measurement, the sera were thawed
and diluted 1:300 with diluent buffer. ELISA was performed
according to the manufacturer’s instructions, and the serum
concentration of SAA was expressed as absorbance values,
To measure the normal SAA concentration in-rabbits with or
without SH, rabbit sera were collected from 12 healthy rabbits
and nine rabbity with sponianeous SH before the first time of
inflammatory stimulation.

Macroscopic, histological, and immunohistochemical
examinations.

The spleens and kidneys were collected from the rabbits. A
portion-of gach organ was examined using routine methods
with iudine sulfuric acid (ISA), and the remaining portions
were fixed In 15% neutial butfered formalin, embedded in
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paraffin, cul into 2-um sections, and stained with H&E or
alkaline Congo red. The degree of amyloid deposits was de-

termined by microscopic observation of H&E-stained tissue
sections as follows: +, mild amyloid deposits; 4+, moderate
amyloid deposits; and +++, severe amyloid deposits, All amy-
Ipid deposits were checked by emerald green birefringence
in sections stained with alkaline Congo red and exposed to
polarized light, Immunohistochemical detection of amylotd.
deposits was performed with an Envision+ kit (Dake, Carpin-
teria, CA, USA) by using monoclonal mouse -asti-human
AA amyloid antibodies {1:200, Kyows, Japan) as the primary
antibody.

Resules

Pathological and bacteriological examinations of SH-
affected rabbits

Suppurative pododermatitis and subcutaneous abscesses were
ohserved Trnall rabbits with SH. The epidermis of rabbits with
§H was marked by ulceration and heavy crust formation,
Histological examinations revealed inflammatory cellular
infiltration and mudtifocal abscesses in the dermis. Multiple
colonies of cocci were found in the center of some abscess,

To determine the etiological bacterium for rabbit SH tis-
sue, a portion of SH tissue was suspended with PBS and in-
peulated onto mannitol salt agar plates and blood agar plates.
Atotal number of 2.9-5.5 % 10% bacteria cells per gram of SH
tissue was detected on both plates. From these results, the ma-
jor bacterium in SH tissue appeared to be Staphylococcus spp.
growrl on mannitol salt agar plates, To identify the genus, five
colonies on mannitol salt agar were examined by biochemi-
cal experiments. All colonies were Gram positive, coagulase
positive, and eatalase positive (data not shown), which sug-
gested that they were S, mrens. An SET-RPLA kit was used
to examine the enterotoxin pméuetmn of five colonies. None
aof the colonies pussessed enterotorin genes such a5 SEA, SEB,
SEC, or SED.

To examine the biological influence of & qurews on the
pathogenesis of rabbit AA amvloidosis, we produced adjuvant
from 8. aurens cell pellets to use as an inflammatory stimula-
tor,

induction of rabbit AA amyloidosis by bovine amyloid
fibrils.

The experimental induction of rabbit AA amyloidosis was
perfurmeé as shown in Table L. Twenty-seven rabbits in group
A and nine rabbils in group D possessed spontanecusly oo
curring SH lesions, while 11 rabbits in group B and seven rab-
bits in group B had artificially induced SH (SH-like) lesions.
A total of 44 rabbits in groups A, B, and C received injections
of FCA, while 23 rabbits in groups ILE, and F received injec-
tions of StA.

Macrascopic abservation of tissues exposed to ISA re-
vealed that 7 of 27 (26%) rabbits in the group A, 5 of 9 (36%)
rabbits in group 1, and 2 of 7 (29%) rabbits in group E had
amyloid deposits in theirspleen and/orkidneys (Table 1), Kid-
neys with amvloid deposits were typlcally larger and harder
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than normal kidieys, and the eolor of the diseased kidneys  Histological examination of rabbit amyloidosis

was bleached out to ocher or brown, Similarly, spleens from The spleens and kidneys from all 67 rabbits were examined
rabbits with amyloid deposits were swollen and larger than  for amyloid deposits by histological and immunohistochemi-
norimal spleens. Spleens from rabbits without amyloid depos-  cal analyses. Histological examinations revealed that 9 of 27
its were also swollen due to extramedullary hematopoiesis. In - (33%) rabbits in group A, 7 of 9 (78%] rabbits in group D,
[SA-exposed tissues, amyloid deposits in the spleen appeared  and 3 of 7 (43%) rabbits in group E had amyloid deposits in
blackish-brown and formed a leopard-print pattern (Figure . the sg;lr:cn and/or kidney (Table 1). Amyloid deposits in five
1A}, Rabbits in group D (StA stimulation and carrying SH  animals {two samples in group A, two samples in group D,
lesions) exhibited the highest incidence (56%) of amyloid de-  and one sample in-group E} were too slight fo be detected
posits, as determined by ISA reaction. Rabbits without SHor by macroscopic observation with 1SA reactant but could be

§H-like lesions {groups € and ¥ had no amyloid deposits. observed by histological examinations. The severity of foot
/ lesiong and the degres of amyloid deposits appeared to beun-
Measurement of serum SAA concentrations related (Table 11}, Amyloid deposits in the spleen were mostly

To measure the serum SAA concentrations, we used an ELISA  olwerved in the pertiollicular area (Figures 1B and C), In
kit for multispecies SAA as shown for each group in Figure 2. kidneys, amyloid was deposited in the glomeruli at the cortex
I contral, the serum SAA absorbance both in rabbits with  and the interstitium of the medulla and pelvis renalis (Figure
and without SH was lower than in expmmcﬁia} groups. No  1D-F}. Noamyloid deposits were found in groups B, C.and §
significant differences in SAA values were observed between  as determined by H&E, Congo red, and immunohistachem-
ribbits with and without amvloidosis in groups A, D, and E. istey (1HMC) analyses. All amyloid deposits showing emerald

Spleen ariyloid deposits Kidney

FEE 1

Figare 1. (A} Tnthe IS4 reaction, amyloid deposits were stained blackish-brown and formed a leopard-print pattec farsows) (B) Amyloid deposits
were found in the perifollicular arca with Hematoxylin & vosin [H&E). The deposited amploid was determined t he A& smyloid. {C) Amyloid
deposits were not found with HEE, but & smull ainount of amvgimd depuosits wits da.iﬁ*cl@ti with anti-luman AA sirlold mAb, Waturally, the
amount of simydoid deposits could not be abserved by macroscopic nbservation under ISA reactants. (I7) Deposited amyloid was observed in the
{nterstitivm of the medully in kidvey (H&E) (E) Anyloid deposits were not found with H&E, but a small amonnt of anyloid deposits was detected
with anti-human &4 anwloid mAb, (F) somvloid deposits were present in the glomerul {srrowsk Tnsets in B to Fr Tmawuniohistplogieal staining
with 2 1:200 dilution of anti-human A4 amyloid mouse menocional sntibody. The degree of amylold deposits in thie tissues was indicated by +:
severe deposits, +47 moderate deposits, and +: mild deposits.
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2.5+

Absorbance value (450num)

Figure 2, Serum SAA concentrations in pach group mbbits. The bars
indicate the median values, % (43, D (), or E {+) indicates rabbits
with amsyloid deposits in group A, Dy or Eand ‘A (=), D (=), o B (=)'
indicates rabbits without amyloid deposits in group A, D, or E The SAA
concentrations collected from healthy rabbits (control} and SH rabbits
{rontrol SHY before the first inflamomiory stimulation were 0.065 and
0,162 at a inedian, respectively. In groug C, serum of rablits vould not
be collected i this experiment.

green birefringence under polarized light were IHC-positive
{Figure IBC).

Discussion

Based on the results of these experiments, it appears that 5H
plays a crucial role in the development of rabbit AA anmy-
loidosis and that artificial SH (SH-like) is less effective than
spontaneous SH in promoting the development of AA amy-
loidosis. Thus, there seems to bea ditference in the stimula-
tion provided by spontaneous SH and artificial SH. There was
morphologically no abscess in the SH-like lesion, while some
abscess formations were observed in the real-sore hock le-
sion. Therefore, bacterial infection such as §. aureus found in
spontanieous SH lesion might niot be observed in SH-like Je-
ston, Group D (8H and 5tA stimulations) shewed the highest

incidence of rabbit amyloidosis, suggesting that 5tA is a more

efficient inducer of amyloidosis than FCA. This resull is sup-
ported by a comparison of the incidence of amyloid deposits
in groups E and B. Thus, StA may be an extremely efficient
stimulator in the induction of rabbil amyloidosis. However,
the StA is not only enough for induction of rabbit amyloidosis
aEuue, but the continuous stimulation such as SH-like condi-
tion is néed for establishment of amylmd deposits. Further
studies of the influence of SH or the SH-like condition are
required,

We isolated S. awreus from spontaneous SH in rabbits.
The major problem in rabbit staphylococcosis is caused by
htgh-wwkmce 8. aurens strains [21]. However, the strain
isolated in the present study did not possess enterotoxin

Table I, Bxperimental groups snd number of rabbits with smyloidosis.
M. of rabbits with
Inflanymas Mo of wmyloidosis
inpy stimus Stateof Hovine  animals 18A Hisrological
Group Iations font am}’!ﬂ%d* gsed  repction exam

A FCH SHY s 27 T2ER 9338
B BCA SH-jike it o i
C FOA Mormal + & i i
3] Stat 5H + 2 5(56%) 7 (78%)
£ StA SHobke 7 20295 3 (43%)
8 S14 Mormal o+ i t o

*H0A Frounds complets adjavant.

'Stivs Btplelscoccis ipp adiuvant,

SHesore biscks. SH-like srtificially develapad pododirnsitis,

Wovine srnploid admivistration of 1w bovineanyylold bl solution.

Table T1. “Thie severity of foot lesions and degres of amiloid deposits,
Degree of amyloid deposits’

Group (SH Ne.of Gradingol  Henal Renal
or $H-lke) rabbit footlesion’  medulls corlex  Spleen
Gromp A 1 ¥ kes - by
(SH} B + = * +
j? e g - -
gEH] o - - 44
R ek o - #
7 dab Ea 3 - #
1z -+ i e #
4 g + + +4
5 ddd e - e
3 e + # -
5 ++ + + #
7 ot + + ++
g‘;‘gpg 2 s # + T
8 4 - + ok
4 i - - 4
4 Lea s + + i
Group B : ' B - "
a7 - -
Ao ks —_ -
“BH: 4, il iéglfm, 44, toderate legion frequently sssociated with at in

swhcttancous tssue; + 4, severe legion with multiple abesss formations SH-kee ¢,
susilel Tegdiing 44, maderate leplong +o-+, severe leglan,

o il amyiold deposing ++, moderste anyldd deposits; +1 4, sevéreamyboid
diposits.

genes such as SEA, SEB, SEC, and SED, Furthermore, StA
used ag an adjuvant was made from a strain that had been
heat killed. On the othér hand, the rabbils in groups D and
E developed AA amyloidosis more frequently than the rab-
bits in groups A and B. From these results, we conclude that
the amyloidogenesis of rabbit AA amyloidosis is not influ-
enced by the direct action of toxins; rather, it is influenced
by the indirect secondary action of 8, qureus infection. In
the present study, therefore, we deduce that somatic anti-
gen of 5. aurens cells stimulated the host immune system
leading to.the development of AA amyloidosis. In some
species, spontaneous amyloidosis is often influenced sec-
ondary from bacterial infection with inflammatory reac-
tion [12]. Tt is striking that waterfowl develop amyloidosis
associated with S. aurens infection in "bumblefoot’ [23,24].

Angyloid
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Bumblefoot is ulcerative pododermatitis with bacterial in-
fection that oceurs on the feet of birds, and its clinical con-

tion m . 8H of rabbits. Pododermatifis, such as 8H

habitually sustain the bacterial mfﬁmm As a result, they
provide persistent inflammatory stimulation and cause AA
myloidosis.

We observed elevated SAA absorbances in Figure 2, i.e,
high plasma concentrations of SAA compared to the control
groups. Amyloidogenic SAA can aggregate into amyloid fi-
brils at high plasma concentrations. Normally, it is believed
 that these aggregates are degraded by physiological homeo-
 staric control [25], However, after longstanding infectious or
noninfectious mﬂammafm}« diseases with persistently i‘ugh
plasma concentrations of SAA, the degradation is sometimes
insufficient, leading to AA amyloid deposits [1,26]. In several
animals (including humans), there are certain disorders that
occur with AA amyloidosis. Two examples are rheumatoid
arthritis in humans and bumblefoot i waterfowl, These dis-
 orders trigger longstanding high plasma concentrations of
SAA. However, few patients with these conditions develop
AA amyloidosis [27,28]. In the present study, there was no
 significant difference in the SAA values of rabbits with and
 without amyloidosis (Figure 2). However, the results show
that rabbits without foot lesions (group F) have the lowest
avérage SAA concentrativn and thal rabbits in group D,
which showed the highest incidence of amyloid deposition,
have the highest median SAA concentration of all the exper-
imental groups. These results, even though not sigaificant,
suggest that SAA concentration influences the development
if AA amyloidosis. Basically, it is thought that the high level
 0f SAA influences the development of AA amyloidosis, but
not directly. We conclude there must be other factors that
influence the development of AA amyloidosis,
~ In the present study, we concluded that persistent . au-
reus infection in SH as a significant factor to facilitate the risk
of rabbit AA amyloidosis and that SH as an inflammatory

mediator acts as an additional accelerator in rabbit AA amy-
. Ioidosis, However, we also conclude that these experimental

factors do not fulfill the condition of pathogenesis of AA
amyloidosis completely, because not all rabbits in each group
veloped AA amyloidosis. The additional factors involved
in the pathogenesis of AA amyloidosis are still unknown
25,291
Asshown inthe results, bovine AA amyloid possesses trans-
bility to rabbits. However, the transmission of bovine AA
yloid to rabbitsin this experiment was less efficient than re-
ted transmission to mice [18,19], and previously reported
nsmission to rabbits [20]. We hypothesize that the different
rte of transmission between this experiment and previous
xperiments was caused by the varfant severity of SH lesions,
nd also note that the transmission efficiency of bovine AA
 amyloid as ABF may be influenced by the recipient ability of
‘host species. For studies on the pathogenesis of AA anvy-
loidosis, it is necessary to analyze the propagation factors for
amyloidosis in vive. The results of the present study suggest
hat the factors affecting the pathogenesis of experimental
bit AA amyloidosis are both extraneous stimulations and

et
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d busmblefoot, is hard to heal because the plantar tissues.

Pathogenesis of experiviental rabbit AA amyloidesis 117

host factors. Further investigations of the pathogenesis.of A&
aryloidosis must analyze the influence of the immunological
state of patients,
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. rect dlagnos,ts o sporadlc Creutzfeldt

‘ x Je recently developed a new in vitro
amplification technology, desig-

nated “real-time quaking-induced con-
version (RT-QUIC),” for detection of the
abnormal form of prion protein (PrP%)
in easily accessible specimens such as
cerebrospinal fluid (CSF). After assess-
ment of more than 200 CSF specimens
fromw]apanesex and Australian patlem;
we found no instance of a false positiv
and more than 80% accuracy for the cor-

F H

RT QUIC can be ;pplled to other p prion
diseases, including scrapie, chronic wast-
ing disease (CWD) and bovine spongi-
form encephalopathy (BSE), and is able
to quantify prion seeding activity when
combined with an end-point dilution
of samples. These results indicate that
the RT-QUIC, with its high sensitivity
and specificity, will be of great use as an
early, rapid and specific assay for prion
diseases.

Diagnosis of Creutzfeldt-Jakob
Disease: The Current Situation

Human prion  diseases, including
Creutzfeldt-Jakob disease (CJD), are
neurodegenerative  disorders
characterized by progressive spongiform
changes and the accumulation of abnor-
mal prion protein (PrP%) in the central
nervous system.! The majority of CJD
cases (approximately 85%) are sporadic in
nature, but the remaining cases comprise
genetic and infectious forms. Iatrogenic
CJD is the consequence of inadvertent
transmission during medical procedures

incurable

Prion

130

'Department of Molecular Microbiology and Immunology; Graduate School of Biomedical Sciences; *Global COE Program; Nagasaki University;

in which sporadic CJD (sCJD)-contam-
inated tissues or explants (such as dura
mater and pituitary hormones) or surgi-
cal instruments were used.? Variant CJD
(vCJD) is primarily a zoonosis that arose
from contamination of the human food
chain by bovine spongiform encephalopa-
thy (BSE), although secondary transmis-
p sxon of VC]D by blood transfusion has also
' reference 3. Hence, by
adoptmg add1t1onal infection control mea-

sures as appropriate, an early and accurate
iagnosis of CJD would help to lessen the
possibility of iatrogenic transmission and
lead the way to timely therapeutic interven-
tions. However, the definitive ante-mortem
confirmation of CJD currently requires
the presence of typical neuropathology
together with the demonstration of PrP%
in specimens obtained by biopsy, the prac-
tice of which is often precluded both by the
invasiveness of the procedure and the risks
it poses to medical care staff. Thus, the
highly sensitive detection of PrP* in acces-
sible body fluids such as cerebrospinal fluid
(CSF) and blood can be expected to con-
stitute 2 most valuable means for the early
and specific diagnosis of CJD. However,
because the concentration of PrP* in these
specimens is likely to be very low, one of
the most promising approaches would
be to develop an efficient amplification
of PrP% in vitro.** Indeed, several assays,
including protein misfolding cyclic ampli-
fication (PMCA),%” the amyloid seeding
assay (ASA),® and quaking-induced con-
version (QUIC),>! have previously been
reported to permit the sensitive detec-
tion of PrP% in animal and human brain
specimens. Nonetheless, early attempts at



ultrasensitive PrP% detection in accessible

body fluids were unsuccessful in human
prion diseases. For this reason, we initi-
ated studies aimed at establishing a highly
sensitive assay for the detection of prion in

human CSF.

Establishment
of Real-Time QUIC (RT-QUIC)

In the QUIC assays, soluble recombinant
PrP (rPrP-sen) expressed in E. coli is used as
a substrate to amplify the minute amounts
of PrP%. Using a dedicated shaker, the
reaction is enhanced by vigorous inter-
mittent shaking which induces rPrP-sen
to aggregate and form fibrils.” One of the
advantages in QUIC is that shaking/agi-
tation can be performed more easily and
consistently than sonication, which has the
problem of varied delivery of vibrational
energy to the samples. On the other hand,
further improvement in the rapidity and
practicality of this method was required in
order for it to become useful in the diag-
nosis of prion diseases; because_the_ini-_
tial standard format of QUIC (S-QUIC)

required a time-consuming western blot.

Thus, we combined QUIC technologyw

with thioflavin T (ThT) fluorescence dye,
to monitor amyloid formation, in order
to minimize the time necessary for the
detection of protease-resistant rPrP fibrils
(rPrP-res). We first determined if the shak-
ing of our fluorescence microplate reader
could induce PrP%-dependent rPrP-res
(tPrP-res®) formation in a buffer contain-
ing 0.05-0.1% SDS, as in the S-QUIC.
Human rPrP-sen (tHuPrP-sen) and CJD
brain homogenate (BH) were used as a
substrate and a seed, respectively, for the
QUIC reaction. Unexpectedly, we did not
observe rPrP-res’ formation or an eleva-
tion in the ThT fluorescence using our
microplate reader (unpublished data).
Our explanation for this is that the shak-
ing power of the microplate reader was not
strong enough to elicit the QUIC reac-
tions in the presence of SDS. SDS tends to
cause fibrils to stack and stabilize rPrP-res
polymers as a result. In fact, we observed
that fibrils formed in the presence of SDS
were much larger and thicker than those
formed in its absence. Taken together,
sonication in PMCA or vigorous shak-
ing in S-QUIC seems to be required as a

means of fragmenting the rPrP-res poly-
mers formed in the presence of SDS.
We then tested whether PrP-res™
mation was induced when guanidine-HCl
(GdnHCI) was added, because it has been
thought that GdnHCI was required for
the conversion of PrP-sen to PrP-res in a
cell-free system.!! Somewhat unexpectedly,

for-

we observed rPrP-res™ formation even in
the absence of GdnHCL. In contrast, the
negative control reactions without seed
and in the absence of GdnHCI exhibited
a marked delay in spontaneous rPrP-res
(tPrP-res?*) formation.”? For this reason,
use of a GdnHCl-free buffer can dramati-
cally reduce the risk of false-positive reac-
tions and enhance the sensitivity of the
method.

Shaking/agitation is considered to cause
several facilitatory effects on the QUIC
reaction. One is that a partial unfolding
of a portion of the rPrP-sen is induced by
increasing the air-water interface through
which a denaturing boundary between
the hydwphoblc ~air~and’ hydrophlhc
watef is formed.1? I\lext,/shakmg/ agitation/
enhances the interaction between rPrP-sen
and PrP*, and the fragmentation of rPrP-

res. polyn}ers 1 The |energetic barrlcr of

spontaneous fibril formation is hkely to be
higher than that of seed-dependent fibril
formation or elongation, because spon-
taneous formation initially necessitates
nucleation as the rate-limiting step.”
Meanwhile, the extent of the partial
unfolding of rPrP-sen by shaking alone
is assumed to be more heterogeneous
than that in the presence of GdnHCI,
probably because the air-water interfaces
are unequally distributed in the reaction
mixture (Fig. 1). In contrast, the addi-
tion of GAnHCl accelerates the nucleation
rate, resulting in an increase in the rate
of spontaneous fibril formation. Of note,
we observed that there was an inverse cor-
relation between the rate of rPrP-res for-
mation and the concentration of rPrP-sen
substrate.!? It has been reported that the
aggregation rate of several other proteins is
inversely correlated with the concentration
of substrate protein in a denaturantfree
buffer with shaking.!®' Conversely, pre-
vious studies using cell-free conversion'®
and rPrP fibril formation,®?! respectively,
in the presence of denaturant or at low
pH, have shown that the rate of PrP-res
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formation was directly proportional to
the PrP-sen concentration. This seeming
contradiction can be explained again by
the difference in the denaturation status
of PrP-sen under various conditions. We
hypothesized that heterogenous denatur-
ation of the substrate protein in a dena-
turant-free buffer with shaking is a major
cause of the inverse correlation (Fig. 1).
We examined the effect of pH, and the
concentrations of rHuPrP-sen and salt, on
QUIC reactions in a GdnHClfree buf-
fer. We found that the presence of NaCl
is essential for rPrP-res formation and the
sensitivity of this method was maximal
at 500 mM NaCl at pH 7.2 The require-
ment for NaCl in the formation of rPrP-
res is compatible with previous studies,
which have shown that salt is required
for cell-free conversion in the absence of
GdnHCI? and the maintenance of a pro-
tease-resistant PrP> conformation.?
We named this new assay “real-time
QUIC (RT- QUIC)Y” by analogy with
/real-tlme,PCR» ‘The RT-QUIC enabled us
_to_measure. up.to.  96. _replicates at a time,
obtain the results immediately, and is
_potentially safer than S-QUIC or PMCA
' because the prions are sealed within
“a 96-well plate throughout the entire

procedure.

Application of RT-QUIC
to Diagnostic Tests
for Human Prion Diseases

CJD has been categorized into six molecu-
lar subtypes (MM1, MM2, MV1, MV2,
VV1, VV2) on the basis of whether
methionine (M) or valine (V) is present
at codon 129 of the gene encoding prion
protein, combined with the profile of PrPs
(type 1 or type 2).** We evaluated the
detection limit of MM1- and MM2-sCJD
brain homogenate using RT-QUIC. The
minimum amount of PrP% in the brains
detectable by RT-QUIC was around -1
fg (10 g). To determine the applicability
of RT-QUIC in the clinical diagnosis of
sCJD, we compared the RT-QUIC seed-
ing activity in CSF samples from patients
with sCJD and patients without sCJD
but with other neurodegenerative diseases
such as Alzheimer disease. We decided
upon CSF as the specimen because CSF is
routinely used in the assessment of many
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neurological disorders. Moreover, CSF  than 200 CSF specimens from Japanese sensitivity and absolute specificity for the
is likely to contain more PrP* and fewer —and Australian patients, we demonstrated ~ detection of PrP% in the CJD-positive
impurities than blood. Examining more that RT-QUIC has greater than 80% CSF samples.? Until now, diagnostic
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investigations to evaluate suspected sCJD,
although of proven utility, have relied
upon non-specific bio-markers, such as
the detection of 14-3-3 proteins in the
CSFE.»% The sensitivity of RT-QUIC was
equivalent to and the specificity was much
higher than that achieved by 14-3-3 pro-
tein measurement. Thus, the RT-QUIC
provides a valuable novel means for the
antemortem diagnosis of sCJD. Although
most of the CSF samples we tested were
129MM, 3/4 129VV and 2/2 129MV
CSF samples were positive, suggesting
that RT-QUIC using 129M rHuPrP-sen
as a substrate is equally valuable in all
genetic subtypes of sCJD. Additionally,
we recently found that RT-QUIC is
potentially useful in the diagnosis of
genetic human prion diseases, including
Gerstmann-Straussler-Schenker  disease
(GSS) and fatal familial insomnia (FFI)
(manuscript in preparation). While the
conversion between PrP-sen and PrP
with identical sequences is generally
thought to be efficienr;” our,»ﬁndmgs sug-
gest that the degree of st sequence correspons.
dence between substrate and seed can vary

in the RT-QUIC reactions. In support of

this concept, we observed that hamsteror
bovine rPrP-sen can be actively converted
into rPrP-res when seeded with sCJD-
PrPS¢, albeit with about one log reduc-
tion in the detection limit (unpublished
data). Furthermore, Orru et al. reported
that the use of hamster-sheep chimera
tPrP-sen provided for greater sensitiv-
ity and less spontaneous fibril formation
than was observed with the homologous
rHuPrP-sen in the RT-QUIC seeded with
vC]JD brain homogenate.”® These results
raise the possibility that rPrP-sen may also
react to fibrils consisting of other proteins
such as beta-amyloid, possibly resulting in
a decrease in the specificity of the assay.
However, we have yet to experience a sin-
gle false positive in the RT-QUIC among
hundreds of CSF specimens from non-
CJD neurodegenerative diseases, includ-
ing Alzheimer disease, we have tested.
Moreover, no increase in ThT fluorescence
was observed in the presence of beta-
amyloid fibrils artificially formed in vitro
(unpublished data). Nevertheless, further
studies will be required to completely
eliminate the possibility of false positives
in the clinical setting. Additionally, the

elucidation of the mechanism of rPrP-res™
formation in the RT-QUIC, including
the degree of sequence correspondence,
would lead to a better understanding of
the molecular basis of prion propagation.

Further Progress
in RT-QUIC Technology

Recently, Caughey’s group demonstrated
that our RT-QUIC could be successfully
applied to the detection of hamster and
sheep scrapie, deer chronic wasting dis-
ease (CWD) and vCJD.2? Additionally,
our team has been able to detect BSE at
a sensitivity equivalent to that of sCJD
(manuscript in preparation). In addition,
the RT-QUIC can rapidly determine the
relative prion concentration when used
in combination with end-point dilution
analysis.?’ In another very recent study,
Caughey’s team showed that enrichment
of PrP% in plasma by immunoprecipita-
tion employing the PrP aggregate-specific
monoelonal IgM antibody ] 15B3 greatly

especially when coupled with a substrate
replacement step.” Together, these stuches
demonstrated thew plicati
of RT- QUIC to clinical and ‘basic research

on human and animal prion diseases.
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Abstract

Background: The gamma-isoform of the 14-3-3 protein (14-3-3 gamma) is expressed in neurons, and could be a
specific marker for neuronal damage. This protein has been reported as a detectable biomarker, especially in the
cerebrospinal fluid (CSF) of Creutzfeldt-Jakob disease (CJD) patients by Western blotting (WB) or enzyme-linked
immunosorbent assays (ELISAs). Western blotting for 14-3-3 gamma is not sensitive, and the reported data are
conflicting among publications. An ELISA specific for 14-3-3 gamma is not available.

Methods: CJD patients (n = 114 sporadic CID patients, 7 genetic CJD, and 3 iatrogenic CJD) and 99 patients with
other neurodegenerative diseases were examined in this study. The CSF samples obtained were analyzed by
Western blotting for 14-3-3 gamma, and by ELISA for total tau protein. We evaluated the sensitivity and specificity
of the newly developed sandwich ELISA for 14-3-3 gamma.

Results: The cut-off value of the 14-3-3 gamma ELISA was > 1, 683 AU/ml; and sensitivity was 95.2%, with 72.7%
specificity. This specificity was the same for the total tau protein ELISA. Seven CJD cases were negative by WB but
positive using the 14-3-3 gamma ELISA, indicating that the ELISA is more sensitive, All 21 cases of early stage CJD

CJD will be possible even at early stages of the disease.

could be diagnosed using a combination of the 14-3-3y ELISA and diffusion weighted MR imaging (DWI-MRI).

Conclusion: The 14-3-3 gamma ELISA was more sensitive than conventional WB, and was useful for laboratory
diagnosis of CJD, similar to the ELISA for the tau protein. Using DWI-MRI and these ELISA tests on CSF, diagnosis of

Keywords: CJD, CSF, ELISA, prion disease, 14-3-3 protein, tau protein

Background

Hshich et al.[1] reported use of the 14-3-3 protein for
diagnosis of prion diseases in 1996. This protein is a
reliable marker of rapid neuronal destruction, and has
been detected in the cerebrospinal fluid (CSF) of several
progressive neurological disorders. The 14-3-3 protein is
one supportive and essential marker in the CSF of
sporadic Creutzfeldt-Jakob disease (CJD) patients. Peri-
odic sharp wave complexes (PSWC) observed on an
electroencephalographic (EEG) recording and the
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presence of 14-3-3 in CSF are both included in the diag-
nostic criteria for CJD as supplied by the World Health
Organization (WHO) [2]. The 14-3-3 protein is detected
by Western blot (WB) in many clinical laboratories;
however, conducting a WB assay to detect 14-3-3 is
time consuming and expensive because the WB method
consists of many steps and requires multiple investiga-
tors to discern the protein bands [3]. Thus, the develop-
ment of a standard 14-3-3 protein assay and a valid
criterion for quantitative assessment is urgently
required.

The 14-3-3 protein has been reported to be a detect-
able biomarker, especially in the CSF of CJD patients, by
WB or enzyme-linked immunosorbent assay (ELISA).
However, the WB to detect 14-3-3 is not very sensitive

© 2011 Matsui et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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enough and the data obtained to date differ among
reports.

Previous studies have utilized an ELISA to detect 14-3-3
in the CSF [4,5] (Additional file 1, table S1), but four pro-
blems were encountered: the number of CJD patients was
less than 50; the make-up of the CJD and case-control
groups was not clear; the analytic means of the cut-off data
for the ELISA were unclear; and the specificity was very
low. We attempted to improve upon these four problems
and attempted to develop a new, specific, 14-3-3y ELISA.

We developed a specific ELISA using the gamma iso-
form of 14-3-3 (14-3-3y). Additionally, results from the
W3B and ELISA analyses were compared. We analyzed 124
human prion disease cases and 99 human non-prion dis-
ease cases using the 14-3-3y ELISA and assessed if quanti-
fication of 14-3-3 might be helpful in their differentiation.

Methods

1. Patients

Patients with suspected CJD were recruited from hospitals
all over Japan for the purpose of conducting biochemical
CSF assays. From more than 300 requests, a follow-up
study was performed with 124 CJD patients. The cases
were classified as sporadic CJD (n = 114), genetic CJD (n =
7; four cases with a V180l mutation, two cases with an
M232R mutation and a single case with an E200K mutation
in the prion protein gene), or iatrogenic CJD (dura-asso-
ciated CJD; n = 3). A total of 114 sporadic CJD patients
and 3 iatrogenic CJD patients did not express a prion pro-
tein gene (PRNP) mutation. All 124 cases contained MM at
codon 129 and EE at codon 219 of the PRNP.

Subjects for the present study consisted of 114 spora-
dic CJD patients with confirmed CJD diagnosis. All 114
sporadic patients fulfilled the WHO diagnostic criteria
for CJD. All sporadic CJD cases were typical with
respect to clinical findings, clinical time course, neuroi-
maging [FLAIR and diffusion-weighted magnetic reso-
nance imaging (DWI-MRI) with high signal
abnormalities in the caudate nucleus and putamen, or at
least two cortical regions] and PSWCs via EEG.

A total of seven sporadic CJD cases (four males, three
females) were definite, and 107 sporadic cases were
probable among the 114 sporadic CJD patients. Two
cases (V180I; females) were definite cases among the
seven genetic CJD cases, and one case was a definite
among the three iatrogenic CJD cases.

For control samples, CSF was collected from 99 patients
who suffered from one of the following disorders: demen-
tia of Alzheimer’s type (DAT; n = 54, 33 male, 21 female),
cerebrovascular dementia (n = 7, 5 male, 2 female), Par-
kinson’s disease (n = 5, 4 male, 1 female), progressive
supranuclear palsy (PSP; n = 3, 2 male, 1 female), fronto-
temporal lobular degeneration (n = 2, 1 male, 1 female),
Huntington’s disease (n = 1; 1 male), corticobasal
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degeneration (n = 2, both female), amyotrophic lateral
sclerosis (n = 3, 1 male, 2 female), limbic encephalitis (n =
2, 1 male, 1 female), mitochondrial myopathy, encephalo-
pathy, lactic acidosis and stroke-like episodes (MELAS; n
= 4, 2 male, 2 female), paraneoplastic cerebellar disorder/
Lambert-Eaton myasthenic syndrome (PCD/LEMS; n = 2,
1 male, 1 female), temporal epilepsy (n = 4, 1 male, 3
female), mild cognitive impairment (n = 3, 1 male, 2
female), and dementia etiology unknown (n = 3, 1 male, 2
female). Additionally, CSF was obtained from healthy
volunteers (n = 4, 2 male, 2 female).

All subjects were examined and CSF samples col-
lected, divided into aliquots, and stored at -80°C until
required. All assays were performed simultaneously to
avoid repeated freezing and thawing of samples. The
CSF samples were used within 1 month of collection.

We previously reported about 21 patients that suffered
from early-stage CJD, defined as cases in the 6 weeks fol-
lowing the onset of the disease [6]. We used the CSF sam-
ples and clinical findings of these 21 patients. This study
was approved by the Medical Ethics Committee of Naga-
saki University, School of Medicine (06012755;
UMINO000003301), and the participants provided written
informed consent.

2. Analysis of CSF by WB for 14-3-3

The CSF samples were collected, aliquoted, and stored
at -80°C until required. All assays were performed
simultaneously to avoid repeated freezing and thawing
of samples. Immunoassays for 14-3-3 protein were per-
formed as previously described [3]. Polyclonal antibodies
specific for 14-3-3y were obtained from Immuno-Biolo-
gical Laboratories (18647; Gunma, Japan) and were used
at a dilution of 1:500. Polyclonal antibodies specific for
all isoforms of 14-3-3 were obtained from Santa Cruz
Biotechnology (sc-1657; Santa Cruz, CA, USA) and used
at a dilution of 1:1, 000. All samples were analyzed
using the same antibody to ensure comparable sensitiv-
ities. Protein detection was performed using an
enhanced chemiluminescence detection kit (Amersham
Buchler Company). Detection of 14-3-3 in the CSF sam-
ples was performed as previously described [3]. All
assays were performed by two independent researchers.

3. Analysis of total tau protein in CSF samples
Detection of total tau protein in the CSF samples was
performed as previously described [6].

4. ELISA detection of 14-3-3 in CSF

We immunized rabbits and mice with eight 14-3-3y pep-
tides and obtained three monoclonal antibodies (clones
#4-#6; additional files 2, table S2) and three polyclonal
antibodies (clones #1-#3; additional file 2, table S2). These
six antibodies were characterized and the best
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combination of antibodies for the sandwich ELISA was
determined (clones #1 and # 6; Additional file 3, figure
S1). The sandwich ELISA for detection of 14-3-3y was
used to analyze CSF samples from 124 CJD patients and
the remaining 99 patients with other diseases. The ELISA
assay was sensitive enough to detect 14-3-3y in the range
125-16, 000 AU/ml in human CSF samples. The ELISA
plates were coated with antibody and then 50 pl of CSF
and 50 pl of sample dilution buffer was added to each
well. The samples were incubated for 1 hour at room tem-
perature. Following incubation in the appropriate second-
ary antibody, samples were reacted with horseradish
peroxidase and the optical density of each well at 450 nm
was determined using a microplate reader. All processes
were completed within a 4-hour period.

5. Analysis by the real-time QUIC (RT-QUIC) method
Analysis by the RT-QUIC method was performed as
previously described [7].

6. Statistical analysis

SPSS version 11.0 software was used to perform all sta-
tistical analyses. Standard measures of diagnostic test
validity were used to identify true-positive, true-negative,
false-positive, and false-negative results. The levels of
14-3-3y in the 124 CJD patients and remaining 99
patients with other diseases were used for these calcula-
tions [receiver operating characteristic (ROC) analysis].

7. MRI Protocol and PSWC on EEGs
We have described the MRI protocol and PSWC on
EEGs previously [6].

Results

1. Detection of 14-3-3 by WB in CSF samples

In the CJD group, 14-3-3 was detected in all CSF sam-
ples (n = 124; Tables 1 and 2). The 14-3-3 protein was
detected in two non-CJD patients with DAT, one with
CVD, two with Wernicke’s encephalopathy, and three
patients with limbic encephalitis. The WB sensitivity
and specificity for 14-3-3y in CJD patients was 87.1 and
84.8%, respectively (Tables 1 and 2, Figure 1-a, b, ¢). In
other hand, WB sensitivity and specificity for all iso-
forms of 14-3-3 in CJD patients was 91.4 and 78.8%
(Tables 1 and 2).

Table 1 The sensitivity and the specificity of ELISA of 14-
3-3 y protein, the detection of 14-3-3 y protein and 14-3-
3a protein in WB methods

14-3-3 y-isoform 14-3-3 all isoforms

ELISA WB WB
sensitivity (%) 95.2 87.1 914
specificity (%) 727 84.8 788
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2. Detection of total tau protein in CSF Samples

The levels of total tau protein in CSF were determined
in 223 patients, and significant differences were
observed among individuals (Tables 1 and 2). The level
of total tau protein was highest in the CJD group, ran-
ging from 1, 048-146, 087 pg/ml (mean * SD, 7, 174
6, 558 pg/ml). The CJD patients expressed higher levels
of total tau proteins compared with patients suffering
from other neurological disorders patient (p < 0.01;
Tables 1 and 2, Figure 1).

3. Detection of 14-3-3 in CSF samples by ELISA

The levels of 14-3-3 in CSF were determined in 223
patients, with significant differences observed among
individuals. The level of 14-3-3 was greatest in the CJD
group, ranging from 135-75, 373 AU/ml (mean + SD,
263, 549 £ 21, 525 AU/ml; Table 2-a). In the DAT group,
the concentration of 14-3-3 was between 0-2, 410 AU/ml
(mean * SD, 1, 537 £ 751.2 AU/ml). The CVD group
exhibited levels similar to those in the DAT group, with a
range of 521-1, 512 AU/ml (mean + SD, 975.9 + 332.4
AU/ml). The level of 14-3-3 in CJD patients was also
higher compared with patients suffering other neurologi-
cal disorders, including the CVD and DAT groups (p <
0.01). A cut-off (1, 683 AU/ml) was determined by an
ROC curve (Figure 1-a). The sensitivity and specificity
for detection of 14-3-3 in CJD patients was 95.2 and
72.7%, respectively (Tables 1 and 2, Figure 1-a, b, ¢). We
were able to demonstrate that these ELISA results were
reproducible (additional file 4, figure S2-a, b)

4. Analysis of biochemical markers in 21 early-stage CJD
patients

We previously published a report outlining 21 subjects
that suffered from early-stage CJD, which was defined
as cases in the 6 weeks following the onset of disease
[6]. The sensitivities for detection of total tau protein
and 14-3-3 in CSF were analyzed to determine their
usefulness as diagnostic markers of early-stage CJD.
Total tau and 14-3-3 proteins were detected in 95.2
and 76.2%, respectively, of the early-stage CJD patients.
In all 21 patients, the data exceeded the cut-off data (>
1, 683 AU/ml) for the 14-3-3 ELISA (Table 3). Addi-
tionally, DWI-MRI was used to positively identify
90.5% of these cases. All cases were able to be diag-
nosed using a combination of DWI-MRI and 14-3-3y
ELISA.

5. Analysis of CJD patients where 14-3-3y was not
detected by WB yet the concentration of 14-3-3y
exceeded the ELISA cut-off level (Table 4)

In seven of the 124 CJD patients, 14-3-3y was not
detected by the WB but their values were above the cut-
off level (1, 683 AU/ml) as determined by the 14-3-3y
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Table 2 Analysis of Western blots method and ELISA of 14-3-3 protein of CSF in 124 CJD patients and 99 patients
with other neurological disorders and rapid progressive dementia

disease number male female 14-3-3 y 14-3-3 all isoforms
ELISA wB WwB
average sD min max
b 124 69 55 263,549 21,525 135 75,373 108/124 114/124
DAT 54 33 21 1,537 751.2 0 2,410 3/54 7/54
[@Yp) 7 5 2 9759 3324 521 1,512 0/7 2/7
PD 5 4 1 5422 203 521 565 0/5 0/5
psp 3 2 1 2233 2266 38 476 0/3 073
FTLD 2 1 1 425 236.2 258 592 0/2 0/2
HD 1 1 0 556 0. 556 556 0/1 01
CBD 2 2 0 4495 2454 276 623 0/2 0/2
ALS 3 1 2 303.7 184.8 179 516 0/3 0/3
limbic encephalitis 2 1 1 44405 19354 3,072 5, 809 2/2 2/2
MELAS 4 2 2 5, 069.5 2227 4,912 5, 227 4/4 4/4
PCD/LEMS 2 1 1 4, 387 217.8 4,233 4, 541 2/2 2/2
temporal epilepsy 4 1 3 3, 3568 13324 1, 530 4, 696 4/4 4/4
MCl 3 1 2 603 208 591 627 0/3 0/3
Dementia, etiology unknown 3 1 2 4103 150.5 258 559 0/3 0/3
healthy subject 4 2 2 0 0 0 0 0/4 074

CJD: Creutzfeldt-Jakob disease, DAT: Dementia of Alzheimer's type, CVD: Cerebral Vascular Disorder, PD: Parkinson's disease, PSP: progressive supranuclear palsy,
FTLD: frontotemporal lobular degeneration HD: Huntington's disease, CBD: corticobasal degeneration, ALS: amyotrophic lateral sclerosis, MELAS: Mitochondrial
myopathy, Encephalopathy, Lactic Acidosis, Stroke-like episodes, PCD: paraneoplastic cerebellar degeneration, LEMS: Lambert-Eaton myasthenic syndrome, MCl:
mild cognitive impairment,

Altfal
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Figure 1 ELISA analysis of 14-3-3 protein in CSF from patients with CJD and other neurological disorders. 1-a. Receiver operating curve
characteristics at different cut-off points for the 14-3-3 ELISA applied to CSF samples. 1-b. Results of the 14-3-3 ELISA analysis in CSF from
patients with CJD and other forms of dementia. CJD, Creutzfeldt-Jakob disease; DAT, dementia of Alzheimer's type; CVD, cerebrovascular
disorders; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; FTLD, frontotemporal lobular degeneration; HD, Huntington’s disease; CBD,
corticobasal degeneration; PCD/LEMS, paraneoplastic cerebellar disorder/Lambert-Eaton myasthenic syndrome; MELAS, mitochondrial myopathy,
encephalopathy, lactic acidosis and stroke-like episodes; MCl, mild cognitive impairment. 1-c. Comparison of CJD patients and non-prion patients.
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Table 3 Summary of the detection of ELISA of 14-3-3 protein, the detection of WB method of 14-3-3 protein and in

CSF for 21 patients with early-stage CJD

Age Sex CJDtype d. CSF MRI
w.

ELISA of 14-3-3 the detection of WB method of  the detection of WB method of Real-time DWI

protein AU/ml 14-3-3a protein 14-3-3y protein QuIC
71 m sp probable 0 4,157 - - + +
77 m sp probable 2 10, 812 + + + +
64 f sp probable 4 11, 812 + + + +
73 m sp probable 4 3, 850 + + - +
67 m sp probable 4 10, 814 + + + +
76 m sp probable 4 6,772 + + + +
80 f sp probable 4 9, 850 + + + +
63 f sp probable 4 2,987 - - - +
67 m sp probable 4 3, 553 + + + +
70 f sp probable 4 3,729 - - - +
63 m sp probable 4 6, 133 + + + +
63 m sp probable 4 8,297 + + + +
67 f sp probable 5 3,372 + - - -
74 m sp probable 5 7,184 + + + +
69 f sp definite 6 5, 600 + + + +
54 f sp definite 6 1, 897 - - - +
70 f ia probable 6 9, 460 + + + -
70 f fa probable 6 4,417 + + + +
64 f sp probable 6 3,888 + + + +
51 f ia probable 6 6, 313 + + + +
74 f sp probable 6 6,133 + + + +

sp = Sporadic CJD; ia = iatrogenic CJD; fa = familiar CJD; d.Il. = diagnostic level based on the WHO and the Masters criteria; d.w. = duration from the onset of the
disease to the diagnostic examination. In all 21 cases, codon 129 of PRNP was Met/Met homozygous, whereas codon 219 was Glu/Glu homozygous. Total protein
contents of all the patients stayed within the normal range. All patients in this study were Asian.

ELISA (Table 4). The clinical courses of disease for the
five sporadic CJD patients were longer when compared
with the classical CJD patients.

6. Analysis of CJD patients where 14-3-3y was not
detected using WB and 14-3-3y concentration was below
the cut-off level for the ELISA (Table 5)

For seven of the 124 CJD subjects, 14-3-3y was not
detected using the WB method and the concentration
of the protein was below the cut-off level (1, 683 AU/
ml) as determined by the 14-3-3y ELISA (Table 5).

Five of the genetic CJD patients had the V1801 muta-
tion, and the remainder had the M232R slow-type
mutation. The clinical courses of the disease in the five
genetic CJD patients were longer than for the classical
CJD patients.

7. Analysis of non-CJD patients with positive 14-3-3y
ELISA diagnoses (Table 6)

The results from 23/99 of the non-CJD patients demon-
strated that the concentration of 14-3-3y exceeded the
cut-off limit. When the concentration of 14-3-3y was

Table 4 Analysis of CJD patient s that were not detected in 14-3-3y protein of WB methods but were beyond the cut-

off level (1, 683 AU/ml) in 14-3-3 protein ELISA

Age Sex type Polymorphism Mutation ELISA of Real-time
of codon129 in PRNP gene of PRNP gene 14-3-3 protein QUIC
(AU/ml)
69 male sp MM - 2,101 +
33 female sp MM - 1,852 +
70 female sp MM - 2,452 -
73 female sp MM - 2, 531 -
64 male sp MM - 5, 493 +
65 male fa MM E200K 4, 621 +
79 female sp wW - 2,342 +

sp: sporadic type, ge: genetic type, MM: methioine homozygotes, VV: valine homozygotes, +: positive, - negative
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Table 5 Analysis of CJD patient s that were not detected in 14-3-3y protein of WB methods and were below the cut-

off level (1, 683 AU/ml) in 14-3-3 protein ELISA

Age Sex type Polymorphism Mutation ELISA of Real-time

of codon129 in PRNP gene of PRNP gene 14-3-3 protein QuiC
(AU/ml)

85 female ge MM V180l 1, 086

84 female ge MM V180! 1,222

84 male ge MM V180! 1,313

84 female ge MM V180! 1,383

75 male ge MM M232R 1,676 +

78 male sp MM 135

66 male sp MM 1,224 +

sp: sporadic type, ge: genetic type, MM: methioine homozygotes, VV: valine homozygotes, +: positive, - negative

greater than 3, 000 AU/ml, the protein in the samples
could also be detected by WB. Patients diagnosed with
PCD/LEMS, MELAS, limbic encephalitis, temporal epi-
lepsy, and a part of DAT were pseudo-positive, but
negative using the RT-QUIC method.

Discussion

We attempted to develop a sandwich ELISA using com-
binations of the specific y-isoform antibodies (clones #1,
#2 and #6: additional file 2, table S2), but only one com-
bination of antibodies (#1 and #6: additional file 2, table
S2) showed a dose-dependent reaction (Additional files
3, figure S1-a). The #1 and #6 antibodies reacted with
the y-isoform of 14-3-3.

There are clear advantages for using an ELISA over a
WB for the detection of 14-3-3 in CSF samples. The
WB method requires many steps for the detection of
the target protein, with the WB protocol varying
between laboratories. Thus, it is very difficult to obtain
consistent data regarding the number, location and
intensity of banding patterns. Moreover, the WB
method can assay several samples simultaneously. It is
an unsuitable method for patients in urgent need of
treatment. However, the ELISA method allows for
simultaneous processing of numerous CSF samples and
appears to be the best method for use in a clinical
setting.

In this study, we developed a sensitive and precise
ELISA method for the quantification of 14-3-3 in CSE.
The ELISA analysis of CSF in CJD patients was stratified
by diagnosis category, and indicated a significantly
higher 14-3-3 level in definite as well as probable CJD
patients, compared to the CSF from patients with other
neurological disorders.

Additionally, seven cases were analyzed by ELISA as
the protein levels could not be determined by WB.
These seven cases were classified into two categories
(Tables 5 and 6). The first category consisted of samples
with a total tau protein concentration exceeding 1, 300
pg/ml, with the concentration of 14-3-3 greater than 1,

683 AU/ml as determined by the ELISA. The second
category consisted of samples with a total tau protein
concentration less than 1, 300 pg/ml, but 14-3-3 con-
centration greater than 1, 683 AU/ml according to the
ELISA (Table 5). All samples from CJD patients were
assayed using the WB method for detecting 14-3-3 and
the ELISA method for detecting total tau protein. This
is because four patients exhibited a positive reaction for
total tau (> 1, 300 pg/ml) and a negative reaction for
14-3-3 protein by WB; these four patients were also
positive using the 14-3-3 ELISA (Table 4 and 5). We
suggest that it might be unnecessary to check for both
14-3-3 and total tau proteins.

The present study varied from previous ELISA studies.
In previous studies, all isoforms of 14-3-3 were detected,
whereas in the present study we only detected the y-iso-
form. The amount of 14-3-3y was elevated in the CSF of
CJD patients, consistent with previous WB studies. In a
particular study [5], an ELISA method that measured all
isoforms of 14-3-3 proved to be very useful. However,
this system is not commercially available. Additionally,
data from the ELISA method cannot be compared to
previous results based on the B- or y-isoform. However,
the method described in the present study allows for
these comparisons, with high specificity and sensitivity
compared to other studies [2]. The differences in sensi-
tivity and specificity for 14-3-3 diagnosis in various stu-
dies are likely due to the lack of uniformity between the
diseases, as well as the number of diseases associated
with 14-3-3. Previous studies [8,9] have shown that WB
sensitivity and specificity for 14-3-3 are useful for diag-
nosis. However, the ELISA method is standardized,
allowing for data comparison between subsequent stu-
dies. All ELISA procedures are completed within 4
hours, but the WB method requires 2-3 days. In addi-
tion, the ELISA assay can simultaneously analyze 40
samples from eight individuals.

Our previous report identified that the detection of
total tau protein combined with DWI-MRI identified
98% of the early-stage cases. Pennington C et al [10]
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