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seen in vCJD (PrPSc type 4). However, this could be distinguished
from the typical vCJD pattern by an altered protease cleavage site in
the presence of the metal ion chelator EDTA.

Conclusions

Further studies will be required to characterize the prion strain
seen in this patient and to investigate its etiologic relationship
with bovine spongiform encephalopathy. This case illustrates the
importance of molecular analysis of prion disease, including the use
of EDTA to investigate the metal dependence of protease cleavage
patterns of PrPSc.
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[(The following 3 reports (3, 4, & 5), appearing during the past month
(December 2007) describe new techniques for the in vitro assay of
prions that promise to accelerate their characterization and
epidemiology. - Mod.CP]

[3] vCID in vitro assays

Date 11 Dec 2007

Source: PNAS, 26 Dec 2007, vol. 104, no. 52, 20908-20913 [edited}
<http://www.pnas.orqg/cgi/content/abstract/104/52/20908%etoc>

Prion strain discrimination in cell culture: The cell panel assay
By Sukhvir P. Mahal*, Christopher A. Baker*, Cheryl A. Demczyk*,
Emery W. Smith*, Christian Julius, and Charles Weissmann. At the
Department of Infectology, Scripps Florida, 5353 Parkside Drive,
Jupiter, FL 33458; and Institute of Neuropathology, University
Hospital of Zurich, Schmelzbergstrasse 12, CH-8091 Zurich,
Switzerland.

Abstract:

Prions are thought to consist mainly or entirely of misfolded PrP, a
constitutively expressed host protein. Prions associated with the
same PrP sequence may occur in the form of different strains; the
strain phenotype is believed to be encoded by the conformation of the
PrP. Some cell lines can be persistently infected by prions and,
interestingly, show preference for certain strains. We report that a
cloned murine neuroblastoma cell population, N2a-PK1l, is highly
heterogeneous in regard to its susceptibility to RML and 221 prions.
Remarkably, sibling subclones may show very different relative
susceptibilities to the 2 strains, indicating that the responses can
vary independently. We have assembled 4 cell lines, N2a-PK1l, N2a-R33,
LD9 and CADS5, which show widely different responses to prion strains
RML, 22L, 301C, and Me7, into a panel that allows their
discrimination in vitro within 2 weeks using the standard scrapie
cell assay (SSCA).
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(4] vCJID in vitro assays

Date: 20 Dec 2007

Source: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.0710152105 f{edited]
<http://www.pnas.org/cgi/content/abstract/0710152105v1i?etoc>

Prion detection by an amyloid seeding assay

By David W. Colby, Qiang 2hang, Shuyi Wang, Darlene Groth, Giuseppe
Legname, Detlev Riesner, and Stanley B. Prusiner. At the Institute
for Neurodegenerative Diseases and Departments of Neurology and
Biochemistry and Biophysics, University of California, San Francisco,
CA 94143; and the Institut fur Physikalische Biologie, Heinrich-Heine
Universitat, 40225 Dusseldorf, Germany.
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TRANSFUSION COMPLICATIONS

Blood clearance of the prion protein introduced by
intravenous route in sheep is influenced by host genetic
and physiopathologic factors

Véronique Gayrard, Nicole Picard-Hagen, Catherine Viguié, Elisabeth Jeunesse, Guillaume Tabouret,
Human Rezaei, and Pierre-Louis Toutain

BACKGROUND: The risk of transmissible spongiform
encephalopathy (TSE) transmission by blood transfu-
sion is dependent on the blood concentrations of the
pathologic isoform of prion protein (PrPsc) but may also
be influenced by blood concentrations of cellular PrP
(PrPc). These concentrations are controlled by the
blood clearance of PrP, which has never been
evaluated.

STUDY DESIGN AND METHODS: The biood (actually
plasma) clearance of ovine purified prokaryote recombi-
nant PrP (rPrP) was measured in genotyped and in
nephrectomized sheep. The exposure to proteinase K-
resistant fragments of PrP (PrPres) after intravenous
(IV) administration of scrapie-associated fibrils (SAFs)
was also investigated in a sheep.

RESULTS: The ARR variant of rPrP was eliminated
more rapidly than its VRQ counterpart. The PrPc
pla's'ma:concentrations in homozygous highly suscep-
tible VRQ sheep were greater than in homozygous
ARR-resistant sheep, suggesting that clearance of the
ARR variant of PrPc was_higher than that of the VRQ
variant. The plasma clearance of rPrP was decreased
by 52 percent after a bilateral nephrectomy indicating
the significant contribution of the kidneys in eliminating
rPrP. PrPres was shown to be slowly eliminated after IV
administration of scrapie-associated fibrils. '
'CONCLUSION: PrP host genotype and physiopatho-
logic factors could influence the risk of TSE transmis-
sion by modulating blood PrP clearance. This risk was
increased by the sustained exposure to PrPres after IV
administration. It shouid be noted that although the
materials that have been administered (rPrP and SAFs)
were not the actual species of interest, they can be

of value as probes for investigating PrP clearance
mechanisms.
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ransmissible spongiform encephalopathies

" (TSEs) are neurodegenerative diseases that

occur in humans (e.g., Creutzfeldt-Jakob disease’

(CJD]) and animals including sheep (scrapie)

and cattle (bovine spongiform encephalopathy [BSE)).

These diseases are characterized by the cerebral deposi-

tion of the pathologic isoform (PrPsc) of a host-encoded

cellular prion protein (PrPc) that is highly expressed in the
brain.

Attempts to detect infectivity in the blood of animals
naturally affected with TSE have often been inconclu-
sive.'? PrPsc or infectivity, however, has been evidenced
in blood from intracerebrally inoculated rodents® and in

ABBREVIATIONS: MRT ='mean residence time(s); -

Plgn = plasminogen; PrP:= p_ﬁon protein; PrPc = cellular PrP;
PrPres = proteinase K-resistant fragment of PrP; PrPsc =
pathologic isoform of PrP; rPrP = recombinant PrP; SAF(s) =
scrapie-affected fibril(s); TSE(s) = transmissible spongiform
encephalopathy(-ies).
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blood of sheep naturally* or experimentally infected with
scrapie’® or BSE.#¢

Bvidence that variant CJD (vCJD) is transmitted by
transfusion has accumulated, initially from animal
models, including primates, in which the high efficiency
of the intravenous (IV) route of infection for BSE transmis-
sion has been demonstrated.” There is no longer any
doubt concerning the risk of blood products obtained
from individuals during the presymptomatic phase of
. VCJD. A third case has been. reported of autopsy-
confirmed vCJD infection (and a second case of clinical
vCJD) from a cohort of recipients who had received trans-
fused blood products from individuals subsequently diag-
nosed with vC]D.® More recently, a fourth symptomatic
case of vCJD infection has been identified in a patient who
received a transfusion from the same donor as the third
case.? This fourth incidence considerably strengthens the
evidence for prion trahsmlssmn by transfusion.!?

The pathogenesis of TSE disease highlights the
importance of the PrPc as a substrate for PrPsc replication
in tissue. Hence, the risk of TSE transmission by blood
transfusion could be affected by the level of blood PrPc.
This is controlled by its own blood clearance and modified
by factors affecting this variable. The transfusion risk will
also dependbn the ability of the body to clear the abnor-
mal prion protein (PrPsc), that is, the plasma (blood)
" “clearance. This clearance variable, essential to the estima-

tion of systemic exposure, has never been evaluated.

The aim of this study was to document the exposure
*of sheep to the recombinant prion protein (tPrP) after IV

administration and to identify genetic and pathophysi-
ologic factors that might modulate such ‘exposure. Sheep
were chosen because of the similarity of the pathogenesis
of scrapie with vCJD and because the impact of Prnp gene
polymorphism on the susceptibility to scrapie infection is
well documented. The Vi3eRis«Qin (VRQ) and ARR alleles
have consistently been associated. with high suscepti-
bility - and natural resistance. to the clinical: disease,
~ respectively,!** although atypical scrapie strain(s) can

"naturally infect sheep harboring the so-called resistant

* PrP genotype.™ The ARR and VRQ genetic variants of the
purified prokaryote rPrP were used as probes and only as

MATERIALS AND METHODS

General

All experimental procedures were performed in accor-
dance with French legal requirements regarding the pro-
tection of laboratory animals and under authorization
number 31242 from the French Ministry of Agriculture.

Design

The objectives of Experiment 1 were 1) to compare the
pharmacokinetics of the VRQ and ARR genetic variants of
the purified prokaryote ovine rPrP; 2) to examine the
influence of the genotype of the test-animal on plasma
pharmacokinetic variables of rPrP; and 3) to test the
hypothesis of a first pass effect at the level of the brain,

- that is, direct trapping of the protein during its initial

. tration of rPrP (VRQ vs. ARR, 0,02 mg/kg) according to a.

probes (see Discussion) to test the hypothesis that the

higher intrinsic stability of the VRQ variant relative to its

ARR counterpart'>! could result in a lower in v1vo clear- -

ance rate of the VRQ protein. =
This approach also allowed us to examine the hypoth-

esis that the subject’s genetic background could directly

influence PrP clearance and to evaluate the contribution
-of the kidneys to the overall clearance of plasma PrP, the
‘kidney being a ‘ma]or organ for protein clearance.” The
fate of ovine proteinase K-resistant fragment of PrP
(PrPres) during the first hours after its dn'ect entry in the

transit across the head.

The experiment was performed on eight healthy
Romanov ewes: four homozygous VRQ at codons 136, 154,
and 171 of the 'Pmp gene and four homozygous ARR. The
VRQ ewes were 1 year old and weighed 42.1 + 2.7 kg and
the ARR ewes were 2 years old and weighed 51.2 * 5.5 kg.
The' experiment involved two periods separated by 2 days.
During the two penods, the ewes received an IV adminis-

crossover design. Ten days later, one ARR and two VRQ
ewes received an intraarterial (extemal carotld) adminis-
tration of the VRQ variant (0.02 mg/kg) to compare the
pharmacokinetic vanables of rPrP after artenal and IV
administrations: _

The ex vivo stability of the vanants of rPrP in blood
and plasma was compared by separately adding 145 ng of
each of the ARR and VRQ variant of iPrP to 10-mL aliquots
of fresh sheep-blood and plasma that were incubated at

37°C under constant stifting. Samples were taken at 0.5, 1,
2, 3, 4,5, 6, and 24 hours. The plasma was immediately
separated from blood after centrifugation for 10 minutes
at 1400 x g and all the plasma samples were stored at
~20°C until PrP assay. .

Experiment 2 was deagned to’ evaluate the role of the
kidneys in the clearance of fPrP.and to examine the fate of
PrPres after its direct entry into the blood. The first part of
the experiment Was‘per'fqrmed w1th three Lacaune ewes
aged from 5 to 8 years and weighing 38 to 55 kg. The phar-
macokinetic variables of the VRQ variant of the rPrP intra-
venously administered (0.02 mg/kg) were determined
before {control period) and immediately after a bilateral

: ’nephrectomy (experimental period). During the control

blood was also evaluated in one sheep to assess the ability

of the body to clear the scrapie agent.
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period, one ewe was anesthetized according to the same
protocol as that used for surgery. During the experimental
period, which took place 1 to 14 days later, anesthesia was
induced with sodium thiopental (Nesdonal, Merial, Lyon,
France; 20 mg/kg) and maintained for 24 hours by
repeated administrations of 0.2 to 0.3 mg per kg sodium



thiopental at 20- to 30-minute intervals. The ewes were
bilaterally nephrectomized according to the method pre-
viously described.'® Immediately after surgery, three
control blood samples were obtained at 20-minute inter-
vals and the VRQ variant was intravenously administered.
The ewes were sacrificed in extremis. The second part of
the experiment was performed with one young Lacaune
ewe aged 6 months and weighing 30.5 kg that received an
IV administration of 125 mL of scrapie-affected fibrils
(SAFs) in 0.8 mol per L urea. The quantity of PrPres admin-
istered was evaluated at 75 g equivalent of VRQ rPrP.
Ten-milliliter blood samples were collected at
20-minute intervals for 1 hour before administration; at 1,
2, 4, 8, 15, 30, 45, 60, 90, and 120 minutes after the variant
administration; at l-hour intervals for 12 hours; and
finally at 24, 36, and 48 hours after administration, for
Experiment 1 and the first part of Experiment 2, respec-
tively. The same protocol was used for the second part of
Experiment 2 except that 15-mL blood samples were also
obtained every day until Day 7 after SAF administration.
For all experiments, in intact ewes, all the urine in the
bladder was removed before the administrations and then
at 1-hour intervals for 12 hours and at 3-hour intervals
“during the following 12 hours. The, total volume of urine
removed was measured in each case.

Braln extraction
Brain , samples were obtamed from three Romanov
homozygous VRQ ewes naturally ‘affected with scrapie.
The frozen brain samples were homogenized to give a
' 20 percent (wt/vol) suspension in buffer (Bio-Rad, Marnes
la Coquette, France) and PrPres was extracted with the
purification protocol of the Bio-Rad TSE test (TeSeE
sheep/goat purification kit, Bio-Rad) except that the final
precipitate was solubilized with 4 mol per L urea (Sigma-
Aldrich, Lisle d'Abeau Chesnes, France) and stored at
—-20°C until administration. The extract was diluted five-
fold in 0.1 mol per L phosphate buffer containing 1 mg per
mL bovine serum albumin (BSA) and 0.15 mol per L NaCl
(Slgma-Aldnch), heated at 100°C for 5 minutes, and soni-
cated for 15 minutes at 560-W power setting (Transsonic
95HL, Prolabo, Fontenay sous Bois, France) in the hour
preceding the administration. The PrPres content of the
solution was measured by enzyme-linked immunosor-
bent assay (ELISA). Seventy-five micrograms of PrPres
* (equivalent to VRQ 1PrP) was obtained from 100 g of brain
tissue.

Administration and sampling

The IV administrations were performed in the right
jugular vein via an indwelling catheter (Hemocath, Vygon,
Ecouen, France). The intraarterial administrations were -
performed in the right external carotid artery via an
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intraarterial catheter (BD Careflow, Becton Dickinson,
Le Pont-de-Claix, France) inserted in anesthetized ewes
2 days before the administrations. The VRQ and ARR vari-
ants of the ovine PrP were expressed in Escherichia coli
and purified according to the method previously
described." Previous authors have shown that the recom-
binant proteins are monomeric in solution. The variants
were kept at 4°C in solution in 20 mmol/L MOPS (Sigma-
Aldrich), pH 7.25, at a concentration of approximately
1 mg per mL. The protein concentration was measured
from the optical density at 280 nm with the extinction
coefficient of 58718.0 mol per L per cm. ARR and VRQ
solutions of rPrP were prepared in sheep plasma at a con-
centration of 0.2 mg per mL and kept at —20°C for all
administrations.

Blood samples were collected from the left
jugular vein via an indwelling catheter into
ethylenediaminetetraacetate-containing tubes and cen-
trifuged for 10 minutes at 1400 x g. The plasma was sepa-
rated and stored at —20°C until assay. Urine was obtained
via an indwelling closed urethral catheter (Riisch, Teleflex
Medical, Le Faget, France) that was kept in the bladder for
24 hours. Samples were stored at ~20°C until analysis.

Quantification of PrP with a two-site.enzyme
immunoassay .

Two immunometric-assays were adapted from the method
previously dejs;cr;b.ed.“’ The plasina-and urine concentra-
tions of purified prokaryote rPrP in all samples-were mea-
sured by ELISA ~with. BARZIO ‘an’ -anti-N-- terminal
monoclonal antibody | (MoAb)"" recogmzmg residues 26 to
34 and the 12F10-AchE Spi Bio (Massy, France) antibody,
an anti-C terminal MoAb recognizing residues between
amino acids 154 and 171. Native plasma PrP, which lacks
the BAR210 epitopes, was monitored by ELISA in plasma
samples collected before administration of the fPrP, with
the SAF34 and 12F10-AchE Spi Bio antibodies. Standard
curves ranging from 0.5 to 20 ng per mL were established
by diluting rPrP (VRQ and ARR) in ovine plasma, urine, or
enzyme immunoassay (EIA) buffer (0.1 mol/L phosphate
buffer, pH 7.4, 0.15 mol/L NaCl, 0.1% BSA, NaN; 0.01%;
Sigma-Aldrich).

Plasma (or urine) rPrP- concentrations were calcu-
lated from the optical readings obtamed by reference to
the standard curve established with plasma (or urine)
supplemented with the correspondmg variant. Native PrP
plasma concentrations were calculated from “the optical
readings obtained by reference to the standard curve
established with EIA buffer solutions of the variants of
PP As an lllustratmn. standard ¢urves of ovine rPrP in
EIA buffer or in'plasma are shown in Fig. 1.

The limit of quannﬁcatlon of natlve and’ rPrP assays
was 0.5 ng per mL. The accuracnes ‘of the PrP assay of

'plasma samples supplemented with the solution of VRQ
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appropriate volume to consider when determining the
amount of PrP in the body at equilibrium, was obtained
from ‘

Vss = Ve [1+(kiz2/ka)],

where V¢ is the volume of the central compartment, k;2 is
the first-order rate constant of transfer from the central
compartment to the peripheral compartment, and ky; is
the first-order rate constant of transfer from the periph-
eral compartment to the central compartment. The total
plasma clearance, which expresses the capacity of the
organism to eliminate proteins (Clror, mL/ (kg-min)), was
calculated with

Clyor =dose/AUC,

where AUC is the area under the plasma PrP
concentration-time curve obtained by integrating the
equation

AUC=A/a+B/p.
The clearance of distribution was calculated with
‘ Clp=kyVe.

The appropriate volume to consider when calculating the
amount of PrP remaining when the pseudodistribution
equilibrium has'been reached, Vyres (mL/kg) was obtained
from ‘ ‘

Varea = ClTOT/B'

where B is the slope of the terminal phase. The terminal
plasma half-life (t,2, min) was obtained froin

tvz = LOgZ/B

Different mean residence times (MRTs) were calcu-
lated.?* The MRT (min), that is, the mean total time taken
for each PrP molecule to transit through the body, was
calculated with

MRT =(A/o®+ B/B*)/(Afa+B/B).

The MRT in the central compartment (MRT(), that is,
the mean time spent by the protein within the measured
compartment was obtained from

MRTc= l/klo '

where ki is the first-order rate constant of elimination
from the central comp artment. The MRT in the peripheral
‘compartment (MRTy), that is, the mean time spent by
the protein outside the measured coipartrnent, was
‘obtained from: o
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MRT, =MRT -MRT..

Statistical analysis

Results are reported as mean * standard deviation (SD).
Statistical analyses were performed with computer soft-
ware (SYSTAT 8.0, SPSS, Inc., Chicago, IL). PIP concentra-
tions below the limit of quantification of the assay were
arbitrarily fixed at 0.5 ng per mL. p Values lower than 0.05
were considered as significant. The pharmacokinetic vari-
ables of PrP genetic variants were compared between
homozygous ARR and VRQ ewes with repeated-measures
analysis of variance (ANOVA) with ewes as a random effect
factor and the genetic variant of PrP, the ewe genotype,
and their interactions as fixed effect factors. The genotype
effect was tested with “ewe within-group variance” as the’
residual term, The mean pharmacokinetic variables of the
VRQ variant of PrP obtained after IV and intraarterial
administration were compared by a paired ttest. The
effect of genotype on basal plasma PrPc concentrations
was analyzed with repeated-measures ANOVA with ewes .
as a random effect factor, and genotype and time as fixed
effect factors. The mean pharmacokinetic variables of the
rPrP obtained before and after nephrectomy were com-
pared by a paired t test. The effect of time on plasma PrP
concentrations in vitro was analyzed by ANOVA with
medium (blood vs. plasma), genetic variant, and time as
fixed effect factors. :

RESULTS
Pharmacokinetic variables of the prokaryote rPrP

Figure 2 shows, in a representative ewe, the semilogarith-
mic plots of the ARR and VRQ variants of the purified
prokaryote rPrP after IV.administration (0.02 mg/kg).

1000

Plasma PrP (ng/mL)
>

YT T T T T T T T T YT T

0 50 100 150 200 250
. Time (min)

Fig. 2. Representative plasma concentrations of the genetic
variants of PrP after IV administration. The observed ARR (O),
VRQ (@), and correspondmg fitted ARR (thin line) and VRQ
(thick line) plasma concentrations were obtained in a repre-
sentative homozygous VRQ sheep that received IV administra-
tions of the ARR and VRQ genetic variants of the purified
ovine prokaryote rPrP at a dose of 0.02 'mg per kg.
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Fig. 4. Representative plasma concentrations of PrP according
to its route of administration. The observed (@) and corre-
sponding fitted (thick line) plasma concentrations of the VRQ
variant of the purified ovine prokaryote rPrP were obtained
after IV administration of the variant (jugular vein) at 0.02 mg
per kg and the observed (O) and corresponding fitted (thin
line) plasma concentrations of the VRQ variant were obtained
after its administration at the same dose by the intraarterial
route (external carotid) in a representative ARR sheep.

TABLE 2. Pharmacokinetic variables (mean = SD)
of the VRQ variant of the purified prokaryote
rPrP according to the route of administration*

Route of administration

‘Variables v Intraarterial
. Chory mi/(kg-min) 1.98 + 0.41 2.41 +0.90
iz, min 85.8 + 28.3 68.4 = 18.8
V¢, min 40.6 £ 910 47.8 £ 12.2
Vss, mikg 74.0 = 26.7 724+ 263
Viiea ML/kg 233.2 = 30.1 227.6 * 359.3
MRT, min 379+ 129 30.8 + 8.70
MRT¢, min 20.5 + 1.48 19.5 + 2.50
MRTe,"min 174+ 115 1.3 £ 7.10

* The pharmacokinetic variables were obtained after an IV
(jugular vein) or an intraarterial (external carotid) administra-
tion of the VRQ variant at a dose of 0.02 mg per kg to three
sheep. Abbreviations are explained in Table 1.

Mechanisms of plasma PrP clearance

Figure 5 shows the temporal variations in plasma concen-
trations of the VRQ variant of rPrP after IV administration
of 0.02 mg per kg to a representative sheep before and
after a bilateral nephrectomy. Figure 5 shows the dramatic
effect of nephrectomy, with a much slower elimination
rate in the nephrectomized sheep. The mean plasma
clearance of the VRQ variant was 2.1 times lower after
bilateral nephrectomy (1.56 * 0.66 mL/(kg-min) vs.
0.75 + 0.36 mL/(kg-min); t test, p <0.05). The renal PrP
clearance derived from plasma clearance values obtained
before and after nephrectomy (0.81 * 0.30 mL/(kg-min))
represented 52 percent of the total clearance. The mean
residence time of the protein” was 2.6-fold higher
(24.2 = 7.6 min vs. 65.2 + 2.6 min; p <0.05, ttest) after
nephrectomy. The meah value of the volume of the central
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Fig. 5. Representative plasma concentrations of PrP after its
administration before and after nephrectomy. The symbols
represent the observed plasma concentrations of VRQ variant
of the purified ovine rPrP obtained before (@) and after ©O)a
bilateral nephrectomy in a representative sheep intravenously
administered with the VRQ variant at 0.02 mg per kg. The
lines represent the corresponding fitted plasma concentra-
tions of the VRQ variant obtained before (thick line) and after
(thin line) nephrectomy.
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- Fig. 6. Plasma PrPres concentrations after administration of

SAF solution. The symbols represent the observed plasma

_concentrations of PrPres obtained with the Plgn-coated beads

extraction method (O) or after a 60°C heat treatment (@) in a
sheep intravenously administered an SAF solution containing
a 75-pg equivalent of VRQ prokaryote rPrP. The lines represent
the corresponding fitted plasma concentrations measured by
the Plgn-coated beads method (thin line) and after the 60°C
heat tréatment (thick line). '

compartment obtained after nephrectomy was slightly
lower than that obtained during the control period but
this difference was not relevant (22.3 * 9.82 mL/kg vs.
24.0 + 9.69 mL/kg; t test, p < 0.01). No other pharmacoki-
netic variables were affected by nephrectomy.

Figure 6 shows the temporal decrease in plasma
PrPres concentrations after the IV administration of an
SAF solution containing 75 pig equivalent of VRQ rPrP
After arelatively fast distribution phase, the plasma PrPres
concentrations decreased very slowly and reached the
detection limit of the assay (7.5 ng/mL) 24 hours after
administration. The estimated plasma clearance of PrPres
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was 0.24 or 0.43 mL per (kg-min) based on the results
obtained after Plgn-coated microbead capture or 60°C
heating, respectively. The estimated mean terminal half-
lives obtained after Plgn-coated microbead capture or by
the 60°C heating method were 58 and 41 hours, respec-
tively. The mean residence time and the steady-state dis-
tribution volumes were 5030 minutes (84 hr) versus
3435 minutes (57 hr) and 1187.0 versus 1487.4 mL per kg,
respectively (Plgn-coated microbead capture method vs.
60°C plasma heating treatment). If the results obtained by
Plgn-coated microbead. capture are considered, then the
MRT¢ and MRT} values are equivalent. PrPres could not be
"detected in any of the urine samples collected after
administration of the SAF.solution. :

DISCUSSION-

Before any discussion of the present experiments, we
must acknowledge that we tested our different hypotheses
with a rPrP of bacterial origin and not the native form of
the PrP, which is not currently available for pharmacoki-
netic studies. The natural form is glycosylated and the
glycosylation of a protein may considerably influence its
fate in the body. We nevertheless believe that this pioneer

work may have some value to explore the clearance path-

ways and the influence of the genotype and the role medi-
ated by the conformation of the variant of PrP and/or
by the clearance mechanisms. Similarly, the disease-
* associated isoform of PrP that was administered under-
went a series of physicochemical processes before its
administration (solubilization) that were able to partly

dernature the protein. Thus, the different test proteins used

in the present experiment should be considered only as
probes. We hypothesized they were able to explote, at least
qualitatively, and possibly quantitatively: (i.e., giving an

order of magnitude), different disposition processes’

- of physiologic interest, mainly. concerning the overall
plasma " clearance that contributes to the systemic
exposure. ' i

.. Our results show that clearance of the rPrP is low
and of the same order of magnitude as the glomerular
filtration rate in sheep® (approx. 2 mL/(kg-min)). Clear-

ance of the ARR variant ‘of IPrP associated with resistance -
to scrapie was almost twice that of the VRQ variant asso- -

ciated with scrapie susceptibility. For a. given variant,
however, the genotype of the recipient had no effect on
‘PrP plasma clearance, indicating that the protein con-
formation, not the animal’s clearance mechanisms,

was - responsxble for the dxfference between the two

genotypes.
It is generally accepted that the k1dney is the major

organ of protein elimination® and this was confirmed in .
 the present experiment where the kidney clearance of the
VRQ variant of tPrP was about half the total clearance.

Despite the high renal clearance, no PrP was found in
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urine. This is not really surprising because most of the
low-molecular-weight proteins (here approx. 23 kDa for
our variants) that are filtered through the glomerulus are
metabolized by enzymes located in the brush border of
the tubular lumen.?* We did not investigate the renal clear-
ance of the ARR variant. It is generally accepted, however,
that the renal excretion of proteins is mainly governed by

" their size and that the sieving effect of glomerular filtra-

tioni is independent, for small proteins, of molecular
charge?” or other conformational differences. Because

" ARR and VRQ are of the same molecular weight, it can be

hypothesized that the observed difference in clearance of
the ARR and VRQ recombinant proteins was of nonrenal
origin.

Nonrenal clearance of rPrP was partly explored in our
experiment and the direct metabolism of rPrP by plasma
proteases can be excluded because we showed that the
plasma concentrations obtained from blood or plasma

. supplemented with either the VRQ or the ARR variant and

incubated at 37°C did not vary over a 6-hour period, that
is, a time greater than that required to observe PrP elimi-
nation in vivo. Similarly, we can exclude a selective trap-
ping of rPtP in the brain because theré was no evidence of
a first-pass. effect when the: recombinant: protein was

* directly administered through the carotid artery. It is likely
- that, as for many other proteins, the main nonrenal clear-

ance mechanism involves the reticuloendothelial system.

. The liver was shown to contribute 51gmﬁcantly to protein

metabolism, especially through: recepto
endocytosis followed by degradation in lysos
mechanism, contrary to the bulk filtration ofj pr
glomerular level, is likely to be a more spec1ﬁc ‘rocess of
protein elimination that could explain the difference
in clearance that we observed between the two tested
variants. i

Itis generally accepted that’ protems are mmally dis-
tributed into the plasma volume and then more slowly
into the interstitial fluid space. This view is supported-

1 nediated

by the present experiment where the initial distribu-

tion volume of rPrP approximated to: that of the plasma
volume (overall mean Vc=43 mL/kg); in contrast, the
volume of distribution associated with the terminal dispo-

- sition phase of rPrP was of the same order of magnitude as
. the volume of extracellular fluid (Vare. = 162 mL/kg), indi-

cating that at least a fraction of the administered rPrP
gained access to the extracellular fluid. Owing to this
restricted distribution, the overall mean residence time of

- the recombinant protein was rather short, ranging from

14.5 to 52 minutes, despite the low clearance rate. The
greater mean residence time of the VRQ vanant ‘when

~ compared with that of the ARR variant, was mamly '

explained by the greater mean residence time of- the  VRQ

‘variant in the central compartment as measured by the

MRTCc (20 min vs. 12.5 min). By contrast the MRT} (i.e., the
overall MRT of the protein in the peripheral compart-



ment) was relatively similar for the two variants (8 min vs.
11 min).

Thesé results obtained with the nonglycosylated puri-
fied prokaryote recombinant protein may provide useful
information for plasma PrPc because some authors?®3
have shown that the three-dimensional structure and the
thermal stability of rPrP produced in E. coli are essentially
identical to those of the natural glycoprotein. Thus, as
expected, the glycosylation and the GPI anchor did not
affect the folding of the PrP protein and transgenic mice
expressing a nonglycosylated PrPc as well as transgenic
mice harboring a PrP without a GPI anchor®** are able to
replicate the infectious agent. Furthermore, we have
shown that the basal plasma PrPc concentrations of
homozygous VRQ ewes- were almost twice those of
homozygous ARR ewes. This suggests that the plasma

" clearance of the ARR variant of PrPc is, like the same
variant of rPrP, nearly twice that of its VRQ counterpart
assumning that there is no difference in the synthesis of the
protein and that rPrP may be a relevant probe for studying
the fate of PrPc. Our results are in agreement with those of
Halliday and coworkers® who showed that the level of
PrPc expressed on the cell surface of peripheral blood
mononuclear cells was influenced by the genotype, with
the highest levels found in scrapie-susceptible homozy-
gous VRQ sheep and the lowest in scrapie-resistant
homozygous sheep. The level of PrP expression by blood
cells was correlated with the level of ovine plasma PrPc by
Thackray and colleagues®” who showed genotypic differ-
ences in the level of ovine plasma PrPc, with the highest
and lowest levels being observed in plasma from homozy-
gous VBQ and ARR sheep, respectively, The higher plasma
PrPc concentrations of dogs affected by renal insufficiency
when compared to healthy ones (unpublished observa-
tions) together with previous. observations in humans
with extensive renal insufficiency®®* strongly suggest that
the kidneys contribute highly to PrPc clearance.

Our results raise the question of the significance of
host genetic and pathophysiologic (renal insufficiency)-
caused variations of plasma PrPc levels with respect to
TSE susceptibility. The implication of PrPc plasma levels
for peripheral pathogenesis of scrapie is still debated

. because blood transmissions can occur in species such
as hamsters where blood levels of normal PrP are exceed-
ingly low. It cannot be ruled out, however, that some
knowledge. of the influence of genetic and pathophysi-
ologic factors on plasma concentrations or clearance of
the normal protein provides a ground for future investi-
gations aimed at a better understanding of the role of
plasma PrPc in the transm1s31b1hty of the infectious
agent by the IV route.

For the single sheep that we investigated, the kinetics
of the temporal decrease in plasma PrPres concentrations
after the IV administration indicated that the disease-
associated isoform of PrP (clearance of 0.24 mL/(kg-min))
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is eliminated much more slowly than the recombinant
genetic variants of PrP (2-3 mL/(kg-min)), resulting in a
greater mean residence time (approx. 84 hrvs. 14-52 min).
In addition, we observed a high steady-state volume of
distribution for PrPres (1.2-1.5L/kg) suggesting that
PrPres is more widely distributed than rPrP. It should be
stressed that our pharmacokinetic approach required the
solubilization of PrPres recovered as pellets though we
cannot exclude the persistence of insoluble aggregated
forms of PrPres in the administered SAF preparation
despite the ultrasonic and heating treatments. Despite
such a limitation, the difference in clearance between the
recombinant and pathologic isoforms of PrP is so great
that we have no doubt that the disease associated isoform
of PrP is eliminated much more slowly than the recombi-
nant protein. The limit of our analytical method prevented
us from evaluating PrPres concentrations below the level
of quantification (7.5 ng/mlL) and from ensuring that
PrPres did not persist for a longer time at low
concentrations.

Considerable uncertainty exists about the relevant
spiking form of prion to document the risk of TSE trans-
mission by blood transfusion.* Data from a rodent experi-
mental model of TSE suggest that the infectious agent in
plasma is very small, unsedimentable, and poorly aggre-
gated,*"? but many attempts to solublhze PrPSc under
nondenaturing conditions have been unsuccessful43 44
until recently.*® In the present clearance study, it must be
assumed that the method used to prepa.re the prion mate-
rial from sheep brain must be efficient and safe enough to
obtain a PrPres dose that can be admlmstered intrave-
nously to a sheep. The purpose of this sx_ngle PrPres infu-
sion was no more than to obtain a first estimate of the
order of magnitude of the clearance of the disease-
associated form of PrP.

In conclusion, we have shown, by use of purified
prokaryote rPrP, that the clearance of the ARR variant
associated with resistance to scrapie is greater than the
clearance of the VRQ variant associated with sensitivity to
scrapie. This, together with the higher basal plasma PrPc
concentrations observed in homozygous highly suscep-
tible VRQ ewes compared with homozygous resistant ARR
ewes, suggests that the ARR variant of PrPc is eliminated
more rapidly than the VRQ variant. The 52 percent
decrease in clearance of the prokaryote rPrP in nephrec-
tomized ewes suggests that the kidneys contribute consid-
erably to the elimination. of the prion protein and that
renal insufficiency could represent a risk factor for TSE
disease transmission. The pathologic isoform of PrP was.
shown to be cleared very slowly from the blood, leading to
sustained exposure after its direct IV administration.
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Abstract - Following the two “mad cow” crises of 1996 and 2000, there was an urgent need for rapid and
* sensitive diagnostic methods to identify animals infected with the bovine spongiform encephalopathy (BSE)
agent. This stimulated research in the field of prion diagnosis and led to the establishment of numerous
so-called “rapid tests” which have been-in use in Europe since 2001 for monitoring at-risk populations
(rendering plants) and animals slaughtered for human consumption (slaughterhéuse). These rapid tests have

played a critical role in the management of the mad cow crisis by allowing the removal: of prion infected .

carcasses from the human food chain, and by allowing a precise cpldcmlologlcal momtormg of the BSE
cpxzootlc They are. all based -on the detection of the abnommal form of the prion protem (ll’rl"Sc or, PrP™)
in‘brain fissues and consequently. are only suitable for post-mortem diagnosis. Since it is now very clear
that. variant Creutzfeldt-Jakob disease (vCID) can be transmitted by blood transfusion, the devclopmcm of
a blood test for the diagnosis of vCJD is a top priority. Although significant progress has been made in this
direction, including the development of the protein lmsfoldmg cyclic-amplification (PMCA):technology.
at'the time this paper’ was ‘written,’ this objective had not yet been achlevcd. Thls is the most important
challenge for the years to come in this field of prion research.

TSE diagnosis / PrP / blood test / PMCA
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1. INTRODUCTION

Humans have a long history of contact with
animals affected by a transmissible spongi-
form encephalopathy (TSE), without apparent
problems Scrapie in sheep has been described
since the 18th century and the available epi-
demiological data do not indicate a detectable
risk for humans under natural conditions.
The huge epizootic-of bovine spongiform en-
cephalopathy (BSE) in Great Britain that was
first detected in 1986 (over 200 000 con-
firmed cases to date) and,: above.all, the
announcement in 1996 of possible transmis-
sion of BSE to humans in the form of the
variant Creutzfeldt-Jakob disease (vCID), cre-
ated enormous concern'among European con-
sumers and triggered the first European-wide
mad cow crisis.. In 1999; testing of at-risk

- populations was.intreduced in some European

countries and-subsequently identified cases of

= ‘BSE in. ‘countries previously believed to be:

""untouched by ‘the epizootic (Germany, Italy,

' Spain). This real

g "\_cow crisis at the end of 2000 and, _prompted the
»» Buropean’ authoritiés ‘to take a.whole series of -
“~measures {0 stop the spread of the epizootic,

alisation triggered a further mad.

and to- protect consumers from possible con-
tamination by BSE. In particular, there was
a total ban on meat and bone meal (held to

‘be the main reason for BSE propagation in

cattle) in livestock feed. Consumer protection
was essentially ensured by removal of organs
most likely to contain prions (specified. risk
material), and the implementation of system-

:.atic_testing of all_cattle. agecLbetween 24 and ..

30.months, dependmg on the carcass category
and country!. The BSE epizootic has clearly

situation is less clear in Eastern Europe.

" Although arguments have accumulated..

since 1996 to confirm a link between BSE and
vCID [10, 11}, fewer people are affected by

vCID than might have been feared (201 as

" This does not hold for the United Kingdom since,

“between 1996 and 2005, caitle over 30 months

were not eligible for human consumption (certainly
the more efficient protection), and consequently not

" systematically tested. The same aciive surveillance

scheme as in other European countries has been in
place since November 2005.

" Page 2 0f 12 {(page humber notfor citation purpose)
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of August 2007, with 163 in the UK and 22
in France) all of them carrying the Met/Met
genotype at codon 129 of the prion protein

. (PrP). It is possible, however, that affected car-

riers of other genotypes (Val/Val and Met/Val)
may appear in the future. Furthermore, a risk
of secondary transmission within the human
species is now clearly identified, following the
detection in Great Britain of four cases linked
to blood transfusion [41, 56, 84].

In the late 1990s, there was a pressing need
for rapid and sensitive diagnostic methods to

" identify animals infected by the BSE agent in

order to define the extent of the epizootic and
avoid transmission to humans. Surprisingly
successful -rapid tests have been developed
since the mid-1990s and, as we shall see, have
proven to be very useful. -

The development of a blood test for the di-

. agnosis of vCID is now a priority, first to make

blood transfusions safe, and- secondly to iden-
tify affected individuals early so that treatment
(which 4t present does not exist) can:be initi-

ated before neuro:nvasxon and onset’ ‘f the ﬁrst .

clinical signs. At the time_ thxs paper
ten, thls objectlve ‘had not yet been. aclueved

>2 THE CURRENT STATUS OF TSE

DIAGNOSIS

Before the mad cow epizootic, the diagno-
sis of prion diseases was not a public health
or economic issue. For humans and live ani-
mals, it was essentially based on the analysis

of clinical 51gns and post-monem hlstologlca]

analysis.—

2. Com)entionél methods
receded since 2001 in Western Europe; but the -

Historically, techniques used to diagnose
TSE were designed to detect,. in appropriate
tissue samples, lesions characteristic of TSE,
or disease associated forms of the prion pro-
tein (PrPSC), or the transmissible agent itself.

2.1.1.- Histological and xmmunohtstologzcal
techmques

. Histological detection of lesions typical
of TSE '(spongiosis, astrogliosis, amyloid
plaques), essentially in the tissue of the cen-

.tral nervous system, is the reference method
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for confirming a clinical diagnosis {23]. It is
very specific, since it allows direct observation
of the signs of the disease, notably symmet-
rical spongiform lesions, but is less sensitive
than other techniques [24, 83]. The sensi-
tivity of microscopic observation can be in-
creased by immunohistochemical techniques
that use antibodies specific to PrP to detect
accumulation of PrP% in amyloid deposits
{79, 80]. This technique’s efficiency depends
greatly on sample preparation and on the na-
ture of the antibodies used. Although these
methods are ill-suited to rapid, routine analy-
sis, they are excellent for confirmation. They
are also effective for the analysis of samples
of lymphoid tissues (tonsils, Peyer’s patches,
lymph nodes) and can be utilised, for ex-
ample, in preclinical diagnosis of scrapie in
. sheep [2, 79] and chronic wasting disease [73],
i.e., diseases characterised by marked repli-
cation. of the prion in the lymphoid organs
during the presymptomatic phase. The same
observation has been reported for the diagno-
- sis of vCID and retrospective examination of
over 8 000, tonsil and appendix. samples by
immuno-histochemistry (IHC) identified one
case of vCID in Great Britain in a person pre-
senting no clinical signs {32, 33].

2.1.2. Expérimental infection tests

The most sensitive and specific method of
diagnosing TSE is unquestionably experimen-
tal infection in laboratory animals. The animal

-is injected (usually: by the intracranial route)
with a homogenate prepared from the poten-
tially infected tissue and is watched for the
appearance of clinical signs. After the death
of the experimentally infected animal, disease
development is confirmed using classic tech-
niques (histology, immunohistology, Western
blot). For obvious practical reasons, these ex-
periments are generally performed in rodents
(mice, hamsters, bank voles). Recently, the

availability of transgenic mice that overex-
press the same PrP as that of the donor species.
has significantly increased the efficiency of

experimental transmission and shortened incu-
bation periods [71]. However, these methods
are too labour-intensive and time-consuming
for use in routine high-throughput screening.
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2.1.3. Western blotting

Western blotting has been used to detect
PrPS® in tissue extracts for 20 years now [6].
Since all samples also always contain PrPC,
the protease-sensitive prion protein, they are
systematically treated with proteinase K. Af-
ter denaturation of the tissue extract by heating
with sodium dodecyl sulfate (SDS), it is anal-
ysed by polyacrylamide gel electrophoresis
(PAGE) and the denatured protein is trans-
fejred to a solid support and detected with an
efizyme-labelled antibody. The specificity of
Western blotting stems, among other things,
from the fact that proteolysis with proteinase K
characteristically alters the molecular weight
of the PrP™s, because of the partial degrada-
tion of the N-terminal part of the protein. As
a consequence, in addition to the residual sig-
nal observed, the gel bands shift-in a manner
typical of PrP™. This technique has enabled
highly sensitive -detection .of PrP%. in vari-
ous tissues from vCID:patients [81]; Western
blotting is also commonly wused to. charac-
terise prion strains. The characteristics of the
molecular pattern (size and ‘relative. intensity
of the bands) of the three glycoforms.of PrP™s,
and the reaction of certain antibodies directed
against the N-terminal part of the PrP can, in
some cases, be used to identify the molecular
signature of the prion strain [75, 76}.

2.2. Rapid tests for post-mortem diagriosis
of TSE )

2.2.1. General characteristics

None of the methods mertioned above dre
really suited to high-throughputscreening, and
cannot be automated. After the 1996 mad cow
crisis, and the fear of possible transmission to
humans, it became clear that there was a need
to develop new simpler and faster diagnostic
tests for large-scale epidemiological studies,
and more accurate assessment of the character-
istics-of the epizootic, or for routine testing to
warrant safety of animal meat, for instance, of
all cattle before they enter the food chain or in-
dustrial circuits. A new generation of so-called
“rapid” diagnostic tests emerged, all based on
the immunological detection of PrP5¢, the only
identified reliable marker of TSE.

(page number not for citation purpose) Page 3 of 12
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It has long been perfectly apparent that an-
tibodies can distinguish between the different
conformations of the same protein, and the
abnormal form of the prion protein is known
to differ from the normal cellular form by its
conformation, which contains a much higher

. proportion of f sheets, and less a helices [57,
58]. Yet, despite several promising publica-
tions {17, 37, 54, 87], there are, as yet, no
clearly identified antibodies that, under prac-
tical conditions, specifically recognise PrP%
with satisfactory affinity in its native form.
This is not the least of the paradoxes encoun-
tered in this field of research, butis beyond the
scope of the present review.

In the absence of antibodies that specif-
ically recognise PrP%, it was necessary to
resort to indirect approaches to distinguish be-
tween PrP5¢-and PrPC in tissue extracts, which
is generally present at a higher concentration.
‘In almost all*the rapid tests developed hith-

"erto,. this ‘distinction is based on the distinct

"‘biochemical properties of the two forms of the
“protein. Most tests utilise the relative resis-
‘tance of PrP% to degradation by proteolytic

" enzymes; particularly proteinase K. Other tests

are based on the aggreganon properties of

PrPS when extracted using detergents. Note

that the extraction of PrP (PrP¢ or PrP%) is
an indispensable step in all tests, because it
is hard to envisage-detecting PrP without ex-
tracting it fromits neighbouring membrane
structures. This is generally achieved by treat-
ing a tissue homogenate with one or more

-detergents. Lastly, all the rapid tests includea. ..

step in which PrP* is denatured, to permit its-
detection by antibodies that recognise PrPC or
denatured PrP (whether from PrFC or PrPS¢).

2.2.2: European validation campaigns

In May 1999, the Directorate General
XXIV (Consumer Policy and Consumer Health
Protection) of the European Commission val-
idated, under very strict conditions (blind
testing in a-limited time overseen by a Euro-
pean Commission representative), three tests

(from Enfer Technology Ltd (Newbridge, Ire-
land), Puomcs (Zurich, Switzerland), and
CEA (Saclay, France)) that were suitable for
rapid industrial development..

Page 4 of 12 (page number not for citation purpose)
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The Prionics test uses an industrialised for-
mat of Western blotting that enables large-
scale analysis {49, 65], and was the first rapid
test used in large-scale epidemiological stud-
ies, first in Switzerland and then in France
[12].

A .diagnostic test developed by the CEA
since 1998 is another example of a rapid test
based this time on a conventional immunoen-
zyme approach (enzyme-linked immunosor-
bent assay, ELISA). This test is now mar-
keted by Bio-Rad (Hercules, CA, USA, TeSeE
tests). In the first step of thé test, PrP™ is
selectively purified using proteinase K, cen-
trifugation, and ‘denaturation. In the second
step, the solubilised and denatured PrP™s is
measured by a two-site (so-called sandwich)
immunoassay that uses two monoclonal anti-
bodies [27]. -

Enfer Technology Ltd developed an ELISA
[46} in which PrP5¢ is directly  immobilised
on a solid support in the presence of pro-
teinase K, denatured, and then detected using a
polyclonal antibody directed against a peptlde
sequencc characteristic of PrP.

'The evaluation of these three tests was per-
formed on more than 1 600 brain stem samples
from uninfected animals (1 000 animals from
New Zealand) and from animals at the clini-
cal stage of the disease (300 animals from the
UK). Brain homogenates were also diluted to
test the analytical sensitivity of the tests [46]).

_ A fourth test (from Wallac, Bucks, UK) gave

unsatisfactory results and was subsequently re-
evaluated in a substantially different format
in 2001. The Enfer Technology, Prionics, and
CEA tests were found to have 100% sensitiv-
ity and specificity on the series studied. Later
work demonstrated that the CEA test, and its
industrial version developed by Bio-Rad, were
as sensitive as intracerebral inoculation tests in
conventional RIII mice [20, 27]. It was also
shown that rapid tests can also detect the ac-
cumulation of PrP™S in nerve tissue before the
appéarance of clinical signs [3, 26].

In 2002 and 2004, 15 new tests were
evaluated by the Directorate: General for
Health and Consumer Protection by a similar
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procedure, albeit on fewer samples®. Nine of
the tests were approved for the post-mortem
diagnosis of BSE: Prionics-Check LIA and
Prionics-Check Prio-Strip (both from Prion-
ics), TSE Kit. Version 2.0 (Enfer), CDI-5
(InPro, San Francisco, USA), Ceditect BSE
(Cedi, Lelystad, The Netherlands), HerdChek
BSE Test Kit (IDEXX, Westbrook, USA),
Speed’it BSE (Institut Pourquier, Montpellier,
France), Beta Prion BSE EIA (Roboscreen,
Leipzig, Germany) and PrionScreen (Roche,
Basel, Switzerland). ;

Most of these new validated tests work in
an ELISA format except Prio-Strip (lateral
flow technology). However, three are based
. on markedly different principles. InPro’s CDI-

5 and Cedi’s Ceditect BSE detect PrPS by

taking advantage of the fact that its immunore-

activity increases upon denaturation due to

the unmasking of cryptic epitopes [63, 64].

HerdChek BSE from IDEXX is unique in two
aspects, in that it does not use proteinase K di- .
gestion, and uses an aggregate specific capture

ligand on a dextran polymer (Seprion ligand
technology, Microsens Biotechnologies, Lon-
don, UK) of PrP%, which after denaturation is
detected using an anti-PrP antibody.

Today, virtually all testing of cattle is done
with the tests from Bio-Rad, Prionics, IDEXX,
and Enfer. Some of these tests have also
proved effective in diagnosing chronic wasting
disease in wild ruminants {31].

From 2002 to 2004, five tests validated
for ‘the post-mortem diagnosis of BSE" in
-cattle were provisionally approved for the
post-mortem diagnosis of TSE in small ru-
minants®>: TeSeE (Bio-Rad), TSE Kit (En-

2The evaluation of five rapid tests for the diag-
nosis of spongiform encephalopathy in bovines
(2nd study); 27 March 2002, http:/fec.evropa.ey/
food/food/biosafety/bse/sci_advice_en.htm, and
scientific report of the European Food Safety
Authority on the evaluation of seven new rapid
post mortem BSE tests, 16 November 2004,

http://www.efsa.europa.eu/EFSA/efsa_locale-1178

620753812_1178620780462.htm {consulted Janua-
ry 2008]. o

3 Scientific report of the European Food Safety Au-
thority on the evaluation of rapid post mortemn TSE
tests intended for small ruminants, adopted on 17
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fer), CDI-5 (InPro), Prionics-Check LIA and
Prionics-Check Western (both Prionics). Be-
tween 2004 and 2005, the European Com-
mission specifically assessed nine tests for
application to small ruminants, and recom-
mended eight of them: TeSeE and TeSeE
sheep/goat (Bio-Rad), TSE post-mortem test
(DEXX), Prionics-Check Western SR and
Prionics-Check LIA SR (both from Prionics),
Enfer TSE test Version 2.0 (Enfer), CDI-5 (In-
Pro), Institut Pourquier Scrapie ELISA test
(Institut Pourquier). It should be noted, how-
ever, that only the first three of these effec-
tively detect atypical scrapie (Nor98) in brain
stem samples. In practice, almost all testing on
small ruminants is now done with the Bio-Rad,
Prionics, IDEXX, and Enfer tests.

Note too that all results recorded using the

- rapid tests are confirmed in national reference

laboratories, essentially using histopathology,
immunohistochemistry, and Western blotting.

2.2.3. «I;arge-scale use of rapid tests .

. Between 1st of January 2001 and 31st of
December 2006, nearly 60 million tests on
cattle within the European Community (al-
most 90% at the slaughterhouse)detected over
4800 cases of BSE, approximately 1170 at
the slaughterhouse and about 3 700 in at-risk
animals collected in rendering plants®. Over
the same period, passive surveillance detected
only 2 361 cases of BSE. ‘

Rapid tests have therefore contributed sig-
nificantly to consumer protection, first by
providing a basis for confidence in meat
safety, and secondly, because they led to
the withdrawal of over 1 000 infected car-

_casses from human consumption. In-addition

to the increased safety they provide, these
large-scale analyses have 'detected BSE in

May 2005, http://efsa.europa.cu/EFSA/efsa_locale-
1178620753812_1178620780483 . htm  [consulted
on January 2008]. :

*Reports on. the monitoring and testing for

. the preseice of TSE in ‘the EU, 2001-2006,

http://ec.europa.ew/food/food/biosafety/bse/annual _
reps_en.htm, and monthly report of Member
States on BSE and TSE, http;/fec.europa.ey/
-food/food/biosafety/bse/mthly_reps_en.htm  [con-
sulted on January 2008].
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numerous European countries (Austria, Czech

" Republic, Finland, Germany, Greece, Holland,

Italy, Luxembourg, Poland, Slovakia, Slove-
nia, Spain), as well as in Japan, Canada, and
the USA. They have also shown that many
countries with no recorded case up to 2000
(e.g. Germany, Italy, and Spain), and which
denied the presence of BSE, had an.incidence
equivalent to or higher than that of France and

Switzerland, which have beén recording cases

since the early 1990s. Lastly, rapid tests allow
much more precise epidemiological follow-up,
allowing the measurement of trends:at low
prevalence, and which has more clearly shown
a spectacular decline in the BSE eplZOOth in
Europe.

Active monitoring of TSE in small rumi-
nants (sheep and goats) wasset-up in Europe
in March 2002, essentially to gather epidemio-
logical data, and obliges member states of the

* ‘European Community to test a'quota of ani- -

mals slaughtered normally or from at-risk pop-
ulations. Between 2002 and 2006, nearly three

_.million tests were performed, which led to the

detection. of over 13 000 cases of scrapie®.

Note-that this active surveillance resulted in*

the detection of a great many cases of so-called
atypical scrapie . among European livestock.

This form of scrapie, which very likely corre- - .

~sponds to strain Nor98 [7] identified in 1998

* in Norway, now accounts for over 50% of

TSE cases in small ruminants in many coun-
tries (France, Germany, Portugal, UK, etc.).
The PrP5¢ associated with this strain is char-

.—.acterised by increased sensitivity to proteinase. ...

. K, which 'makes its detection more difficult
and explains why numerous rapid tests per-’
form poorly in diagnosis. In practlce “the vast
majority of cases of atypical scrapie were iden-
tified using the tests from Bio-Rad (TeSeE
since ”002) and IDEXX (post—mortem test,
since 2005).

“In view of the dlversny of TSE strams
present in small ruminants, .the European

Commission sét up biochemical typing in
~2005, mainly designed to-identify .the BSE-
--strain in smal] rummant populatlons5 Testmg,

5Commlssmn chulauon (EC). No 36/2005 of
12" January 2005 amending. Annexes.III and X
to Regulation (EC) No 999/2001 - of the : Euro-
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performed exclusively in national reference
laboratories, is based on Western blotting tech-
niques [74, 76]. It is worth noting that, to date,
only a single case of BSE, in a goat, was -
observed in France [21] before the implemen- .
tation of this new regulation.

3. NEW APPROACHES TO ANTE-MORTEM
TESTS

As we have seen, diagnosis of prion dis-
eases depends-principally on the detection of
the abnormal form of PiP (PrP% or PrP™).
This approach has been very useful in reacting
to the BSE epizootic and in setting up active
surveillance for TSE in ruminants, but to. date
has not met all the requirements of the diag-
nosis of prion diseases. These tests are only
applicable to tissues collected after the death
of the animal and so cannot be used for early

- preclinical diagnosis. So far, no test-can give

a reliable diagnosis :using a readily available

- sample from a living animal or person, such

as blood-or urine. The problem is particularly
acute for blood transfusion, insofar as. it is

- now well established that vCID can be trans-

mitted by blood. Considerable effort has been
devoted to- the search for alternative markers
enabling earlier diagnosis of TSE (for a review
see Parveen et al. [55]).

3.1. The search for new markers

The search for - alternative markers has
grown. greatly in recent. years, boosted by
the development of postgenomic approaches,

-which-'can-be-used -for-large-scale -parallel

analysis of the transcriptome, proteome, and

" metabolome ' of - tissues. Attention naturally - =

first turned to neuronal markers, which include

- protein 14-3-3 [28, 781, neurone-specific eno-

lase [1], the protein S100B [5, 29], glial acidic
fibrillar protein {44, 50], Tau protein {51}, and
prionins [59]. However, none of these markers
has proved usable as a basis for a sufficiently
sensitive and specific test allowmg edrly pre-
clinical dlagn081s

»pcan Parliament and of the -Council as regards

epidemio-surveillance for transmissible spongiform
encephalopathles in bovine. ovine and caprine an-

. imals: -http:/fec.europa. euffoodffood/biosafety/bse/.

legisl.én.htm. [consulted 11 January 2008].
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Metabolic markers, such as fatty acid-
binding proteins, interferon vy, prostaglandin
E2, C-reactive protein, interleukin 6, cystatin
C, and corticosteroids, have also been stud-
ied, but with no more success (for a review see
Parveen et al. [55]).

Transcriptomic studies have revealed po-
tential markers [70, 85], but to date none
has proved of practical use in the diagnosis
of prion diseases. Erythroid differentiation-
related factor, for example, initially seemed
highly promising (downregulation [43]), but
its value was not confirmed in subsequent
work [25].

Finally, some research groups have devel-
oped an approach based on serurn analysis
by Fourter transform infrared spectroscopy
combined with data processing by the neural
network method [13, 39, 40, 69, 77]. This ap-
proach has shown high (> 90%) sensitivity and
specificity in cattle populations, but it remains
{to be seen whether it is usable under routine
conditions, and can be used to make an early
diagnosis of TSE.

3.2. Protein mlsfoldmg cyclic amplification

To facilitate preclinical detection of prions
in peripheral tissues, notably blood, Claudio
Soto’s group developed an original approach

in which the PrP% in a sample is amplified

by mieans of protein misfolding cyclic ampli-
fication (PMCA) [62]. In this approach, which
seeks to mimic pathological processes and is
akin to the polymerase. chain reaction used to
amplify DNA (but without addition of exoge-
nous polymerase enzyme), PrP% is incubated
in the presence. of excess PrP¢ to allow ex-
pansion of aggregates of PrPS® which are then
dispersed by sonication to generate smaller
units and to encourage the formation of new
aggregates. The quantity of PrP5¢ formed de-

pends on the number of expansion/sonication

cycles performed. In early articles [62, 72],
amplification was modest (10- to 50-fold), but
_optimisation and automation subsequently en-

“abled amplifications of several million fold’

[61]. In most studies, amphﬁcatlon is achieved
by using as a source of PiPF, a brain extract
from the same species as that which pro-
duced the PrP> t0 be amplified. Recent works
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[18, 19] have shown that PrP5 can be repli-
cated in a more controlled “minimal” system
in the presence of highly purified PrPC (the
only identified contaminant being lipids) and
polyanions (polyA RNA in these studies).

Although most of the work by Soto’s
group concerns a hamster model infected by
strain 263K, significant amplification has been
achieved with the PrPS° produced by vari-
ous mammalian species, including mice [47,
“72], sheep, goats and cattle [72], cervids {38]
and humans [36). The PrPS¢ newly formed
by PMCA has all the properties of the origi-
nal PrP%, notably its infectious character [14,
82]. Lastly, early detection of PrP5 in hamster
blood fractions (buffy coats) was achieved at a
sensitivity ranging between O and 89% and a
specificity of 100% [15, 60].

PMCA has great potential and is certainly
the most promising approach from the view-
point of developing a blood test. It is, though,
hampered by various: fundamental and tech-
nical difficulties, Gwen the reqmremcnts im-
posed by a blood test (see paragraph below),
notably in . terms .of practlcablhty sensitiv-
ity, and spe<:1ﬁc1ty, several technical improve-
ments are neéeded. For adaptation to routine
analysis, there is a need for simplification, re-
duction of the duration, and better control.
Moreover, the obligatory requirement for a
concentrated source of PrPC (brain extract or
purified PrPC) of the same species as the target
to be amplified constitutes an important prac-

_tical handicap. This specific problem could

be resolved by the use of recombinant PrP
and accelerated procedures as recently shown
[4], assuming the results obtained with the
hamster model can be extended to other mam-
‘malian species. However, PMCA must also
prove effective in terms of diagnosis (sensitiv-
ity and specificity ctose to 100%) using blood
sample series more representative than those
obtained with the hamster model. Finally, re-
cent results from Supattapone’s group show
that infectious PrPS° can be generated de novo
and stochastically by PMCA [18] in the ab-
sence of pre—existing prions, and this raises
concerns about the specificity of this approach
when used in routine conditions.
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3.3. Blood tests: state of the art

. As we have emphasised several times in this

_ review, the development of a blood test is the

top priority in prion disease diagnosis, notably
to ensure the safety of blood transfusion in
humans. Numerous difficulties, however, have
to be overcome, which explains why no test
is yet operational. Whereas blood from vCID
infected patients is clearly infectious [41, 56,
84}, its concentration of infectious material is
very likely much lower than that in the cen-
tral nervous system, and its concéntrations of

PrP¢ are estimated to be in the range of pg/mL

[8, 91. Given'the efficacy of disease transmis-
sion by the intravenous route, and the large
volume (commonly > 400 mL) of packed red
blood cells transfused in humans, transmission
can occur with very low levels of infectious

. material, and, as a consequence, candidate.
. {ests‘must have excellent analytical sen sitivity.
" Also, blood is a complex tissue rich in cells

= "“'and proteins; and little is known- of the distri-
* ‘bution of prions (and of PrP5¢). Several studies

" indicate that the bulk of the infectious material

is in the white blood cells, but the plasma is

~also clearly infectious [8, 9].In-a healthy in-

* dividual, significant levels of PrPC are present

“in white blood cells, red blood cells, platelets,’

. and' plasma, probably at much higher con-""
“centrations than PrPS. A candidate test must

‘therefore also be very selective. Also, we know

very little about the biochemical properties

‘of the PrP5“in the different blood fractions.
" “Givenits"low concentration-and-its-environ----
ment, it is not certain, for instance, that it camn -

“form aggregates resistant to proteinase K, the

treatment on which most current rapld tests are

_based

In terms of the risk of vCID . infection by

blood transfusion, because the incidence of the
" disease is assumed to be very low, a highly

specific’ test is needed, or it could lead to.
more, false-posmve results than detection of

real cases. Such a situation would be Very dif-
ficult to manage ethxcally, given that vCID is

a fatal disease for which at present there is no

. treatment. There is clearly a gieat need for at
least one very specific confirmation test which -
_ does not exist today :
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Due to the above mentioned difficulties it is
not surprising that very few publications report
on blood tests for TSE.

The first promising results were obtained,
as early as 1996, by the group of Mary-
Jo Schmerr, which combined capillary elec-

. trophoresis with a competitive immunoassay
- to detect a PK resistant C-terminal sequence of

PrP in the blood of sheep infected with scrapie

. [66-68]. The technique was subsequently im-

proved and applied to more relevant series
of scrapie infected sheep [34, 35, 42, 86],
but despite achieved improvement, the method
appeared insufficiently robust.for routine use
[22]. :

In recent years, many research groups or

‘companies have developed original strategies
“to try_to overcome the intrinsic difficulties as-

sociated with the blood test. These include:

~ The use of ligands for a specific capture of
PrPS¢ possibly present‘in blood fractions,
which include the 15B3 antlbody produced
by Prionics [37, 48] and the Seprion fesin
of the Microsense company:(alréady used
in the IDEXX test for post-mortem di-
agnosis). In both  cases, the idea is to
concentrate abnormal PrP by immunopre--
cipitation, taking advantage of its poly- .
' merisation state (aggregate? polymers?
oligomers?) to allow a more sensitive
and more specific detection by ELISA or
flow cytometry. Anothér approach devel-
oped by the bioMérieux company (Marcy
" I"Btoile, France) involves blndmg and ag-

-

gregation of abnormal PiP in plasma by .

streptomycin [45], followed by a specific
" capture ‘on calyx-Arenes “moleculai’ bas-
ket” immobilised onto a solid phase, and
‘ final detection with an appropnate anti-PrP
antibody.
~ The development of lmmunoassays de-
“signed to detect polymerised PrP (AS-
' ELISA for aggregate specific ELISA)
and based on the use of the same mon-
oclonal antibody for capturé and detec-
tion [52] The sensitivity: of AS-ELISA
was increased by combining signal am-
plification (fluorescence) and target am-
plification (prion amphﬁcauon using a -
- simplified PMCA like procedure). Using
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this approach (named Am-A-FACTT) the

group of Man-Sun Sy succeeded in de-
tecting prion aggregates in plasma from
mice or deer infected with scrapie or CWD
respectively [16]. A similar approach has
been developed by the Korean company
PeopleBio (Seoul, Korea, Multimer Detec-
tion System (MDS)) without amplification
of signal and target but details remain un-
published.

— The use of fluorescence labelled palin-
dromic PrP peptides to detect misfolded
PrP (MPD for misfolded protein diagnos-
tic). In this approach, when the labelled
peptide is in contact with PrP%, it under-
goes a large coil to a f-sheet conforma-
tional change which largely modifies the
fluorescence properties of the pyrene label
[30]. This method allowed discrimination
between TSE- infected and uninfected an-

_imals, albeit on a rather small series of
blood samples [53].

- However, even if some of these approaches
_ seem promising, for the moment none of these

tests has fulfilled the very strict analytical and
diagnostic requirements described above. With
the passage of time (some of these approaches
were ‘initially described a few years ago) it
becomes apparent that they are facing real

difficulties in establishing routine and robust -

assays, and that much more time and devel-
opment is needed to achieve the goal of an
operational blood test for TSE.

4. CONCLUSIONS

The successive “mad cow” crisés of 1996
and 2000 have. clearly boosted very signifi-
cantly research in the field of prion diseases,
and more data have been accumulated dur-

ing the last ten years than during the previous

cenfury. This has considerably improved our
knowledge on prion biology, but also provided
much more relevant tools including: trans-
genic mice (PrPY° or over-expressing various

forms of wild-type or mutated PrP), celtular
models of TSE infection, a large series of well
characterised monoclonal antibodies and, of .

course, much more relevant analytical meth-
ods and diagnostic tests. As far as diagnosis is
concerned, very significant progress has been
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made in the post-mortem detection of PrP%,
with the development of reliable and very sen-
sitive methods suitable for routine analysis
(results available within less than three hours,
more than 20 000 tests performed every day
throughout the world); having the capacity of
diagnosing TSE before the onset of clinical
signs. These tests have been used efficiently
for managing the mad cow crisis, and are still
very useful for monitoring the BSE epizootic
as well as the various forms of TSE in small ru-
minants and cervids. The analytical sensitivity
of these tests can now be considerably im-
proved by coupling PMCA amplification with
the appropriate detection techniques (ELISA,
CDI, Western-blot), and this allows detection
of minute amounts of PrP% in the brain or
in peripheral lymphoid tissues. However, so
far, there is no test that delivers an early and
speciﬁc diagnosis of TSE‘in live animals-or pa-
tients, i.¢. a test which can be easily applied to,

. a body fluid like'blood or urine. This is partic-

ularly critical for ensuring the safety- of blood
transfusion in countries that have experienced
a large BSE epizootic (UK and: Western Eu-
rope). We have seen that PMCA has shown
a good potcntlal in terms of sensmvxty for
achieving such an aim but its use in routine
conditions and its actual specificity are ques-
tionable. There is thus a place for another
approach, and the development of a blood test
for TSE diagnosis remains the most important
challenge for the years coming in this field of
prion research.
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Abstract Bovine spongiform encephalopathy was a novel spongiform ericephalopathy,.in an. hlthcrto un-
affected specwsi that had characteristics.of a point source epidemic, with an.agent. ‘that could have been
mcorporated into a wide variety of feedstuffs and iatrogenically administered to naive.populations, and
there 'was early evidence that it was not restricted to bovines. It was vital to €stablish; albeit experimentally,
which other species might be affected, and whether the epidemic could be maintained; by natural trans-
mission, if the source was removed. In contrast, scrapie has been endemic-throughout' Great Britain for
centuries, is maintained paturally (even if we don’t know exactly how) and has a known host range. The
principles, process and 1£egratmn of evidence from different types of studies, however are similar for both
of these transmissible spongiform encephalopathlcs (TSE) and can be applied to any emerging or suspected
spongiform encephalopathy. This review discusses the experimental approaches used to determine TSE
transmissibility and infectivity and how they relate to natural disease and control measures.

TSE / transmission / natural / experimental / domestic animals
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1. INTRODUCTION
1 1. Spongiform encephalopathies of animals

The spongiform encephalopathies of an-
imals include scrapie, chronic wasting dis-
ease (CWD), transmissible mink encephalopa-
thy (TME), bovine spongiform encephalopa-
thy (BSE), feline spongiform encephalopathy

(FSE), the spongiform encephalopathies seen -

in non-domestic captive ungulate species such

~ as eland, oryx and greater kudu, and cap-

S tlveostnches [{85-87]. Spongiform change can

cncaphal@pathms They may be encountered
‘as-a 'genetic or congenital problem {62, 63,

_spongiform - encephalopathies

’ ’seen 'in other diseases, such as rabies,
."al'dlseases (14, 29, 88], and’ hepatic

1021, as an incidental finding in normal sheep
[126], or even as an artefact [108].-

‘However, the only ‘observed natural animal-
to-animal transmission of a spongiform en-
cephalopathy occurs in ruminants: scrapie in
small ruminant species, CWD in'deer -and
elk, and possibly BSE in small ruminants (al-
‘though this latter example has only been ob-
served in an experimental flock [8]). Natural

M.M. Simmons et al.

known genetic effects on whether exposure
leads to the development of clinical disease
[98, 100]. Additional factors that may affect
host ‘susceptibility have been proposed [25,
45, 93] and there could be other unconfirmed,
or even as yet unidentified, factors that might
affect host susceptibility. :

1.2. Aim and objéctives:

~An_ integral part of ‘the classification of
spongiform encephalopathies is whether they

‘are transmissible or not.'If i ity possible to ex-

pcnmentally transmlt ‘to, pass or hand on” [4}

_ i.e.transfer the. disease, then it has the poten- -

tial to be naturally . infectious. An. infectious
disease is one that is due to the “transmis-
sion of a specific agent, or its toxic products
from an infected person, animal, or reservoir
toa susceptlble host, either dlrectly or indi-
rectly through an intermediate plant or animal
host, vector, or the inanimate: environment”
[71]. This has implications for disease control

‘strategies; different approaches will be needed

if there is an infectious component than if the

"~ spongiform encéphalopathies in other species,

including humans, are either. genetic in ori-
gin (e.g. Gerstmann-Striussler-Scheinker dis-

ease, fatal familial insomnia) or have been
. linked predominantly with an idiopathic trans-

mission mechanism i.e. exposure to contam-
inated feedstuffs (TME, BSE, FSE, and kuru
in humans).- There is no recorded occurrence
of spongiform encephalopathies being able
to transmit effectively within non-ruminant

species.

The naturally occumng transmlsmble
(TSE) are
invariably fatal, have long incubation periods
and provoke no overt immune response in
the host. In some, such as scrapie, there are

Page 2 of 18 (page number not for citation purpose)

disease was purely due o a nutritional or ge-
netic cause. It should also be noted that an
infectious disease may not be contagious —
where contagious is-defined-as “the communi-
cation of disease by, direct or indirect contact”
i.e.t is communicable to other individuals [3].

Experimental approaches to'the investiga-
tion of whether transmission occurs have be-
come more. sophisticated since the start of
the 20th century when: Cuillé and Chelle first
achieved expenmental transmission of sheep
scrapie via the conjunctival route in France in
1936 [17, 18]. This experimental evidence of
transmissibility was confirmed, somewhat un-

intentionally, by the iatrogenic transmission of -
" scrapie from sheepto sheep via the medium of
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a louping ill vaccine, which led to outbreaks in
Great Britain during the 1930s [41].

In this review on the transmission of TSE
in animals our first objective is to illustrate the
route to the designation.of a spongiform en-
cephalopathy as “transmissible”, through the
example of BSE in the 20th century. The
knowledge that a spongiform encephalopathy
is transmissible then leads to the question of
the relevance of experimental findings to the
field situation, where the required outcomes
are public health protection, disease control
and, ultimately, disease eradication. This then
is our second objective; to put transmissibility
into a “real-world” context. Scrapie and BSE
are our main examples, with other TSE of an-
imals referred to where appropriate. We also
aim to briefly highlight some of the challenges

and unanswered (or unanswerable) questions -

that are inevitably raised when a novel spongi-
form encephalopathy is encountered, and ‘its
ability to transmit is investigated. -

1.3. Definitions

~ PrP5¢; “Prion protein”. An abnormal iso-
form of a naturally occurring host protein
(PrP¢) which is resistant to proteolysis.

- End:stage/clinical disease: - presence of
clinical signs and PrP% in brainstem
and/or lymphoreticular system (LRS).

— Positive animal: PrPS detectable, regard-
less of location (i.e. central nervous system
(CNS), peripheral nervous system, lym-
phoreticular system) or clinical status.

— Exposed animal: known challenge with

. positive material, or contact with positive
animals or a contaminated environment.

May or may not also be in one of the cate-

gories above. : _
~ Negative animal: no detectable PP in

any tissue tested (must include CNS (if an-

imal dead) and/or LRS).
— Negative control: animal from a flock or

farm with good records, no recorded TSE

and a feeding history which does not in-
clude meat and bone meal supplements.

— Vertical transmission: transmission from
one generation to the next via the germ-
line or inutero {11].
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— Horizontal transmission: lateral spread to
others in the same group and at the same
time; spread to contemporaries [11].

— Maternal transmission: there is some dif-
ficulty in separating possible horizontal
and vertical components to transmission
involved with the dam-offspring relation-
ship, and so the term “maternal transmis-
sion” is often used in discussion of the

. transmission of scrapie, maternal transmis-
sion being defined as transmission before
or immediately after birth.

2. CONFIRMATION OF DISEASE AND/OR
INFECTION ' ‘

The absolute nature of the infectious agent
poses a unique challenge and is still a
contentious issue. Accumulations of disease-
specific prion protein (PrP5°) in the CNS can
be demonstrated in all cases of clinical dis-
ease, so the detection of PP is now.used
to conﬁ:m the disease status-of a clinically
suspect case at post-mortem:[76)..PrPS¢ ac-

- cumulations in a variety of tissues can"also

be seen in the absence of clinical signs and
the demonstration of their presence is gener-
ally considered as evidence of exposure and
infection. However, such PrP% accumulation
occurs relatively late in the incubation period
of the disease [6, 117}, so this reliance on
the presence of PrP limits in vivo diagno-
sis of disease, and surveillance for evidence
of exposure or infection, with current diagnos-
tic tools [76]. The currently accepted paradigm
is that accumulations of PrP% are not only
associated with disease, but are also associ-
ated with transmission and infectivity [92].
Whether it is the sole infectious component
1s still a subject of some dispute. Firstly, nat-
urally occurring PrP%, when used for trans-
mission experiments, is inevitably contained
in a suspension of the tissue in which it orig-
inated, and therefore the existence of another
factor, or factors, coexisting with PrP¢, and
responsible for infectivity cannot be unequivo-

- cally excluded. Secondly, disease has been ex-.
. perimentally produced by tissue suspensions

from potentially infected animals in which no
PrP% was démonstrable with current diagnos-
tic tools [69]. However, in order to investigate

(page munber not for citation purpose) Page 3 of 18
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transmission of spongiform encephalopathies,
all studies currently use the presence of PrP%
as a confirmatory marker of disease or expo-
sure/infection.

In experimental studies of TSE, the pro-
longed incubation periods and the availability
of resources coupled with welfare considera-
tions may not allow for individual animals to
be followed up to the ultimate fatal endpoint.
For this reason there is a lexicon of terms that
are applied both in experimental studies and
surveillance (see Section 1.3.). ’

3. THE SEARCH FOR EVIDENCE . .
OF TRANSMISSION OF BOVINE
SPONGIFORM ENCEPHALOPATHY

Expérimental transmission studies in a wide
range of recipient species have established that

v+ many: species are-susceptible to-parenteral ex-

~posure - with positive tissue from TSE' cases

- under-experimental circumstances (e.g. cattle,

‘.sheep, goats, cats; mink,deer, elk, exotic ungu-

lates, :primates, laboratory rodents). Detailed

- reviews of these transmissions have been pub- -

~-lished recently [52] and-will-not be. repeated
here.

3.1. Bovine sponglfonn encephalopathy =
. aTSE? .

Following the identiﬁcation of BSE in cattle

{107] and its epidemiological link to contami- .
-nated feed [118, 119], the major transmission -
questions to be addressed, as in any other new -

‘ﬂlsease were:

- ‘Can it be transmitted?
— Who or what can it be transmitted to in or-
- der to determine the potential host range,

which food animal species are susceptible,
and if there is a public health risk?

— How much is required to achieve trans-
mission/infection, to define infectious dose
and host susceptibility?- :

~Then, if and when transmission is achieved:

. ~ What is the pathogenesis of the resulting

disease, what is the earliest time at which
evidence of exposure can be detected and
in which tissue(s)?

Page 4 of 18¢( page number not for citation purpose)
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— What are the possible routes and mecha-

nisms of transmission under natural as well -

as experimental conditions?

-~ What is the relative importance of identi-
fied routes and mechanisms in the trans-
mission of the disease under natural condi-
tions in the original host and other species?

Only then can fully effective steps be taken to

intervene and minimise any risks to public or
animal health that may arise.

3.2. Experimental transmission studies

3.2.1, Artificial exposure — artificial routes

Some of these questions were addressed
for BSE initially by experimental transmis-

sion studies (see Tab. 1 for details [6, 8, 9,

20, 21, 26, 32, 35, 46, 49, 54, 58-60, 72, 83,

© 97,109-114, 116, 117, 124]). In"the case’ of

BSE, a sense of urgency accompanied- ‘these
investigations, partly as a consequence of the
subsequent emergence: of similar disease in a
range of other species [57, 64, 125], and partly
because infected animals would have entered
the human food chain. Historically the most
efficient transmission route to use to provide
an indication of potential ‘host range suscep-
tibility was that of intracerebral inoculation

_(i.c.). Initial studies established that transmis-

sion of disease to food animal species using

, CNS tissues from natural cases of BSE in cat-

tle was possible to cattle, sheep, goats and pigs
but not chickens.

BSE as a source, and food animal spe(:les as
recipients. A similar range of studies could be

listed: for other donor species/strains (in partic-
. ular scrapie and CWD), -and indeed for BSE

challenges into non-food animal recipients,
but exhaustively listing these is considered to
be beyond the scope of this paper.

3.2.2." Artificial exposuré — natural routes

The next stage was to establish if suscep-
flbll]ty could -also- be demonstrated by more
natural routes of infection. The natural route(s)

-for the transmission. of TSE in the field is

still not known, but for most experimental pur-
poses the oral route is considered appropriate.
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Table L. Food animal speci

(-]

usceptibility to BSE - sumnimary of experimental transmissions from bovine tissue.

Recipient species/ Route of Donor Amount (g) TiweinRill No.ofanimals Ageat Incubation  Key policy outcomes/questions addressed

genotype (where  inoculation  tissue mice* (if known)  challenged dosing period

televant) '

Carile icfiv.  Brain 0.1/0.5 N/A 16 4-5months 7490  Proof of ransmissibility within species' [20].

weeks  End stage disease looks the same as natwral
. disease regardless of route [110]
Cattle Oral Brain .- 100 10346 30 4 months Timed kills Pathogenesis of BSE in original host {111].
BSE infectivity identified in the CNS, ileum
{109} and bone marrow [112] of pre-clinical
) cases. Endstage disease after experimental
challenge is the same as natural disease [46,
110}

Cattle Oral Brain '3 x 100, 1033 10-15per 4-G months  34-98  Determination of LDsg and minimum infec-
100, 10. L. group (total months  tious dose of BSE in cattle {117). Establish
0.1,0.01, n=90) attack rate for interpretation of pathogenesis

0.001 study [6). Establish minimum effective dose
for epidemiological modelling. Confirm that
experimental endstage disease looks the same
regardless of dose and incubation period
(Simmons, unpublished data)

Caittle i.c. Brain Log N/A 24 (4 per 4 months 20-39  Comparative titration BSE in carttle and mice
dilutions group) months  showed that catle approx. 500 times more -

sensitive than mice (Cattle 105, mice 10332
Cattle i, ~ Range of tis- 0.1 N/A 325in groups 4-6months  23-45  Inaddition to CNS, palatine tonsil [114] and
sues from of5 - months  nictitating membrane (Wells, Hawkins, unpu-
initial patho- depending blished data) harbour BSE infectivity in cattle.
genesis study’ " on tissue - Themajority of petipheral tissues assayed were
time kills negative (Hawkins, unpublished data)
Cattle Oral Brain 100-3x 10286 24 6 months Time kills Barly pathogenesis and the involvement of
100 Peyer’s patches in the distal ileum (97]
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analysis. Verification thiat the BSE/scra-
pie discriminatory tests work in the ARQ/

ARQ genotype [58]
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‘Table I. (continued).
Recipient species/geno- - Route of  Donortissue ' Amount (g) Tire in RIII No.of anpimals Age at Incubation Key policy outcomes/questions
type (where relevant) ~ inoculation - mice* (if known) - challenged  dosing -~ period " addressed
Cattle Oral ‘Brain - N/A .56 46 Time kills. -~ Pathogenesis in original host [49]
' i ' - months . (ongoing) '
Cattle Oral Brain : 100orl 103! . 200 4 months Timed killsup  Pathogenesis of BSE in original host. Dis-
: - | . to a clinical end-  tribution of tissue infectivity in cattle
; point of 30~78 - using a range of statutory screening tests
- b months  to ensure that SRM controls remain
appropriate [6). Provision of tissue bank
i (including milk) for future testevaluation.
| End-stage experimental disease looks like
: end-stage natural disease (Hawkins and
! Simmons, unpublished data). No PtP5¢in )
. S : milk from affected animals [26)
" Cattle Oronasal  Foetal ~ {90 mL oral, 5 mL N/A - 12 2-3 Animals survi- - No demonstrable infectivity in foetal
o ' membranes ! nasal of a 50% . months  vedto7 years  membranes® [20] )
i homogenate ’
Cattle Embryo  Live embryos N/A N/A 347 Young N/A BSE cannot be transmitted through
transfer from cinically: adult embryo transfer [124]
atfected donors o
Sheep (positive and i.c. Brain £0.5 mL of 10% - N/A it 6-18 440-994 days  Sheep are susceptible to BSE, including
negative line Cheviots) ! homogenate months sheep not universally susceptible to scra-
f pie [32)
Sheep (positive arid . Oral Brain i S0mL of 1% N/A 12 6—-18 538-994 days ~ Sheep are susceptible to BSE by this route
negnﬁvé line Cheviots) ' homogenate ) _ months [32] '
Sheep . Oral " Brain o Se 10397 .72 .  6months 664-909days  Distribution of infectivity in positive
'i i sheep [59]. Important for SRM and risk
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Table . (continued).

Recipient spe-  Route of Donor Amount Titrein RII No.of animals -~ Agéat - Incubation period Key policy outcomes/questions addressed
cies/genotype  inoculation tissue  (g)  mice™ (if known) challenged dosing :
(where relevant) ) ' §
Sheep Oral Brain 5.0.5, 10397 120 3-6 months Ongoing at VLA  Establishes minimum infectious dose of BSE in sheep by
ARQ/ARQ ‘ 0.05, . oral route, contributing to epidemiology and risk models.

. 0.005, " . Endstage disease is the same regardless of dose (Bellworthy,

0.0005 ‘ Jeffrey, unpublished data)
Sheep Oral Brain Sg 10397 20 each 6 months  Ongoing at VLA Arethese genotypes susceptible by the oral route? Relevant
ARQ/ARR . for genotype-based disease control strategies. What is dis-
ARR/ARR. tribution of infectivity if they are? Is there any evidence of
. carrier state?

Sheep Oral Brain Sg 10397 _ 30 6 months  569-1 058 days 'Provision of material for statutory controls and other
ARQ/ARQ . requests. Provision of milk from sheep with BSE. Create a

BSE affected flock to establish if transmission could occur
to in~contact animals and lambs [8]

Sheep Oral Brain 5g 10397 g8 . 2 weeks 535-824 days Lower age at challenge reduges spread of incubation
ARQ/ARQ ) : y period, but does not shorten the minimum incubation
period (Bellworthy, unpublished data)

Sheep Oral  Brain Sg 10397 5 6 months  568-665 days Susceptibility and end-stage disease in particular genotype.
AHQ/AHQ ’ Relevant for genotype-based disease control strategies.
‘ Verification that discriminatory tests work in the genotype.

‘Contribution to BSE “flock” (8}

Sheep Oral Brain Sg 10397 ) 6 months 2 clinical sapects - Susceptibility of particular genotype. Relevaat for geno-

VRQ/VRQ i at 1 570 days ~ type-based disease control strate gies. Verification that dis-
criminatory tests work in the genotype. Contribution to
BSE “tlock” (8]

Sheep ic.  Brain 005g NiA 19 (ARQ/ARQ) N/A 495-671 days The ARQ/ARQ, VRQ/VRQ, VRQ/ARQ and ARR/ARR
ARQ/ARQ 10 (VRQ/VRQ) (ARQ/ARQ)  genotypes of sheep are all susceptible to infection with
VRQ/VRQ . 10 (VRQ/ARQ) : 881-1 092 days BSE, with shorter incubation period (by this route) in
VRQ/ARQ ; N/A (ARQ/ (VRQ/ARQand "ARQ/ARQ than other genotypes challenged [54]. There
ARQ/ARR . ARR) - 7 VRQ/VRQ)  were survivors in atl genotype groups at the time of publi-
. ARR/ARR = 19 (ARR/ARR) . .1008-1 127  cation. Sheep with resistant PrP genotypes are susceptible
: days (ARR/  to BSE (54]. Potentially relevant for genotype-based
ARR) disease control strategies ’
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‘Table L. (continued). . S . ..

Recipient species/geno-  Route of inocula-  Donor Amount (g Litre in RUImice* No. of animals chal- Ageat Iﬁcubhnon penéd Key policy outcomes/questions

7

type (where relevant) - - ton tissue " (if known) lenged .. ... dosing ) - addressed
Sheep s . Intraperitoneal/ Brain N/A N/A | foreachroute: - N/A  672-days and Widespread peripheral tissue invoive-
ARQ/ARQ o intrasplenic ‘ L - PR SE 1444 days’ . ment, including muscle (9, 72]
Sheep - - Intraperitoneal/ Brain | 5mL of 10% CNA 1 foreach r('m‘t'ev - N/A Noclinicl ~ BSE-related PrP can accumuiate in
ARR/ARR . intrasplenic ! homogenate e ' disease tissues of “scrapie resistant” sheep
] : ' without any clinical signs. Evidence
i of potential carrier state? [9, 83]
Gouts . ie. Brain 0.5 mL of 10% N/A ' 3 . 4-6 506—570 dnyé Spécies susceptible [32), Define end-
! homogenate . , years . stage disease 32, 35)
Goats ) Oral Brain i 50 mLof 1% N/A 3 2-5 941-1501 days Species susceptible by oral route (one
S0 : homogenate i » years survivor) [32]. Define end-stage
. : disease [32, 35). Discriminatory tests
' q work in this species [60]
Pigs ° i.cAvip. Brain (0.5 ml/1.2 mL/ N/A i {0 1-2  69-150 weeks Species susceptible [21]. Define end-
B ) 8-9 mL : weeks stage disease [113]
Pigs o Oral Brain 3 x MBM ration 1024 : 10 7-14  Timekilisat2 Species not éusceptible to experimen-
: equivalent for an . weeks and 7 years * tal challenge by this route [113]
. I 8 week old pig )
Chicken’ ) ic/ip. Brain | 50 pL/1 mL of N/A 12 [-14 N/A Survivedup Species not susceptible [116]
, ' 10% homogenate days to Syears
Chicken : ) Oral Brain -!. Sgon3 N/A ) 11 © " 4-6 N/A-Survived up Species not susceptible to experimen-
o ' occasion . ‘weeks to Syears tal challenge by this route {116}
Deer - . ic. Brain 0.05¢ 1032 6 10-12 7941 060 days Species susceptible. Define endstage
: months (one still alive) disease (Jeffrey M., personal commu-
. . nication)
Deer . Oral - Brain 1 25g° ! I8 4-6 Time kills  Is this species susceptible by this
. o ‘ l : o ‘weeks . route? Ongoing. Negative to date ~ 4
years post chatlenge (Jeffrey M., per-
sonal communication)

. _

* Mouse fi.ch.p.) units LDsy/g. S . S
t Dawson M., Wells G.A., Parker B.N.J.. Scott A.C., Transmission studies of BSE in cattle, hamsters, pigs and domestic towl, in: Bradley R, Savey M., Marchant B. (Eds.), Sub-
acute spongiform encephalopathies, Proc. of a seninar in the CEC Agricultural Research Programme held in Brussels, 12-14 November 1990, Kluwer Academic Publishers, 1991,
pp. 25-32. _ N ' ‘ »

2 Hawkins S.. Wells G., Austin A. et al., Comparative efficiencies of the bioassay of BSE infectivity ia cattle and mice, in: Proc. of the Cambridge Healthtech Institute’s 2nd Int.
Transmissible Spongiform Encephalopathies Conference, 2~3 October 2000, Alexandria, VA, USA, 2000. - .
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Transmissibility of TSE — the BSE model

For BSE, epidemiological studies indicated
that the oral ingestion of food contaminated
with infected ruminant-derived protein, in the
form of meat and bone meal (MBM), by cattle
was likely to be a major route of transmission
[118, 120}]. Oral challenge studies showed that
transmission of BSE was possible to- sheep,
goats and cattle by this route {32, 59, 111]
and with very low challenge doses [117].
~ Transmission to pigs or chickens however was

not achieved by this experimental route {113,
116].

One difficulty that arises with transmission
experiments is the interpretation of a nega-
tive result; does it mean that transmission does
not occur, or just that in this particular sce-
nario it hasn’t? The latter then raises questions
as to why it may not have occurred. Is it the
dose, route, or are there other factors involved
such: as species barriers or genetic influences?
‘Given that BSE could be transmitted to pigs by
the i.c. route, the absence of BSE transmission

to pxgs by the oral route indicated that there -

. may be an effective species barrier, ‘but a par-
ticular confoundmg factor in this type of study
is that the infectious “dose” of any challenge
inoculum is difficult to establish ob]ectlvely
In most cases, inoculum titre (if known) is
quoted as mouse LD50/g, using conventional

inbred mice. However, we know that different

hosts are differently susceptible [88] and that
some TSE isolates do not transmit to particular
species (including mice). Any experimentally-
established titre is inevitably relative, and

not necéssarily informative for the recipient -

species in a particular experiment. Attempts to
determine PrPS¢concentration biochemically
as a measure of titre are also limited by the
assumption that PrP%¢ is an accurate and quan-
tifiable marker for infectivity.

Conversely, a positive result in a transmis-
sion experiment only means that transmission
can occur, not that it does in field condi-
tions. It also leads to further guestions. One
is the relevance of such experiments to the
field situation. There are a number of funda-
mental differences between natural exposure
and experimental studies which should not be

overlooked when comparing disease models”

with field cases. In natural disease, the inci-
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dence of TSE can be low but in experimental
disease the aim is to achieve 100% morbidity,
especially if the study contains a time-kill ele-
ment. Very high doses can be given orally and
such experimental exposures result in much
higher attack rates than are observed naturally
{117]. Time-kill approaches can then be used
to study the disease pathogenesis in an exper-
imental model, although it is not known what
effect dose may have on pathogenesis. It is re-
assuring, therefore, that the end-stage disease
resulting from such experimental exposure of
cattle with BSE is virtually indistinguishable
from natural cases in all but morbidity [46}.

This experimental approach also assumes
an oral route of transmission in the field, which
is a reasonable assumption for BSE, given the
clear epidémiological links with contaminated
feed. However, the infectious material in feed
has been subjected to a range of manufactur-
ing processes and heat treatments in the course
of MBM  production; and:experimental stud-
ies often use “neat” brain materia) (untreated)
to achieve the best. morbidity, since rendering
has been shown to.reduce titre {27, 91, 94-96].
The possible effects of rendering; on the basic
biological properties of any given TSE strain
are very difficult.to define, and almost impos-
sible to control for in any experimental design.

It has also been suggested that age at ex-
‘posure can affect susceptibility [5], but most

“experimental designs have focussed on a re-

stricted range of ages at challenge from a

- logistical point of view.

None of these factors negates the data
emerging from such experimental studies, as
the studies provide a starting point. Once
transmission has been achieved, further exper-
_imental protocols can be used to investigate as-

_pects such as minimum effective doses [117],

and inoculum can be treated to mimic more
closely what is occurring in the field [95].
Data derived from transmission experiments
can also be used in risk analyses and math-
ematical models, both of which may be used
to inform the development of appropriate con-
trol strategies for TSE in animals, and thus to

protect public and animal health. Further stud- - -
“ies can also be implemented, as they were with

BSE, to investigate hypotheses of the origin of

(page number not for citation purpose) Page 9 of 18
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the disease (for example scrapie to cattle [66]),
but countless variables prevent this approach
from being comprehensive.

3.2.3. Natural transmission

With experimental confirmation that trans- -
mission is possible by a particular route, fur-
ther investigation of the contribution of that
route to natural transmission is vital. =

For BSE it was clear that the principal
driver of the epidemic was the feeding of
contaminated MBM [120] — once relevant con-
trol measures were introduced the epidemic in
Great Britain began to decline {50, 122} - but
it was not initially known whether the disease
could be sustained within an affected popula-
tion by other natural or management means.

Evidence from a: cohort. study did not rule
‘out the possibility-of a matemal component:
" :to transmission [121]. The risk of develop-

~ing BSE was slightly increased by being born
10 a dam*approaching the clinical phase of

“-stsceptibility, trarismission or a combination
of ‘the two: could not :be - determined. How-,
’ever, mathematical modelling indicated that if
maternal transmission did occur, then it was
‘highly unlikely to be at a rate that could sustain
an -epidemic [23]. The route through. which
such exposure might take place, whether it
: .was due to true. vertical transmission, or hori-
‘zoptal transmission through close contact also
could not be estabhshed from the cohort study.
A long-term large-scale experimental study to.:

M.M. Simmons et al.

a French goat [24] have, however, raised a new
challenge: that of BSE in small ruminants. For
Great Britain, this raised a concern about the

- national sheep population. With, hopefully, no

naturally-occurring disease to study there re-
main only three alternatives.

Firstly, to set up small-scale animal experi-
ments (as previously described) to investigate
potential routes and mechanisms of transmis-
sion; secondly to set-up larger-scale natural
transmission investigations, such as an exper-
imental sheep flock; and thirdly, to find an

_ alternative natural disease model that can be

studied in the field.

4.1. Direct experimental exposure

_Transmission of BSE in small ruminants
. by blood transfusion has been studied by the
. first methed. Whilst experlmental BSE can be -
- transmitted. by whole ‘blood transfusion (531,

thedisease.. Whether it represented genetic this probably has more® relevarice in ‘the es-

tablishment of a: precedent for the: protection

of public health in" the ‘context of human- -
‘to-human- transmission’ [1], rather than as a

potential iatrogenic route in small ruminants.

4,2." Natural transmission experiments

* The second method (the experimental sheep
flock) has been used by both the Veterinary

' Laboratones Agency (VLA) and the Institute

“investigate the possibility of vertical transmis-
- sion indicated that, “when appropnate sanitary
protocols” were followed, “embryos derived

disease” [124]. - :
Ultlmately for BSE in cattle the relatlve im-
“portance of the role of feed contaminated with
infected MBM was confirmed, and the relative
~ absence of evxdence for matemnal transmission

1231 has enabled etfecnve disease control in-. of natural transmission of BSE from sheep to -

' tervenuons to be lmplcmented

4 'BSE IN SMALL RUMINANTS

~ The positive results of oral transmlssmn ex- .

- periments to sheep and goats {32, 59], and the .
..identification of a single natural case of BSE in

(NPU) in. Edmburgh The VLA has an exper- )

imental BSE-in-sheep- flock in which ‘lambs

1 t ally dosed with 5 g of
from BSE- affected (:attle did not transmlt the - boriito ewes that were orally dosed wi &

BSE-positive cattle brain have succumbed to -

" ¢linical disease [8]. The age:at onset for these '

lambs ranged from 654 to 968 days old. In all -
cases the birth of the lambs occurred within a
few months prior to the onset of clinical dis-
ease in their dams. Thus we have evidence

sheep, albeit in experimental circumstances.

Whether this represents true vertical or peri-
natal infection cannot be ascertained from this
study. A similar but slightly different NPU-
study [36] did not result in transmission, how-

. ever it could not be statistically ruled out.

" Page 10 of 18 (page number not for citation purpose) .

330



Transmissibility of TSE — the BSE model

43. Alternative disease models

The third method, to find an alternative
natural disease model that can be studied
in the field, is more problematic. Studies of
the natural transmission of the only known
naturally-occurring TSE of small ruminants,
scrapie, might provide a model for BSE in
sheep, should it occur under field conditions.
Both scrapie and experimental BSE in sheep
have similar clinical signs and they have sim-
ilar diffuse tissue distributions of PrPS [34,

35, 59, 115]. If natural ovine BSE is similar .

to experimental ovine BSE, then ovine BSE
may potentially behave in a similar manner
to scrapie as far as routes and mechanisms of
transmission are concerned.

4.3.1. Scrapie

This is the most extensively studied TSE
model. Several institutions have established,
maintained and recorded naturally infected
flocks of sheep in order to study various as-
“pects- of scrapie, including its transmission.
These inciude the INRA Langlade flock of
Romanov sheep, various Institute for Animal
Health flocks and the VLA scrapie-affected
flock.

Analyses of data collected over more than
a decade from the first of these have pro-
vided epidemiological evidence for beth a

maternal and lateral component of transmis-

sion [22, 99]. Higher relative risks of clinical
scrapie were observed associated with lamb-
ing periods. There was also a reduced risk
of clinical scrapie in artificially-reared lambs
from healthy dams, and an increased risk in
maternally-reared lambs from scrapie-affected
dams. They proposed that transmission ‘may
occur within the first 24 h of life with addi-

tional risk for those that then continue to share °

the maternal environment (all lambs remained
on their dams for the first intake of colostrum
and then for 24 h). ' ,

The Institute for Animal Health flocks have
established that, despite earlier contradictory,
- findings [30, 31, 33], true vertical transmis-
sion of ovine scrapie (via the germ-line or in
utero) is improbable [36, 37]. A scrapie-free
flock has been established by embryo-transfer

(ET) from one with a long-standing scrapie.
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problem. The ET-derived flock has remained
scrapie-free since its establishment in 1996,
even though it has a similar PrP genetic profile
to the original flock. Of interest to mecha-
nisms of horizontal/lateral transmission is the
fact that the “clean™ flock was established and
maintained in a scrapie naive environment; a
parallel ET-derived flock that was maintained
in close proximity to, but separate from, the
original scrapie-affected flock did experience
clinical scrapie cases [37]. Lateral transmis-
sion has also been shown to occur in the
absence of lambing [38].

In the VLA flock it has been shown that
lateral transmission occurs [84] and that ex-
posure to a contaminated environment only is
sufficient to produce disease (Dexter, Tongue,
Bellworthy, unpublished data).

These flocks are managed in a way that
maintains high frequencies of sheep with PrP
genotypes at high risk of developing clinical
disease. Thus with a high incidence of clini-
cal disease and high infectious load, they also
provide controlled environments in which to
study the pathogenesis of naturally acquired"
disease. They effectively counter the difficul-
ties of studying a disease that occurs at a
low flock-level incidence, however it must
be recognised that whilst they provide evi-
dence for routeés and mechanisms of natural
transmission and estimates of transmission pa-
rameters, they are probably not representative
of any but the most heavily affected (worst-
case scenario) commercial flocks. They are
also limited in the range of breeds present,
and (potentially) in the number of different -
scrapie isolates/strains present. These flocks
may mimic natural exposure, but at a level that
no commeicial flock-owner would be able to
tolerate and remain as an economically viable
unit. Because of this the relative importance
of different components of transmission may
vary in commercial field flocks and. therefore
intervention measures may have different out-
comes. These institutionalised research flocks,
“therefore, act as an important bridge between
the artificial exposure — natural route transmis-
sion experiments - and the true field situation.

A variety of experimental studies using
the approaches outlined above have provided

(page nuiber not for citation purpose) Page 11 of 18
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evidence for possible routes of transmission
_of scrapie. PrP% has been found in tissues
that could be involved in the natural dissem-
ination of the infectious agent i.e., routes that
could lead to exit of the infectious agent from
the animal, and result in either environmen-
tal contamination or direct transmission. These
tissues include the lympho-reticular system of
the gut [40, 103, 115], chronically inflamed
mammary tissue associated with lymphocyc-
tic mastitis [73), kidney tissue [90], salivary
glands [104], nictitating membrane [77], and
. placentae [2, 81, 101].

For the majority of these tissues, evidence

of infectivity or the presence of PP in asso-
ciated secretions and excretions is still elusive
for scrapie in small ruminants. The exception
- is blood [55].- Although experimental blood
transfusions have resulted in clinical scrapie
1551, just as with BSE, it is unlikely to play a
~major role: blood transfusions are not regular
.occurrenccs in sheep veterinary practice.

On the other hand, not only has PrP% ‘and
- infectivity been demonstrated in-placentae {3,
.81, 101}, but it has also been shown to pro-

* duce clinical scrapie when administered orally -

to sheep [78, 79]. This was proposed by the au-
. thors as'a mechanism for lateral transmission

from ewe to ewe at lambing timne. Placenta has
. alsobeen-cited as a possible explanation for
_some of the epidemiological findings thought
to be associated with mechanisms of mater-
nal transmission [74], although much of the
epidemiological evidence may also be inter-_

the -lateral .route, especially that of environ-

mental contamination. For example, there are
* teduced odds of ever becoming a scrapie- .

. affected flock if the flock: sometimes lambs
- - in different places, compared to those flocks
. that always lamb in the same place {74]; there

is decreased risk of disease associated with -
lambing in individual pens [75], and there
were increased odds for scrapie-positive status

of a flock that was found to be associated with

failure to.remove placenta from bedding along
with its disposal in compost _

" "Epidemiological cross-sectional {74, 75}

and case-control studies {47, 51, 80] have pro-

* vided supporting evidence for the role of var- -

Page 12 of 18 (page number not for'citation'purp(‘)se)
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ious allied management practices in the trans-
mission of scrapie in the field. So far they lack
the consistency and specifics necessary for
the development of appropriate intervention
measures. The scrapie literature does however
illustrate how the different types of investi-
gations into aspects of transmission, and the
different disciplines, are complementary. Ex-
perimental studies of transmission routes and
- epidemiological studies of risk factors are in-

trinsically linked in a positive feedback loop,

each informing the other.

4.3.2. Ckronic wasting disease

The other naturally occurring TSE, CWD
of deer is probably less relevant as a model
for BSE in small ruminants, has been recently
reviewed elsewhere [123] and. is covered by
Sigurdson in this special issue {89].

"4.3.3. Other disease nio@els

Host-specific experimental studies in large
animals are expensive.and do take time to pro-
duee results. The former means-that they are
 difficult to fund. The latter means .that they
" may have to be run in:parallél with other
experiments, often with more start-up assump-
. tions than desirable, rather than in a logical
step-wise order following on from previous
findings.  They are, however, of paramount
importance. They provide an oppoﬂumty to
study the disease in the orlgmal host species;
they can be comparable across studies, if stan-

_dardised protocols.are used, and. they elimi- ..
- nate the noise of variability, the difficulties of

loss to follow-up and the potential biases that
are experienced with epidemiological studies.
‘To counter the- time and resource limitations,
_ other models have been sought

The role of hamsters, mice, the burgeoning
range of murine transgenes and other models
such as voles is a large subject in‘its own right,
and is. covered by Groschup and Buschmann
in this special issue [44] and elsewhere [28,
.43]. In the past such models have been use-
- ful 112, 13], but they also have limitations.

For example, laboratory wild-type mice can-
. not replace the original donor species due to

the species-transmission barrier and to their
dlﬂ’erent biology and physiology compared
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to ruminants. The former has been addressed
with the advent of transgenic mice, the latter
is insurmountable. Even these do not replicate
reality, and the interpretation and extrapolation
of any results back to the donor/host-species
needs to be a considered, objective process.
For example, data from different transgenic
mouse lines are not directly comparable, even
-between lines which have a common transgene
{16, 105].

5. PUBLIC HEALTH

The ultimate question of whether a TSE has
implications for public health — i.e. is trans-
missible to man — is difficult to address in the
absence of transmission experiments on peo-
ple. The most appropriate alternative is to use
non-human primates {48, 67, 68, 70] which
have indicated that BSE transmits with a end-
stage disease indistinguishable from variant
Creutzfeldt-Jacob disease (vCID). However
these experiments are limited by ethical con-
* straints. Here the development of transgenic
mice has been of.prospective value, but at
the same time, ¢an be misleading. For exam-
ple, mice. with a single copy of the human
PrP gene were not susceptible eXpenmentally

to BSE [10] while at the same time, epi-

demiological and strain-typing studies were
producing a very strong body of circumstan-
tial evidence that vCJD was a consequence of
BSE infection in man. The inevitable limita-
- tion of such transgenic mice is that only one
human gene is present in the model, and dis-
ease susceptibility and incubation period are

inevitably ‘multi-factorial. Transgenic mouse "

models which overexpress human PrP are also
available, and they are highly susceptible to
BSE [7, 15, 65, 106] but-these may not be a
true indicator of susceptibility in humans. De-
tailed discussion of these models is outwith the

_scope of this paper and is covered in detail by
Groschup and Buschmann in this special issue
[44]..

6. REMAINING CHALLEN GES

Many challenges remain even when a
spongiform encephalopathy has been identi-
fied as. transmissible, and when routes and
mechanisms have been proposed.

333

Vet. Res. 39 (2008) 39:34

What are the effects of repeated low dose

. exposure? What happens when there is inter-

current disease? How do PrP genetics infiu-
ence the transmission process? Is any apparent
reduction in susceptibility actually an effect
of incubation period prolongation to beyond
the natural lifespan? What is the implication
of carrier state/subclinical disease for disease
control and health? How can we detect ani-
mals in the early stage of disease incubation —
a phase “silent” to current investigative tools?

For BSE and scrapie some of these ques-
tions have been addressed partially [39, 42,
45, 49, 56, 61]. It is possible that for novel
TSE many of these questions will' remain
unanswered or unpursued, except by the most
determined of researchers after the funding,
stimulated- by the public health and political
aspects of BSE and vCID, has.dwindled.

Perhaps the “greatest ‘conimdrum for re-
searchers faced with a new TSE'in a species,
ora TSE in a species in ‘whichit hasnot preV1—
ously been described;is whether itis “new”, or
merely “newly observed™. This'is'a parucular
issue for BSE, should it be fourid in the ‘sheep
population. ‘With: much- speculatlon over the
years that scrapie could be the. origin of BSE, it

- might not be too surprising if a-detailed study

of scrapie isolates revealed one with BSE-like
characteristics. A number of studies in the UK
and elsewhere {19, 66, 82] have taken a direct
approach to this question by looking at the ex-
perimental phenotype in cattle experimentally
challenged with scrapie isolates, but the diver-
sity of scrapie isolates precludes thls approach
bemg exhaustive.

Given that no one type of study can provide
all the details or all the answers required, and
because of the constraints implicit in each type
of study, it is important that researchers re-
spect and integrate the work from other areas,
are rigorous, do not overestimate their find-
ings despite various pressures to do so, and are
honest: both in the presentation of their find-
ings and in the vatue of the outcomes. Some of

‘those interested in pure science may disparage

studies that they deem to be of low scientific
merit, but which are actually of high value to
those involved in policy and decision-making:

' equally some work of high scientific merit may
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be extremely interesting in its own right, but
not actually necessary to advance disease con-
trol and protect public health.

7. CONCLUSION

The approaches to the investigation of the
transmission of BSE and scrapie, outlined
above, differ only slightly. Those differences
are due to the nature of the two diseases. BSE
was a novel spongiform encephalopathy, in
a hitherto unaffected species, that had char-

_acteristics of a-point source epidemic, with
" an agent that could have been incorporated

into a wide variety of feedstuffs and iatro-
genically administered to naive populations,
and there was early evidence that it was not
restricted to bovines. It was vital to estab-
lish, albeit experimentally, which other species
‘might: be -affected, and whether the epidemic

.-could be maintained by natural transmission,
. if the source.was removed. In contrast, scrapie
. has. been endemic throughout Great Britain for
‘ '5cenu1nes, is. maintained naturally (even if we
. don’t know exactly how).and has a known host

range. The principles, process and integration

“of evidence from different types of studies,

‘however, are similar for both of these TSE and
can be applied to any emerging or suspected
spongiform encephalopathy.
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tudy we assessed the field test version of the new WHO JE surveillangp
andards. We applied the clinical case definition of acute encephalitj
drome (AES), laboratory diagnostic driteria and case dassificationg
to hatients with suspected central nervous system (CNS) infections
" southern Vietnam. 380 patients (149 children) with suspected C
infecons were recruited and evaluable, of whom 296 (96 childrgh) met
the AP§ case definition: 54 children were infected with JE virus $EV), of
whom 35 (65%) had AES, giving a sensitivity of 65% (95%Cl §6-73%),
and spedificity 39% (30-48%). 9 adults with JEV all presented/with AES,
The 19 JeV-infected children missed by the surveillance incluged 10 with
acute flacad paralysis, 2 with a flaccid hemiparesis, and 6 with meningism
only. Altering the case definition to include imb paralysis /d meningism
improved the\sensitivity to 89% (83-95), whilst reducing the specificity
to 23% (15-3Q). An acute serum sample diagnosed 41(68%) of 60 JEV
positive patienty; an admission CSF diagnosed 33(72%}Yof 46 patients
with this sample)induding 7 that were serum negativg. Examining
a 2™ sample at ddy 10 diagnosed 61 of 62 patients.  patients with
neurological manifstations of dengue infection hadfJEV antibodies in
serum, and would have been misdiagnosed had weg/not tested for dengue
antibodies in parallel\in condusion, the case definftions detected about
two thirds of the childien infected with JEV, missifig those presenting with
acute flaccid paralysis. A modified case definitioft which indluded acute
paralysis and meningisrm\detected nearly 90% $f children. An acute CSF
sample is more sensitive and specific than an gcute serum sample. This
" formal evaluation of surveiance standards djring their development
provides an evidence base t§ support their fhcommendation, and should
be encouraged for future WRO standards.

EPIDEMIC CHIKUNGUNYA BEVER, INDIA AND INDIAN
OCEAN, 2006: LABORATORV\B ED SURVEILLANCE FOR
IMPORTED CASES, UNITED STATES

Eileen C. Férnon, Amanda J. §anella, Roselyn Hochbein, Olga L.
Kosoy, Janeen J. Laveen, Robeft S.\Lanciotti, Grant L. Campbell

Centers for Disease Control and p eventip , Fort Collins, CO, United States

Chikungunya virus {CHIKV) is afmosquitoYporne alphavirus endemic to
Africa and Asia. Chikungunyaftever (CHIKR is characterized by fever,
rash, arthralgia, and sometinges arthritis; joift symptoms can be severe
and profonged. In 2005-2006, an unprecedeNted outbreak of CHIKF
occurred on islands in the dlan Ocean and in\india. Viremic travelers
from epidemic areas could introduce CHIKV to Yhe United States (U.S.)
through infection of competent local mosquito species, induding Aedes
aegypti and Aedes albopictus, which are distributkd throughout the
southeastern U.S. and Hawaii. We investigated all §ases of CHIKF among
U.S.-bound travelers ifi 2006 that were confirmed a\ CDC. We searched
the CDC Arboviral Djagnostic and Reference Laborat§ry’s database for
all patients with labpratory-confirmed CHIKF with onsAt in 2006, and
abstracted demoggaphic and travel information. Cases Yere confirmed
using serology (IgM enzyme-linked immunosorbent assa) and plaque
reduction neutrafization test), viral culture, and reverse tr3 scriptase-PCR
(RT-PCR). Thirtyfeight people from 16 states and the Distric¢ of Columbia
had laboratoryfevidence of recent CHIKV infection. Their madian age
was 49 years frange, 22-78 years); 55% were female. India vas the -
travel destingtion most frequently reported (87 %), followed by Sri Lanka
(11%), Réuhion (3%) and Zimbabwe (3%). One person reported travel
to both Ingdia and Sri Lanka. Evidence of recent infection was fodpd by
serology #h 31 (82%), by viral culture and RT-PCR in 5 (13%), and\by RT-
PCR alogfe in 2 (5%). In contrast, only 3 cases of CHIKV infection dnong
U.S.-bgfind travelers were diagnosed at CDC during the preceding \5-year
periodffrom 1991-2005. An unprecedented number of CHIKF cases yere
confifmed at CDC among travelers to the U.S. in 2006. The 5 culture-
posifive travelers, and others who might have had undetected viremia,
pofed a risk of introducing CHIKV into local mosquito populations. Ther)
ws no evidence of local CHIKV transmission in the U.S. in 2006, but
the potential for introduding CHIKV to the U.S. from areas with ongoing
transmission still exists. Travelers to tropical areas of Asia and Africa should
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take precautions against mosquito bites. Travelers returning from epidemic
or endemic areas with fever and joint symptoms should be tested for
CHIKV infection, and pasitive cases repo~~+! ~r~mnths 4 lncal ny i

heaith authorities. ' BENE2008 -005

“while the rate of CT donors was slightly higher, 2.8% (402/14,482).

PERSISTENT SEROPREVALENCE OF ANAPLASMA
PHAGOCYTOPHILUM IN NEW ENGLAND BLOOD DONORS

Melanie C. Proctor?, David A. Leiby', Stephanie T. Johnson?,
Richard G. Cable? .
"American Red Cross Holland Laboratory, Rockville, MD, United States,
2American Red Cross, Farmington, CT, United States

The incidence of human granulocytic anaplasmosis (HGA) has doubled
since 1999. The causative agent, Anaplasma phagocytophilum, is
transmitted to humans primarily by the ixodid tick, ixodes scapularis,
endemic in New England. A. phagocytophifum causes an iliness that
ranges from asymptomatic to severe. There has been one reported case
of transfusion-transmitted A. phagocytophilum, but blood donors are not
currently screened for HGA. To determine the potential blood safety risk
posed by this agent, we determined its seroprevalence in Connecticut (CT)
and Massachusetts (MA) blood donors. Consenting CT and MA blood
donors were enrolled in a comprehensive tick-borne disease study. Biood
samples were collected during the {ate spring to early winter (2001-2005)
and year round beginning in 2006. Serum colfected from participating
donors was tested for human IgG antibodies to A. phagocytophilum
using an indirect immunofluorescent assay (IFA). A donor was considered
positive if their IFA titer result was > 1:64. Of 15, 828 donor sera tested by
IFA, 432 (2.7 %) were positive by IFA for A. phagocytophilum antibodies.
The distribution of titers'was as follows: 256 (59%) donors at 1:64, 115
(27%) at 1:128, 42 (9.7%) at 1:256, 14 (3.2%) at 1:512 and 5 (1.2%)

at >1:1024. MA donors had a seroprevalence rate of 2.2% (30/1346),

Seroprevalence peaks occurred in the following months: February (4.7 %),
December (3.7%) and September (3.4%). Overall, the seroprevalence
data demonstrated variable yearly rates with a low of 1.7% in 2004 and
a high of 4.1% in 2001. Observed fluctuations'in yearly seroprevalence
rates are likely the result of climactic and environmental factors that
influence the complex lifecycle of A. phagocytophilum. The observed
persistence of relatively high seroprevalence rates reinforces the need to
examine the possible impact that A. phagocytophilum may have on blood
safety. Limited transmission evidence to date may be attributable to the -
agent’s short bacteremic phase, the effect of leukoreduction on this intra-
granulocytic organism, or to transmission of primarily sub-clinical infection
and resultant under-recognition.

(ACMQP Abstract)

Gupta’, Richard R.
Young', Donald F. Hei
John Dickason?, Samuel R.
Kenneth Dardick', Diane Chri
Andrew Spielman?

'University of Connecticut

iversity School of Medicine, New York, NY, United States, *New York \
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