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Abstract Bovine spongiform encephalopathy was a novel spong1form encephalopathy, inan. hllherm un-
affected species;. that had characteristics of a point source epidemic, with an agent.t that could liave been
incorporated into a wide vanety of feedstuffs and iatrogenically admiristered to naive, populauons, and
there ‘was early evidence that it was not restricted to bovines. Tt was vital to establish, albeit experimentally,
which other species might be affected, and whether the epidemic could be maintained:'by natuial trans-'
mission, if the source was removed. In contrast, scrapie has been endemic-throunghout 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 ﬂ? tegration of evidence from different types of studies,. howe\rer ‘are snmllar for both
of these transmissible spongiform encepha.lopathlcs (TSE) and can be applied to any emerging or suspected

spongiform encephalopathy. This. review discusses the eéxperimental 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 ammals

The spongiform encephalopathies of an-
imals include scrapi¢, chronic wasting dis-
ease (CWD), transmissible mink encephalopa-
thy (ITME), 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-
‘tive ostriches [85-87]. Spongiform change can
also be seen 1n other mseases such as rables
: encephalopatlues They may be encountered
as a genetic or congenital problem [62, 63,
102}, 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 laiter 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 [23,
45, 93] and there could be other unconfirmed,
or even as yet unidentified, factors that might
affect host susceptibility. .

1.2. Aim and .('ijéétives-

An integral part of the classification of
spongiform encephalopathies is whether they

-are transmissible or not. If it is possible to ex-

perimentally tranismit “to pass or'’hand on” [4]

Le. transfer. the disease, then it has the poten- -

tial to be naturally-infections. An infectious
disease is one that is due to .the “transmis-

sion of a gpecific apent, or its toxic products

from an infected person, animal, or reservoir
to a susceptible host, either directly or indi-
rectly through an intermediate plant or animal
host, vector, or the inanimate environment”
[71]. This has implicaticns for disease control

‘strategies; different approaches will be needed -

if there is an infectious component than if the

“spongiform encephalopathies in other species,
including humans, are either. genetic in ori-
gin (e.g. Gerstmann-Striussler-Scheinker dis-

ease, fata]l familial insomnia) or have been
. linked predominantly with an idigpathic rans- -

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-numinant
species.

The namrally occuting transmxssxble
spongiform encephalopathies (TSE) are
invariably fatal, have long incubation periods
and provoke no overt immune response in
the host. In some, such as scrapie, there are
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"discéase was purely due to a nufritional or T g6-

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. it 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 experimental transmission of sheep
scrapie via the conjunctival route in France in
1936 {17, 18]. This expenmental evidence of
tfransmissibility was confirmed, somewhat un-

intentionally, by the iatrogenic transmission of -

scrapie from sheep to 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 10 the
ficld situation, where the required onicomes
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 unangwerable) guestions
that are inevitably raised when a novel spongi-
form encephalopathy is encounfered, and -its
ability to transmit is investigated. -

1.3. Definitions

— PrP%:; “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 PiP% 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 contaiminated envircnment.

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

gories above.
— Negative animal: no detectable PiP%. in

any tissue tested (must include CNS (1ann- _

imal dead) andfor 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 in utero [11].
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— Horizontal transmission: lateral spread to
- others in the same group and at the same
time; spread to contemporaties [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 transmigsion before
or immediately after birth.

2. CONFIRMATION OF DISEASE AND/OR
INFECTION :

The absolite nature of the infectious agent
poses a uniqie challenge and is still a
contentious issue. Accumulations of” disease-
specific prion protein (PrP%) in the CNS can
be demenstrated in all cases of -clinical dis-
ease, so the detection-of PrP% is now. used
to confirm’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 theit 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 cuirent diagnos--
tic tools [76]. The cun'ently 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
is 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 PiP¢, and
responsible for infectivity cannot be unequivo-

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

from potentlally infected animals in which no
PrPS¢ was démonstrable with current diagnos-
tic tools {69]. However, in order to investigate

(page mumber nef for citation purpose) Page 3 of 18
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transmission of spongiform encephalopathies,
all studies currently use the presence of PrPS
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

- 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 Bovme spongiform encepha!opathy -
. aTSE?

Following the id;entiﬁcat.ion of BSE in cattle
[107] and its epidemiological link to contami-

_nated feed [118, 119], the major tranpsmission

questions to be addressed as in any other new

disease, 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, o define infectious dose
and host susceptibility? :

- Then, if and when transmission is aéhieved:

. — What is the pathogenesis of the resuiting‘_

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

. Page 4 of 18 (page mumber 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-
fled routes and mechanisms in the trans-
mission of the disease under natural condi-
tions in the original host and other species?

Only then can fulfy 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. I for details [6, 8, 9,
20, 21; 26, 32, 35, 46, 49, 54, 58-60, 72; 83,

- 97,100-114, 116, 117, 124]). In the case of

BSE, a sense of urgency accompanied these
investigations, partly as a consequence of the
subsequent emer; gence 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.). Inifial 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.

Table I summarises the expenmental chal- .

BSE as a source, and food animal species as
recipients. A similar.range of studies could be
listed for other donor species/strains (in partic-_

qlar scrapie and CWD), and indeed for BSE

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

3.2.2." Artificial exposure - natural routes

The next stage was to establish if suscep-
tlblllty 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 species susceptibility to BSE — summary of experimental transmissions from bovine tissue.

Recipient species/ Route of Donor Amount (g} TiwreinRUII  No.ofanimals = Ageat  Incubation  Key policy uutcomcs!quesriom addressed
genotyps (whiere  inoculation  tissue mice?* (if known) challenged dosing period '
relevant) : ' ’
Cartle’ ic/iv.  Brain 0.1/0.5 + N/A 16 4-5months  74-90  proof of ransmissibility within species! [20].
weeks  End stage disease looks the same as natural
. _ "disease regardless of route [110]
‘Cautte Qral - Brain o 10246 30 4 months Timed kills Pathogenesis of BSE in original host [111].
BSE infectivity identified in thie CNS, jlsum
[109] and bone marrow [ 112} of pre-clinical
- cases. Endstage disease after experimental
challenge is the same as natural disease [46,
. - 110 . .
Cattle. Oral Burain 13 x 100, 1035 10-15per  4-6 months  34-98  Determination of LDsq and minimurm infec-
100, 10. 1, group (toral " months  tious dose of BSE in cattle [117]. Establish
0.1, 0.01, n=50) attack rate for interpretation of pathogenesis
0.001 study [6). Establish minimum effective dose
® for epidemiologieal modelling. Confirm that
experimental endstage disease looks the same
regardiess of dose and incubatdon period
{Simmons, unpublished data) '
Catele ic. Brain Log - N/A 24 (4 per 4 months 20-39  Comparative titration BSE in cattle and mice '
’ ‘ dilutions ’ group} months  showed that catdle approx. 500 times more
sensitive than mice. (Catile 105, mice 10732
Cattle ie. ~ Range of tis- 0.l NiA 325in groups 4-6 months ~ 23-45 _ In addition to CNS, palating tonsil {1 14] and
' sues from of 5 ) months  nictitating membrane (Wells, Hawkins, unpu-
initial pathe- . depending blished data) hasbour BSE infectivity in cattie.
genesis study on tissue - Themajority of peripheral tissues assayed were
time kills negative (Hawkins, unpublished data)
Cautle Oral Brain 100 -3 x 10286 24 6 months Timekills Early pathogenesis and the involvement of
100 :

Peyer's patches in the distal ileum [97]
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Table L. (contioned). .
Recipient species/geno- - Routeof  Donortissue ' Amount (g) Tire in RIII -No.ofanimals Age at Incubation Key policy outcomes/questions
type (where relevant) inoculation : mice* (if known) challenged  dosing .~ period 7 addressed
Cattle o Oral Brain : N/A - .56 ] Time kills Pathogenesis in oziginal host {49)
. \ - months {ongoing} U
Cattle Oral Broin 100 or k 1! 200 4 months Timed killsup  Pathogenesis of BSE in original host. Dis-
: - - : ' to a clinicalend-  tibution of tissue infectivity in caitle
| point of 30-78 - using a range of statutory jcreening tests
- months to ensure that SRM controls remain
appropriate [6]. Provision of tisstue bank
: (including milk) for future test evaluation,
H End-stage experimenial disease [ooks like
) " end-stage natural disease (Hawkins and
! Simmons, unpublished data). No PxP5¢in
. o milk from affected animels [26]
Cautle Oronasal  Foetal - 190 mL oral, 5 mL NiA - 12 2.3 Animals survi-  No demonstrable infectivity in foetal
membranes i nasal of o 50% months  vedto7 years  membranes® [20]
1 homogenate -
Cattle Embryo  Live embryos! N/A N/A 347 Young- Nia BSE cannot be transmitted through
transfer  from clinically: adult embryo transfer [124]
aftected donors -
Sheep (positive and ie Brain ' 0.5 mLof 10% ) NiA ] 1l 6-18 440-994 days  Sheep are susceptible to BSE, including
negative lite Cheviots) ! homogenate months sheep not universally susceptible to sera-
pie [32]
Sheep (positive and Oral Brain i 50mLof 1% N/A 12 6-18  538-994days  Sheeparesusceptibleto BSEby thisroute
negative line Cheviotst ' homogenate months £32] '
Sheep . Oml . Brain s Sg. 10397 ] 20 G months 664-909 days  Distribution of infectivity in positive
' ) sheep [59]. Important for SRM and risk

- anafysis. Verification that the BSE/scra-

pie discriminatory tests work in the ARQ/
ARQ genotype [58]
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