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Prion diseases are lethal neurodegenerative dis-
orders affecting animals and humans. Although
human prion diseases are generally rare, the
incidence of a “new variant” Creutzfeldt-Jakob
disease in young patients in the United Kingdom
is increasing. Considerable evidence suggests
that this novel disease is the sequelae of exposure
to BSE-contaminated food products. Recently
several clues have been identified regarding the
mechanisms of prion spread in an infected
host following peripheral infection. In this article
the involvement of the immune system in the
mechanism of prion spread from peripheral sites
to the central nervous system will be discussed.
These studies will help to establish strategies aimed
at therapy for iatrogenic prion disease and
new variant Creutzfeldt-Jakob disease (vCJD) in
humans.
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Abbreviations

BSE  bovine spongiform encephalopathy

CJD  Creutzfeldt-Jakob disease

FDC follicular dendritic cell

PrP prion protein

PrP€¢  normal cellular form of PrP

PrPSc  scrapie-associated form of PrP

TSE  transmissible spongiform encephalopathy
vCJD variant CJD
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Zusammenfassung

Prionenerkrankungen oder iibertragbare spongi-
forme Enzephalopathien sind letale neurodege-
nerative Erkrankungen, welche histopathologisch
durch schwammartige («spongiforme») Veridnde-
rungen im Gehirn charakterisiert sind. Obwohl
Prionenerkrankungen selten sind, hat das Auftre-
ten einer neuen Variante der Creutzfeldt-Jakob-
Krankheit (vCJD), zuerst bei jungen Patienten in
Grossbritannien beobachtet und wahrscheinlich
auf eine Infektion mit dem BSE-Erreger iiber die
Nahrungskette zuriickzufiithren, zu grossem ge-
sellschaftlichen und wissenschaftlichen Interesse
gefiihrt. Dieser Artikel beschiftigt sich besonders
mit der Ausbreitung des Erregers, der Rolle des
Immunsystems bei Prionenerkrankungen und fasst
die bisherigen experimentellen und epidemiolo-
gischen Daten zusammen, die belegen, dass die
BSE und vCJD auf denselben Erreger zuriick-
zufithren sind. Aus diesen Studien ergeben sich
Grundlagen, um die Ausbreitung von Prionen im
infizierten Organismus zu verstehen und mogli-
cherweise Erkenntnisse,um therapeutische Strate-
gien zu entwickeln.

Schliisselworter: iibertragbare spongiforme En-
zephalopathien; Prion; PrP; Immunzellen; Neuro-
invasion

Introduction

Prion diseases or transmissible spongiform ence-
phalopathies (TSEs) belong to a group of fatal
neurodegenerative illnesses which include Creutz-
feldt-Jakob disease (CJD) in humans, scrapie in
sheep and bovine spongiform encephalopathy
(BSE) in cattle [1, 2]. Human prion diseases com-
prise three manifestations in general, namely the
sporadic forms of the disease (85% of all CJD
cases), the inherited forms linked to mutations in
the human PrnP gene and the infectious forms
which are acquired by transplantation, injection
or ingestion of prion-contaminated tissue-derived
products (iatrogenic CJD, vCJD and kuru). Expe-
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rimental and epidemiological investigations of
prion diseases have greatly been promoted by
the recognition of “new variant” Creutzfeldt-
Jakob disease (vCJD) in the United Kingdom
and in France, which is most likely the result
of the consumption of beef products contami-
nated with BSE. Subsequently the infectious
potential of bovine prions has been demonstrated
by transmission of the BSE agent to a variety of
species [3].

The molecular biology of prion diseases

Although the exact physical nature of the trans-
missible agent is still in question, a wealth of expe-
rimental data supports the “protein only” hypo-
thesis which postulates that the agent is devoid of
nucleic acid and consists solely of an abnormal
folded form (PrPSc) of a normal host-encoded
cellular prion protein (PrP¢ or PrP-sen). The hall-
mark of prion diseases is the deposition of the
abnormal isomer (PrPs¢ or PrP-res) in the brain.
Prion infectivity copurifies with the partially
protease-resistant and detergent insoluble PrPse,
which suggests that the abnormal isomer is a
component of the infectious agent. Furthermore,
agent propagation is thought to occur by a PrPse-
mediated conformational conversion of PrPC into
new PrPsc molecules [2].

Mice lacking the gene that encodes the cellu-
lar prion protein (Prnpo/c mice) are fertile and
develop quite normally but fail to develop the
disease and do not propagate the infectious agent
demonstrating that host cells must express PrPC
in order to sustain the disease [4]. Whilst PrPC€ is
expressed at high levels in the central nervous sys-
tem (CNS) it is not confined to this site and can be
detected on a variety of cells in peripheral tissues
including cells of the lymphoid system [5].

Human prion diseases and BSE

Among the human prion diseases most attention
currently focuses on vCJD and its relationship to
BSE [6]. New variant CJD was first reported in
March 1996 affecting unusually young people in the
UK and was shown to be different from sporadic
CJID inregard to its clinical and neuropathological
features [7]. So far, 85 cases of vCJD in the UK,
one in Ireland and 3 cases in France have been
confirmed. All these cases share a unique histo-
pathological phenotype consisting of numerous
“florid” amyloid plaques, which are composed of
PrP.
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There are several lines of evidence arguing
for a causal relationship between BSE and vCJD:
all cases of vCJD were initially reported 10 years
after the BSE outbreak and no obvious risk factors
could be identified. Therefore a causal link to the
exposure of BSE-contaminated food products
seems likely. Furthermore, it has been shown
that primates (cynomolgus macaque) inoculated
intracerebrally with brain extracts from BSE-
affected cows develop a CJD-like disease with
multiple florid amyloid plaques, which have been
observed in all cases of vCID [8]. In addition,
classical strain typing experiments have demon-
strated that transmission of vCJD or BSE prions
into a panel of inbred mouse strains produced
incubation times and brain lesion profiles which
were indistinguishable, thereby establishing a
single prion strain causing vCJD and BSE [3].
Even more strikingly, comparison of incubation
times and lesion patterns produced by prions
derived from sporadic CJD,vCJID or BSE revealed
that vCJD prions are closer related to BSE prions
than to sporadic CJD prions.

Spread of prions from peripheral sites
to the central nervous system

Whilst the pathology of prion diseases is confined
mainly to the brain and can occur following iatro-
genic intracerebral inoculation, the most common
occurrence of disease results from exposure via
peripheral routes such as intraperitoneal, intrave-
nous or oral exposure to infectious material.
Epidemiologically more relevant than the intra-
cerebral transmission is the oral uptake of prions
which is thought to be responsible for the BSE
epidemic and for transmission of BSE to a variety
of species including humans. Prions can find their
way through the body to the brain of their host, yet
histopathological changes have not been identified
in organs other than the central nervous system.
But prions may multiply or accumulate silently
in “reservoirs” during the incubation phase of
the disease. One such reservoir might be the
immune system and many studies point to the
importance of prion replication in lymphoid
organs [9]. Following either intracerebral (i.c.)
or intraperitoneal (i.p.) experimental inoculation,
prions accumulate in secondary lymphoid organs
such as spleen and lymph nodes [10]. This appears
to be a strain-dependent phenomenon as different
prion strains exhibit different affinities for lym-
phoid tissues. For example, BSE appears to have
low affinity for bovine lymphoid tissue, and is
confined to the nervous system of experimentally
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Figure 1

Figure 2
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Schematic representation of cells involved in peripheral prion pathogenesis in the white pulp module of secondary lymphoid
organs (upper panel). Confocal double-colour immunofluorescence analysis shows localisation of PrP (red) and FDCs (green)
in the follicular dendritic network of germinal centres in spleen. Most of the PrP signal appears to colocalise with FDCs (lower
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Latency of scrapie in different immunodeficient mice. All mice developed spongiform encephalopathy after intracerebral
inoculation (closed triangles, upper panel). In contrast, B-cell deficient mice stayed healthy after intraperitoneal inoculation

with mouse scrapie prions (open circles, lower panel).
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infected cattle, although very limited amounts of
infectivity have been detected in other sites such
as terminal ileum and bone marrow. In contrast,
during the human disease vCJD, which is most
probably derived from BSE, PrPSc accumulates in
tonsils, spleen and appendix of infected individuals
[11,12].

Despite considerable evidence implicating the
role of the immune system in peripheral prion
pathogenesis, there have been few studies on
identity of cells involved in this process. Early
studies showed that whole-body gamma irradia-
tion of mice failed to influence prion pathogenesis
or scrapie incubation time [13]. This has argued
against a significant involvement by proliferating
cells in the lymphoreticular phase of prion pro-
pagation. Follicular dendritic cells (FDC), which
are radio-resistant, have been considered as the
prime cell type for prion replication within
lymphoid tissue since PrPSe¢ accumulates in the
follicular dendritic network of scrapie-infected
mice (fig. 1) [14]. In addition, severe combined
immunodeficient mice (SCID), which lack mature
B and T cells, and which do not appear to have
functional FDCs, are highly resistant to scrapie
after intraperitoneal inoculation and fail to re-
plicate prions in the spleen. Interestingly, bone-
marrow reconstitution of SCID mice with wildtype
spleen cells restores their susceptibility to scrapie
disease after peripheral infection [15]. These
findings suggest that an intact or partially intact
immune system, comprising lymphocytes and
FDCs, is required for efficient neuroinvasion by
prions from the site of peripheral infection. To
identify the lymphoid cells responsible for accu-
mulation of the infectious agent in secondary
lymphoid organs, a panel of immunodeficient
mice with various defects has been tested for
their susceptibility to scrapie. Mice deficient for
T cells developed scrapie similar to wildtype
controls following intraperitoneal (i.p.) inocula-
tion with a mouse-adapted scrapie isolate. In
contrast, no clinical disease was observed in
mice with either a B-cell defect or with a combined
B- and T-cell deficiency (fig. 2). Importantly, no
prion infectivity was detectable in the spleens
of disease-free mice. These data implicate B cells
as a crucial cell type involved in peripheral scrapie
pathogenesis. However, in the absence of B cells
mice fail to produce antibodies and FDCs fail to
develop [16]. Since the replication of prions [4]
and their transport from the periphery to the
central nervous system [17] is dependent upon
expression of PrPC, the requirement of PrPC¢ ex-
pression by B cells was tested. Mice were repop-
ulated by adoptive transfer of haematopoietic
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stem cells, which expressed or lacked expression
of PrPC.

Adoptive transfer induced the formation of a
follicular dendritic cell network in spleens of re-
cipient mice. Reconstituted mice were challenged
i.p. with scrapie prions. Surprisingly, all mice that
received haematopoietic stem cells of either geno-
type, Prup*+ or Prnp°°, from immunocompetent
donors, succumbed to scrapie after inoculation,
arguing that an intact immune system is required
for neuroinvasion and that the expression of PrP¢
on B-lymphocytes is dispensible [18].

Whilst B cells are clearly a cofactor in periph-
eral prion pathogenesis, the identity of those
cells in which prions actually multiply or accumu-
late within lymphatic organs is uncertain. Recent
results showed that a transient therapeutic deple-
tion of FDCs with an inhibitor of FDC develop-
ment leads to a prolonged incubation time and to
decreased titres of the infectious agent in spleen
[19]. Collectively, the current findings are compa-
tible with the hypothesis that cells whose matura-
tion depends on B cells are responsible for accu-
mulation of prions in lymphoid tissue such as the
spleen. FDCs, although their origin remains rather
obscure, are a likely candidate for the site of prion
replication because their maturation correlates
with the presence of B cells and their products.
However, it is still possible that the follicular
dendritic network serves merely as a reservoir
for the accumulation of prions and that other
processes are involved in the transport of the
infectious agent. Prions may be transported on
or within B cells directly as they cross peripheral
lymphoid tissue to localise in autonomic nerve
terminals. Indeed, recent investigations have
demonstrated that prion infectivity is rather asso-
ciated with B- and T-lymphocytes than with a
stromal fraction containing FDCs [20]. Alterna-
tively, there might be other components derived
from lymphoid cells, which are responsible for
binding and transport of prions.

Conclusion

A little more than a decade ago, prion diseases
were regarded as rare neurodegenerative disorders
with no serious impact on public health issues
and no immediate need for the development of
diagnostic or therapeutic measures. This has dras-
tically changed with the appearance of BSE epi-
demic and its human counterpart vCJD. Because
of the long incubation time and other unknown
factors such as genetic predisposition and exposure
criteria, it is difficult to predict whether the inci-
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