REVIEWS

ENCEPHALOPATHIES

A general term for diseases
that affect the brain, including
metabolic, toxic, traumatic,
infectious and neoplastic
disorders. Although it is used
to describe the lesions that
are caused by prion diseases,
transmissible spongiform
encephalopathies also affect
the spinal cord.
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ANTIPRION IMMUNOTHERAPY:
TO SUPPRESS OR TO STIMULATE?

immunoprophylactic antiprion strategies.

Prion diseases are fatal neurodegenerative conditions
that affect humans and a wide variety of animals
(TABLE 1). Although prion diseases have some morpho-
logical and pathophysiological similarities to other
progressive ENCEPHALOPATHIES, such as Alzheimer’s and
Parkinson’s diseases', they are unique in that they are
transmissible. Typically, intracerebral inoculation of
healthy individuals with affected brain tissue repro-
duces the disease. This important fact was recognized
more than half a century ago for scrapie?, a prototypical
prion disease that affects sheep and goats. Therefore,
prion diseases are also known as transmissible spongi-
form encephalopathies (TSEs), a term that emphasizes
their infectious character.

Less than 1% of all reported cases of Creutzfeldt—Jakob
disease (CJD) in humans can be traced to a defined
infectious source. However, the identification of bovine
spongiform encephalopathy (BSE)?® and its subsequent
epizootic spread has highlighted prion-contaminated
meat-and-bone meal as an extremely efficient vector for
bovine prion diseases* (BOX 1), which does not com-
pletely lose its infectious potential even after extensive
autoclaving®.

Human prion diseases typically have a long latency
period (the time between infection and the manifesta-
tion of clinical symptoms), from 2 years to more than
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Abstract | Although human prion diseases are rare, they are invariably fatal, and treatments
remain elusive. Hundreds of iatrogenic prion transmissions have occurred in the past two
decades, and the bovine spongiform encephalopathy epidemic has raised concerns about
prion transmission from cattle to humans. Research into therapeutics for prion disease is
being pursued in several centres and prominently includes immunological strategies.
Currently, the options that are being explored aim either to mobilize the innate and adaptive
immune systems towards prion destruction or to suppress or dedifferentiate the
lymphoreticular compartments that replicate prions. This article reviews the pathophysiology
of prion diseases in mouse models and discusses their relevance to immunotherapeutic and

30 years for some cases of kuru. From the viewpoint of
interventional treatment approaches, there is a potential
window of intervention after infection has occurred but
before brain damage has been initiated. For much of
this latency time, prions are executing neuroinvasion,
which is the process of reaching the nervous system after
entering the body from peripheral sites®”. During this
process, little or no damage occurs to the brain, and as
we discuss, it is hoped that interruption at this stage
can prevent neurodegeneration. Here, we focus on
mouse models of TSEs, which have proven eminently
useful for understanding prion pathogenesis and
might help in the testing of prophylactic and thera-
peutic strategies. The extent to which this information
can be extrapolated to natural human infections
needs further investigation.

Prion nomenclature

Newcomers often complain that prion nomenclature
and prion-related concepts are complex. However,
many insiders also find the nomenclature to be incon-
sistent, and confusion has increased owing to the many
alternative nomenclatures that have been proposed
over time. We adhere to the following convention: the
term prion denotes the transmissible principle that
causes TSEs, without assigning any specific physical
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Table 1 | Prion diseases of humans, animals and animal models

Disease

Creutzfeldt-Jakob disease

Variant Creutzfeldt-Jakob disease

Kuru
Fatal familial insomnia

Gerstmann—Straussler—Scheinker

syndrome
Scrapie

Chronic wasting disease

Bovine spongiform encephalopathy  Cattle

Spongiform encephalopathy of zoo

animals

Feline spongiform encephalopathy

Transmissible mink encephalopathy  Mink

Natural host Transmission route or disease- Other susceptible References
species induction mechanism species
Humans Sporadic, familial (PRNP germline Primates, hamsters, 127131
mutation) or iatrogenic human PRNP-transgenic
mice and wild-type mice
Humans Ingestion of BSE-contaminated food Human PRNP-transgenic 130,132,133
mice and wild-type mice
Humans Ingestion or ritualistic cannibalism Primates 127,134
Humans Familial (PRNP germline mutation) Wild-type mice 135
Humans Familial (PRNP germline mutation) Primates and mutated 136,137
Prnp- transgenic mice
Sheep and goats Horizontal and possibly vertical Primates, hamsters, 127,138-141
ovine Prnp-transgenic mice
and wild-type mice
Mule deer, Horizontal and possibly vertical Ferrets 141
white-tailed deer and
Rocky Mountain elk

Zoological bovids
and primates

Zoological and
domestic felids

Ingestion of BSE-contaminated MBM

Ingestion of BSE-contaminated MBM
Ingestion of BSE-contaminated MBM

Ingestion; origin of epidemics unclear

Primates, bovine Prnp- 132,138,142-144
transgenic mice, human
PRNP-transgenic mice

and wild-type mice

Wild-type mice 145
Wild-type mice 146
Hamsters 147

BSE, bovine spongiform encephalopathy; MBM, meat-and-bone meal; PRNP, gene that encodes the cellular prion protein, PrPC.

SUPEROXIDE DISMUTASE

An antioxidant enzyme that
contains zinc, manganese or
copper, and protects cells from
damage by superoxide radicals.

PRION HYPOTHESIS

Maintains that transmissible
spongiform encephalopathies
are infectious diseases caused
by the conversion of a host-
encoded, protease-sensitive
protein — known as the prion
protein (PrP) —to an
abnormal, protease-resistant
isoform. The hypothesis also
states that the infectious agent
is completely devoid of nucleic
acids. The abnormal or disease-
associated PrP (known as PrP%)
self-aggregates and forms
amyloid fibrils. PrP% has been
identified as the main
component of the infectivity.

characteristics to it. Instead, we refer to PrP% as the
prion protein that is associated with disease — a modi-
fied form of the cellular prion protein (PrP¢) that
accumulates in TSE-affected individuals®.

PrPC€ is anchored in the plasma membrane by a
glycosylphosphatidylinositol anchor® and is expressed
by a wide variety of cells'®!. Despite the availability of
PrPC-deficient mice for the past 12 years'?, the normal
function of PrP¢ is still unclear. Several subtle abnor-
malities have been described for PrPC-deficient
mice'*™, but the molecular basis of these is undefined.
PrPC has similarities to membrane-anchored signal
peptidases', but this observation has not been sub-
stantiated by functional data. The speculation that
PrP€ might be a superoxiDE DIsMUTASE'®!” is particularly
attractive because of its multiple copper-binding sites,
and it was recently suggested that amino-proximally
truncated PrP¢ might reduce endogenous dismutase
activity's. However, PrP¢ does not make any measurable
contribution to dismutase activity in vivo'>*.

PrP% was originally defined as protease-resistant,
aggregated PrP, and considerable evidence indicates that
PrP% is the prion®'. However, protease resistance is
merely a surrogate marker for the structural characteris-
tics of PrP%, and PrPC€ can undergo modifications that
are distinct from protease resistance?>?. Therefore, PrP%
might be best defined on the basis of generic disease-
associated structural modifications rather than protease
resistance. Furthermore, PrP* might not be identical to
the prion®. Instead, the infectious principle might con-
sist of one of the following: a subspecies of protease-
resistant PrPS molecules; an unstable intermediate,

provisionally known as PrP* (REF 25); a complex of PrP%
with another protein(s), which might be host-derived*;
or a complex of PrP* with non-protein compounds?,
which might include non-coding nucleic acids®.

Pathogenesis of prion disease

Despite two decades of intensive research, we still do not
know whether the prion HypOTHESIS is correct?. If the
prion consists entirely of PrP%, it might propagate by
TEMPLATE-DIRECTED REFOLDING OT by sEEDING (also known as
nucleation)?® (FIG. 1). Does PrP* catalyse conversion of
PrP€ to more PrP% by direct action, or does it take
advantage of as-yet-unknown accessory molecules? The
second possibility is plausible, because numerous
attempts to ‘grow’ prion infectivity in chemically
defined cell-free systems have failed. Genetic evidence
indicates that at least one as-yet-undefined locus dis-
tinct from PRNP (the gene that encodes PrP) controls
prion replication®, but no physical evidence of a protein
encoded by another locus has been found. In the future,
advances in mass spectrometry, together with PrP% baits
that are composed of easily identifiable molecular tags
linked to PrP% (REE 30), might facilitate the resolution of
this question.

Regardless of the mechanism, the accumulation of
PrP% is fundamental to prion diseases’!. The abnor-
mally folded protein forms insoluble aggregates that are
partially resistant to proteolytic digestion®. It is
thought that such aggregates, or more probably some
type of metastable conversion intermediate” or
oligomeric structure®, wreak havoc on the central ner-
vous system (CNS), causing neurodegeneration by
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TEMPLATE-DIRECTED
REFOLDING

A model for prion conversion
in which a single molecule of
exogenously introduced
abnormal (disease-associated)
prion protein (PrP%) interacts
with and converts endogenous
cellular prion protein (PrP¢)

to a PrP% conformation.
Spontaneous conversion is
potentially prevented by a high-
energy barrier, the crossing of
which is required for conversion
to amyloidogenic PrP%.

SEEDING

A prion-conversion model (also
known as nucleation), in which
cellular prion protein (PrP¢) and
abnormal (disease-associated)
prion protein (PrP%) are in

a thermodynamic equilibrium
that favours the PrP®
conformation. A highly ordered
‘seed’ of PrP% might form, by
which monomeric PrP* can

be recruited and stabilized,
eventually forming an amyloid
fibril. Fragmentation of the PrP%
aggregates increases the number
of seeds and the potential for
recruiting additional monomeric
PrP> molecules.

unknown mechanisms and, ultimately, death. Transgenic
mice in which PrP¢ is solely expressed by astrocytes™
are readily susceptible to prion disease. In addition, the
depletion of PrP only in neurons leads to a reversal of
spongiform changes in prion-inoculated mice®.
Consequently, ablation of the Prnp gene®® abolishes
prion replication”” and pathogenesis*, and mice with
half of the normal level of PrP¢ expression have a
marked delay in disease development®°.

Involvement of the immune system. In many prion
diseases — including variant CJD (vC]D), scrapie in
sheep and goats, and chronic wasting disease (CWD)
in deer — PrP% accumulates in the lymphoid tissues
before CNS involvement*'-*. Indeed, some lympho-
reticular involvement seems to occur in most TSEs
that have been studied, although the degree of
involvement is highly variable. For example, when cat-
tle are experimentally inoculated with BSE, the ileal
Peyer’s patches accumulate low levels of PrP* and
have low levels of infectivity*>*. Also, splenic PrP* is
detectable in at least one-third of patients with spo-
radic CJD¥, albeit in small amounts. Even scrapie is
heterogeneous in this respect, because sheep with cer-
tain genotypes accumulate much less lymphoid PrP*
than others*®. However, the mouse model of scrapie
has been used to study prion-disease pathogenesis for
decades, and it shows a marked early phase of prion
replication in lymphoid tissues*. Therefore, the
immunotherapeutic strategies that have been devel-
oped using the mouse model of scrapie might be of
greatest relevance for treating TSEs that have an
extensive lymphoid-amplification phase, and it is
unknown whether some natural human infections
have this property.

Box 1 | From BSE to vCJD and beyond

The bovine spongiform encephalopathy (BSE) crisis was recognized in 1986 as a
limited epidemic occurring in cattle of the United Kingdom, and it was soon defined
as a new form of transmissible spongiform encephalopathy’. Since then, BSE has
affected cattle worldwide, with the first case of BSE in the United States being

reported in December 2003.

Most disturbingly, since 1996, a variant form of Creutzfeldt—Jakob disease (vCJD) has
been reported in humans'!*-''°. Extensive epidemiological, biochemical and pathogenetic
evidence indicates that vCJD is caused by the ingestion of BSE-contaminated food. vCJD
mainly affects young patients, has a distinctive histopathological profile of brain lesions
and displays a biochemical ‘signature’ that is similar to BSE in cattle. In addition, prions
are more prone to accumulate in the lymphoid tissues of patients with vCJD'!¢ than in
those with sporadic CJD*.

Although millions of people have undoubtedly been exposed to BSE, less than 150
individuals have developed vC]D so far. It is probable that an unknown number of
additional individuals have been infected with BSE prions but have not yet developed
overt disease or have developed a permanent subclinical carrier state without the
symptoms of spongiform encephalopathy. Such permanent carrier states have been
described in experimentally infected animals'!”. These infected individuals might,
however, transmit infection to others: for example, by blood transfusion'*!!1.
Importantly, sheep infected with BSE can efficiently transmit the agent to other
sheep by blood transfusion!'®!'%, Therefore, it is imperative to assess the prevalence
of subclinical infection, and anonymous prevalence studies to this effect are
underway in the United Kingdom*' and in Switzerland'*.

In a discussion of the immunological aspects of prion
diseases, it is important to distinguish between an early
extraneural phase and a late CNS phase of pathogenesis®.
There is no doubt that components of the immune sys-
tem participate in pathogenesis in both compartments
in mice, but their respective functional implications are
strikingly different. In the CNS, prion pathology involves
large-scale activation and proliferation of microglial
cells®® — the specific macrophages present in the brain.
In addition, it has been reported that T cells also infiltrate
the CNS to some extent®, which leads to the hypothesis
of atypical CNS inflammation, because the expression of
both pro-inflammatory and effector cytokines are
upregulated in prion infection®*. However, microglial
activation is a characteristic of almost all CNS patholo-
gies, and its importance should not be overinterpreted.
More importantly, intracerebral administration of pri-
ons has been shown to induce TSE in mice that have
various immune deficiencies, including lack of B cells,
T cells, interferon (IFN) receptors, tumour-necrosis
factor (TNF), lymphotoxins (LTs) or their receptors®,
receptors for IgG (FcyRs), complement factors or their
receptors®, TorL-LIKE RECEPTORS (TLRs) or chemokine
receptors™®. In all of these models, pathogenesis after
intracerebral prion delivery proceeded with the same
kinetics as in wild-type immunocompetent mice, and
in terminally sick mice, intracerebral prion concentra-
tions were unchanged®. This evidence indicates that,
after prions are present in the CNS, the disease course
cannot be modified by manipulating immunological
parameters.

In the extraneural immune system, however, the
situation is different. More than thirty years ago, when
the term prion had not been coined and the protein-
only hypothesis had only recently been proposed?, it
was discovered using bioassays that lymphoreticular
organs contain prion infectivity**. For scrapie in
sheep and goats, infectivity was assessed in a broad
range of tissues using experimentally inoculated goats
as donors and uninfected goats as recipients®, and
both spleen and lymph nodes were shown to transmit
scrapie (FIG.2).

In the decades following these discoveries, our
understanding of the extraneural immune phase
advanced considerably, and an impressive collection of
data has accrued that provides clues about peripheral
prion pathogenesis and ‘neuroinvasion’ — the process
by which prions gain entry to the nervous system.
However, many important aspects of the pathogenesis
are still unclear. For example, even after prions have
entered the nervous system, it is unknown how prions
travel along neuronal processes and ‘jump’ from one
process to another.

The lymphoid system in prion disease

In several TSEs, such as BSE, vCJD and kuru, prions
are transmitted by ingestion (TABLE 1). An in vitro study
has shown that microfold cells (M cells) — which are
specialized intestinal epithelial cells that transfer anti-
gens, including pathogens, through the intestinal
epithelium — can transport infectious prions from the

NATURE REVIEWS [ IMMUNOLOGY

©2004 Nature Publishing Group

VOLUME 4 [ SEPTEMBER 2004 | 727



REVIEWS

a ‘Refolding’ model
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Figure 1| The prion hypothesis. a | The ‘refolding’ or template-directed assistance model
postulates an interaction between exogenously introduced disease-associated prion protein
(PrPse) and endogenous cellular prion protein (PrP°), which is induced to transform itself into
more PrPSe. A high-energy barrier might prevent the spontaneous conversion of PrP¢ to PrPSe,
b | The ‘seeding’ or nucleation—polymerization model proposes that PrP® and PrP%° are in

a reversible thermodynamic equilibrium. So, only if several monomeric PrP¢ molecules are
mounted in a highly ordered seed can more monomeric PrP° be recruited and eventually
aggregate to form amyloid. In such a crystal-like seed, PrPS¢ becomes stabilized.
Fragmentation of PrPS° aggregates increases the number of nuclei, which can recruit more
PrPSe, and so seems to result in replication of the agent. In sporadic prion disease, fluctuations
in the local PrP° concentration might (exceptionally rarely) trigger spontaneous seeding and
self-propagating prion replication. This figure is modified with permission from Nature Reviews
Molecular Cell Biology REE. 121 © (2001) Macmillan Magazines Ltd.

TOLL-LIKE RECEPTORS

(TLRs). A rapidly growing
family of receptors that
recognize pathogen-associated
molecular patterns, which are
conserved molecular patterns
that are common to large
groups of microorganisms
and/or viruses. For example,
TLR4 recognizes bacterial
lipopolysaccharide, and TLR5
recognizes bacterial flagellin.
Activation signals from TLRs
are relayed through cytoplasmic
adaptor proteins, leading to the
transcription of genes that
encode cytokines.

FOLLICULAR DENDRITIC CELLS
(FDCs). Cells with a dendritic
morphology that are present in
the lymphoid germinal centres,
where they present intact
antigens (which are either held
in immune complexes or
associated with complement
receptors) to B cells. FDCs are of
non-haematopoietic origin and
are not related to dendritic cells.

apical to the basolateral surface of the intestinal
epithelium®. It is possible that additional cells,
including epithelial cells, dendritic cells (DCs) and
lymphocytes, are involved in prion trafficking past
the epithelial barrier. Subsequently, prions can be
amplified in the lymphoid tissue: Peyer’s patches
seem to be required for prion-disease development
after oral exposure of mice®?, and they also accumu-
late PrP*c early after the infection of deer or sheep
that are orally exposed to CWD* or scrapie®’, respec-
tively. Therefore, lymphoid accumulation might be a
general mechanism in prion pathogenesis. However,
the identity of the cells that are involved in early
transport from the intestinal mucosa to the Peyer’s
patches or draining lymph nodes remains unclear.
DCs are obvious candidates, and there is evidence
that indicates they might be involved®*®>. However,
even if they do have a role, DCs might not account
for all of the transport of prions, and other cells,
including tingible-body macrophages (phagocytic
cells in lymphoid germinal centres)®, might be
involved in the trafficking of prions to draining lym-
phoid tissues and/or directly to nerve endings. Many
studies using mouse models of scrapie have shown a
delay or prevention of disease after interference with
lymphoid prion accumulation®” .

Some of the lymphoid participants that are crucial
to prion accumulation have been revealed. Functional
FOLLICULAR DENDRITIC CELLS (FDCs) are important®®, but it
is not clear whether they are the only site of lympho-
reticular prion replication or accumulation””!. B cells
are also required™ because they provide maturation sig-
nals for FDCs (FIG. 3). There is also an ill-characterized
bone-marrow-derived cell population that supports
prion replication””?, although this might not apply to all
scrapie-inducing prion strains™.

The microarchitecture of lymphoid tissue crucially
controls the efficacy of prion neuroinvasion: for example,
manipulation of the distance between FDCs and major
splenic nerves affects the velocity of neuroinvasion®®.
CXC-chemokine receptor 5 (CXCR5) is usually required
for the homing of lymphocytes to specific microcom-
partments of lymphoid organs™, so in contrast to wild-
type mice — in which FDCs reside antipodal to follicular
vessels®* — mature FDCs of CXCR5-deficient mice are
associated with germinal centres and are thereby imme-
diately adjacent to central arterioles. Although the symea-
THETIC NERVE processes in the spleens of CXCR5-deficient
mice are normal, the ablation of CXCR5 juxtaposes
FDCs with major splenic nerves*. Intraperitoneal prion
delivery then results in an accelerated incubation period
in CXCR5-deficient mice, and transmission and/or
neuroinvasion is therefore more efficient than in wild-
type mice. Because prion replication is unaltered in the
lymphoreticular and CNS compartments, the data indi-
cate that shortening the distance between FDCs and
nerves selectively increases the velocity of neuroinvasion.
The efficiency of prion transfer between the immune
and nervous systems seems to be one of the main deter-
minants of the efficiency and velocity of neuroinvasion.
But does this increased velocity result from the passive
diffusion of prions from FDCs to nerves, or are mobile
cells involved? This question has yet to be answered.

Morphological evidence from time-course studies
indicates involvement of the vagal nerve and the sympa-
thetic nervous system as routes of peripheral prion
transport to the CNS™". Glatzel et al.”” have shown that
the sympathetic nervous system is crucially involved in
neuroinvasion: mice with sympathectomy show a con-
siderably prolonged incubation period. Moreover,
transgenic mice that overexpress a nerve growth factor
transgene and thereby have sympathetic hyperinnerva-
tion of lymphoid organs show an accelerated incuba-
tion period after peripheral prion exposure, indicating
the importance of these peripheral nerves in prion
pathogenesis”’.

Therapeutic prospects

Is it possible to exploit the roles of the lymphoid system
and immune cells in prion pathogenesis for therapeutic
or prophylactic purposes? At least four alternatives can be
envisaged on the basis of the information that we have
discussed: removal of functional FDCs and therefore
ablation of lymphoid prion-replication sites; stimulation
of the innate immune system; enhancement of elimina-
tion of PrP* using PrP-specific antibodies; or binding of
available PrP¢ or PrP* so that they are unavailable for
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SYMPATHETIC NERVE

A nerve that is part of the
functional division of the
autonomic nervous system
that innervates the heart,
lungs, gastrointestinal tract
and sweat glands.
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Figure 2 | Dissemination of prions in scrapie-infected sheep or goats. Tissues that accumulate infectious prions include the
central and peripheral nervous systems, the spleen, the lymph nodes'?? and some non-lymphoid organs. In various animal models,

these non-lymphoid organs include the pituitary gland®, adrenal gland®, pancreas™, nasal mucosa

123 intestine!?*, muscle® and

eye (retina)'?*. How do prions reach these distant sites? Although nerves®, blood!*® and lymph might contain infectivity, the precise
carrier mechanisms are unclear. Routes of prion shedding and transmission in sheep and goats are also still unclear: ingestion of
scrapie-infected placenta can transmit scrapie'?®, but it is not the sole route of horizontal prion spread. Potential routes are indicated

by arrows. CSF, cerebrospinal fluid.

conversion (FIG.4). All of these approaches, which include
both suppression and stimulation of the immune system,
are now being tested in suitable in vivo systems. These
immunomodulatory approaches to prion-disease pre-
vention and therapy have mostly been studied in mice
that are experimentally infected with mouse-adapted
scrapie. However, because involvement of the lymphoid
system has been found for almost all forms of TSE, we
think that it is reasonable to presume that mouse-adapted
scrapie provides a realistic generic model for TSE therapy.
Although this review focuses on immunological
antiprion strategies that target the early window of
prion lymphoid amplification, it should be noted that
many other strategies are being tested for their potential
to disrupt prion replication. Many substances seem to
be capable of influencing the maintenance of a prion-
infected state by cultured cells: these include Congo
red’®, amphotericin B”, anthracycline derivatives®,
sulphated polyanions®, pentosan polysulphate®, soluble
LT-B receptors (LT-BRs)®, porphyrins®®, branched
polyamines® and B-sheet-breaker peptides®.

Targeting FDCs. In the mouse model of scrapie, some
forms of immunodeficiency impair prion replication
and delay disease development, showing the important
contribution of the early lymphoid phase. For exam-
ple, mice that lack B cells and mature FDCs — such as
severe combined immunodeficient (SCID) mice,
recombination-activating gene 1 (RAG1)-deficient
mice or UMT mice (which have a targeted disruption
of the immunoglobulin u-chain gene) — resist
intraperitoneal prion infection®, except after exposure
to extremely high doses®. Replacement of B-cell popu-
lations, regardless of their expression of PrPC, restores
prion infectibility, possibly because of the key role of
mature B cells in the induction of FDC maturation by
providing TNF and LTs (FIG. 3). Typically, PrP% ‘deco-
rates’ FDC membranes in secondary follicles of the
spleen®, lymph nodes, tonsils and Peyer’s patches (FIG. 5).
This phenomenon seems to occur to a variable extent
in several prion diseases, including vCJD*!, scrapie®
and CWD?, as well as in mouse models of scrapie
and CJD% %,
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Radio-resistant
stromal cell

B cells are crucial
for FDCs to develop

Mature FDCs
accumulate PrPSe

FDC precusor

Mature FDC

Figure 3 | Models of the signalling pathways required for the establishment and
maintenance of functional follicular dendritic cells. For the formation of follicular
dendritic cell (FDC) networks in the follicles of secondary lymphoid organs, both the tumour-
necrosis factor (TNF)- and the lymphotoxin-f (LT-B)-signalling pathways are required.
However, maintenance of mature FDCs seems to depend solely on continuous activation of
the LT-B pathway. Soluble TNF, homotrimers, and membrane-bound TNF, homotrimers that
are tethered to B cells, signal through the TNF receptor (TNFR1; also known as TNFRp55),
whereas the LT-o., B, heterotrimer signals through the LT- receptor (LT-BR). These ligands are
provided by follicular B cells, and radio-resistant stromal cells need to express the cognate
receptors (both TNFR1 and the LT-BR). Two different FDC-maturation models are conceivable:
FDC-precursor cells are radio-resistant stromal cells that differentiate into mature FDCs by
activation of both the TNFR1- and LT-BR-signalling pathways (a); or radio-resistant stromal
cells that differ from FDC precursors are activated by TNFR1- and LT-BR-signalling pathways
and produce molecules that stimulate the maturation of FDC precursors (b). PrP, disease-
associated prion protein. This figure is modified with permission from Nature Reviews
Molecular Cell Biology REFE. 121 © (2001) Macmillan Magazines Ltd and REE. 126 © (1999)

The Rockefeller University Press.

PATHOGEN-ASSOCIATED
MOLECULAR PATTERN

A molecular pattern that is found
in pathogens but not mammalian
cells. Examples include terminally
mannosylated and
polymannosylated compounds,
which bind the mannose
receptor, and various microbial
products, such as bacterial
lipopolysaccharides,
hypomethylated DNA, flagellin
and double-stranded RNA,
which bind Toll-like receptors.

So, would ablation of functional FDCs impair the
formation of these PrP% depots? To address this ques-
tion, the LT-signalling pathways (mediated by both
LT-o,- and LT-o,3,) were inhibited using a soluble
LT-BR-immunoglobulin (Ig) fusion protein — known
as the LT-BR-Ig immunoadhesin — which effectively
disbands mature FDC networks within 1 day through
dedifferentiation and loss of the FDC markers FDC-M1,
FDC-M2 or complement receptor 1, and later dis-
rupts B-cell follicles, modifies splenic marginal-zone
macrophages® and reduces DC numbers®'. Admini-
stration of soluble LT-BR~Ig before inoculation with
prions abolished splenic prion replication and delayed
neuroinvasion®”®. Moreover, after prion inoculation,
treatment with soluble LT-BR-Ig also led to a modest
delay in disease development, although splenic prion
infectivity was detectable at 8 weeks after inoculation®.
Recent data from our laboratory are encouraging and
are in agreement with Mabbott et al.®®: treatment of
mice with LT-BR-Ig for 1 week before a low-dose intra-
peritoneal prion inoculation and then each week for only
2 weeks after inoculation has so far completely protected

mice from disease, with no wild-type mice developing
scrapie at more than 500 days after inoculation
(M. Heikenwaelder and A.A., unpublished observations).

After oral exposure to prions, however, it might be
more difficult to prevent neuroinvasion: the administra-
tion of LT-BR-Ig, even as early as 14 days after exposure,
failed to modify prion-disease susceptibility or survival
time®. This might indicate that — at least for the oral-
infection model — neural entry occurs early after prion
ingestion. Nevertheless, Peyer’s patches still seem to be
crucial, because mice that lack them are resistant to
orally administered prions®.

In summary, the data from studies using LT-BR-Ig
indicate that post-exposure treatment of humans with
LT-BR-Ig could only be considered as a possible pro-
phylaxis at well-defined early time points in cases of
known prion exposure. These cases might include
recipients of blood transfusions from patients with
CJD, and researchers, pathologists, neurologists, neuro-
surgeons and technicians after accidental CJD injec-
tion. In these situations, we think that a case could be
made for experimental use of post-exposure prophy-
laxis with LT-BR-Ig, although it is not known how
soon after exposure LT-BR-Ig would need to be admin-
istered. Therefore, prophylaxis would need to be pro-
vided as soon as possible. It should be considered that
LT-BR-Ig will not offer any relief to patients with overt
CJD, for whom neural entry has already taken place.

Stimulating the innate immune system. For a long time,
we wondered whether members of the TLR family
might be involved in the innate recognition of prions.
This idea was enticing because, theoretically, the ordered
aggregate state of PrP% might render it recognizable as a
PATHOGEN-ASSOCIATED MOLECULAR PATTERN. HOWeVer, the
kinetics of prion pathogenesis in MyD88 (myeloid dif-
ferentiation primary-response protein 88)-deficient
mice that are inoculated intraperitoneally with prions
are identical to those of wild-type mice®, indicating that
TLRI, -2, -6 and -9, which signal through the adaptor
protein MyD88 (REE 92), are probably not involved in
prion recognition and signalling.

However, targeting TLR9 might have other benefi-
cial effects. TLR9 recognizes DNA sequences that are
over-represented in bacterial DNA. For example,
UNMETHYLATED CpG MOTIFS, which are commonly found in
bacteria, can stimulate mouse and human lympho-
cytes through TLRY (REE. 93). Repetitive CpG motifs
that are present in synthetic oligodeoxynucleotides (CpG
ODNs) mimic unmethylated nucleic-acid sequences in
bacteria, thereby stimulating the innate immune system
through TLR9, which is expressed by various immune
cells — such as monocytes, macrophages and DCs.
Treatment with CpG ODNs has been discussed as a
therapy to delay prion disease on the basis of promising
results in mouse models of scrapie®. In these studies,
mice were treated with a multi-dose regimen — receiv-
ing CpG ODN s or a control each day for 20 days —
with the result that prion-disease development was
delayed for more than 149 days in the group treated
with CpG ODNE.
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So, what mechanism underlies the observed
antiprion effect of treatment with CpG ODN5s? It has
been proposed by Sethi et al.* that prion-specific anti-
bodies are induced after exposure to prions and admin-
istration of CpG ODNs, which are a highly effective
adjuvant. However, we have not found evidence of PrP-
specific immunoreactivity after repetitive CpG ODN
treatment (REE. 95 and M. Polymenidou and A.A.,
unpublished observations). Instead, the delay in devel-
opment of prion disease might be due to destruction of

lymphoid follicles, which are the main site of peripheral
prion amplification (FIG. 6). Alternatively, it cannot
be discounted that the massive expansion of the
macrophage and DC compartments that is evident
after repetitive CpG ODN treatment might lead to
enhanced PrP* degradation or prion sequestration. It is
possible that macrophages could function as prion car-
riers when they are overloaded, but they are also known
to destroy infectivity when prion concentrations are
manageable®.
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b Treatment with LT-BR-Ig fusion protein
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Figure 4 | Immunotherapeutic strategies for prion disease. a | Ablation of mature follicular dendritic cells (FDCs) delays the
development of prion disease in mice. However, treatment with multiple doses of CpG-containing oligodeoxynucleotides (CpG
ODNs) produces severe unwanted side-effects, including immunosuppression, liver necrosis and thrombocytopaenia. b | Treatment
with the lymphotoxin- receptor (LT-BR)-Ig fusion protein seems to be better tolerated, but the best protection is achieved when the
fusion protein is administered immediately after exposure to prions. ¢ | Vaccination against a self-protein is difficult because of
immune tolerance, and it has the potential to induce autoimmune disease. Mice devoid of the prion protein (PrP) develop high PrP-
specific antibody titres after immunization with PrP-derived peptides or full-length PrP; however, tolerance in wild-type mice allows
the induction of only low titres of PrP-specific antibodies. d | Treatment with dimeric full-length PrP fused to the Fc portion of human
IgG1 (PrP-Fc,) delays the development of prion disease in transgenic mice, most probably owing to its interaction with the disease-
associated PrP (PrP). LT-o B, LT heterotrimer; TLR, Toll-like receptor.
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As shown schematically, disease-associated prion protein
(PrP%°) aggregates (red) are detectable at the plasma membrane
of follicular dendritic cells (FDCs) and in the cytoplasm of tingible-
body macrophages, using immunohistochemistry and electron
microscopy*>**¢, Other lymphoid cells might also contain PrPse,
but the nature of these cells is still being debated.

CpG ODNs, however, are unlikely to be a viable
antiprion therapy because of the severe toxic side-effects
that are associated with their repeated administration.
Although one or two doses of CpG ODN' s are benefi-
cially immunostimulatory, the frequent administration
of CpG ODNSs has marked side-effects, which range
from lymphoid follicular destruction and impaired
antibody class switching, to ascites, hepatotoxicity and
thrombocytopaenia®. All of these effects are strictly
TLRY dependent, because TLR9-deficient mice are
unaffected by the administration of CpG ODNs.
Lymphoid follicular destruction and hepatotoxicity are,
at least in part, consequences of the cyrokiNg storM that is
unleashed by excessive TLR signalling, because mice
that are deficient in the IFN-o. receptor, the IFN-y recep-
tor or the TNF receptor suffer from less lymphoid and
hepatic destruction than wild-type mice.

Immunizing against prion disease. Antibodies specific
for PrP% are not generated during the course of prion
infections, but artificial induction of humoral immune
responses to PrP¢ and/or PrP% might be protective.

However, vaccination against the prion protein has
proven extremely challenging. First, wild-type mice are
highly tolerant to PrP as an immunogen. This is not
surprising because PrP¢ is expressed almost ubiqui-
tously and is found at the surface of both B and T cells,
where it has even been claimed to participate in the
T-cell-receptor signalling complex by interacting with
ZAP70 (C-chain-associated protein kinase of 70 kDa)*”.
Second, it was generally thought (with good reason)
that antibodies specific for PrP¢, if they could be
elicited at all, might lead to severe systemic immune-
mediated diseases, because PrP is expressed by many
cell types®®®. Third, PrP-specific antibodies would be
unlikely to cross the BLooD-BRAIN BARRIER in therapeutic
concentrations.

In 2001, it was reported that mice transgenic for the
p-chain of a PrP-specific antibody were protected
against prion disease after exposure by a peripheral
route (that is, intraperitoneal inoculation)'®. In parallel,
many other publications addressed prion immuno-
prophylaxis, both in vitro and in vivo'®'%2, White et al.'®®
showed that passive immunization with PrP-specific
antibodies after prion exposure delayed disease and
markedly increased the incubation period compared
with non-immunized mice. However, so far, active-
immunization efforts have notled to high concentra-
tions of PrP-specific antibodies due to immune toler-
ance to self-antigens. Moreover, intracranial delivery of
PrPC¢-specific antibodies has recently been shown to
result in neuronal apoptosis in the cerebellum and
hippocampus — most probably through clustering of
PrP¢, which is thought to trigger an abnormal signalling
pathway'®. These results are alarming and certainly
reinforce the concept that adequate in vivo safety stud-
ies must be carried out before prion immunoprophy-
laxis trials take place in humans. However, it should be
noted that neuronal loss occurred only when using
antibodies specific for a subset of PrP epitopes (those
present in amino acids 95-105 of the PrP sequence)
and only at extremely high concentrations of these anti-
bodies. So, we do not consider that these data rule out
the possibility of antiprion immunization, but further
study is required.

PrP—Fc,: asink for pathogenic PrP%. To study PrP“—PrpP*
complexes and ‘fish’ for potential PrP¢ ligands, a trans-
genic mouse was developed that expresses soluble full-
length mouse PrP rendered dimeric by fusion with the
Fc portion of human IgG1 (known as PrP—Fc,). It was
thought that this model would provide a stable and
soluble, tagged form of PrP¢ for tracking potential
interaction partners for PrP¢ and PrP% in vivo.
However, after prion inoculation, these mice were sur-
prisingly resistant to prion disease”. The PrP—Fc, was
not converted to a prion-disease-causing isoform.
Moreover, when the transgenic mice expressing
PrP—Fc, were back-crossed with wild-type mice and
then inoculated with prions, they showed marked
retardation in the development of prion disease, which
was equivalent to a 10°-fold reduction in titre of the
prion-infected inoculum. This antiprion effect
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Figure 6 | Treatment with CpG ODNs leads to lymphoid germinal-centre destruction. Treatment of mice with a multi-dose
regimen of immunostimulatory CpG-containing oligodeoxynucleotides (CpG ODNSs) (20 doses of 60 ug each day) prolongs the
onset of prion disease but at a high cost®. As the dalily injections continue, the severity of follicular destruction in the spleen
increases, until day 20 of treatment when the spleen is markedly enlarged but has few follicles and only rare follicular dendritic cell

(FDC)-M1-positive cells. PNA, peanut agglutinin.

occurred in two different lines of PrP—Fc -expressing
transgenic mice after either intracerebral or intra-
peritoneal infection with scrapie. Therefore, it seems
that PrP—Fc, effectively antagonizes prion accumulation
in the spleen and brain.

In this study, the PrP-Fc, was bound to PrP* in
complexes with properties similar to LD RAFTS.
Therefore, it seems that PrP—Fc, competes directly with
PrP¢ for binding to PrP*. Because PrP—Fc, cannot be
converted to the protease-resistant, disease-causing iso-
form, it might be effectively functioning as a ‘sink’ for
PrP%, by binding PrP* and preventing the binding and
conversion of PrP¢.

Although the precise mechanisms that occur at the
molecular level remain a matter of speculation, all bio-
chemical evidence indicates that PrP—Fc, might bind
PrP% and prevent conversion. Further studies using this
innovative therapy could reveal its potential to treat
prion disease.

Which therapy? It is important to note that none of
the immunotherapies being developed is close to
being used for the treatment of humans or other ani-
mals. But, which of these therapies has the most
potential? In our opinion, therapy using LT-BR-Ig is
the only candidate that could be considered at present,
and in humans, it would need to be used under the
‘compassionate/experimental’ label. Because LT-BR-Ig
might prevent prion disease only if it is administered
early in infection, its potential usefulness is restricted
to incidents in which the time of prion exposure is
well defined, such as needle-stick accidents that
involve cerebrospinal fluid from patients with CJD.
In our experience, such incidents occur more fre-
quently than might be expected, and our current
inability to offer a prophylactic option to the victims
is frustrating.

Theoretically, germinal-centre disruption, owing
to the breakdown of FDC networks that is caused by
LT-BR-Ig, might have unwanted effects on immune
function. However, manipulation of the LT pathway
has been carried out in macaques without apparent
side-effects: primary antibody responses to keyhole
limpet haemocyanin were found to be unaltered dur-
ing a 20-day period'®. Moreover, LT-fusion proteins
are already entering clinical trials as a treatment for
rheumatoid arthritis. Hopefully, the results of such
studies will become available in the foreseeable future.

PrP-Fc, is also a promising compound that might be
developed as a therapy. However, further research is
needed to establish whether it is effective not only as a
transgene but also as a biopharmaceutical. In addition,
it remains to be established whether the current form of
PrP-Fc, has the strongest antiprion properties: the
introduction of dominant-negative mutations analo-
gous to those described for Prnp'* might considerably
augment its efficacy.

Our prognosis for the administration of CpG
ODNes is less favourable. At least in the mouse model,
the toxic effects of frequent and repeated administra-
tion of CpG ODNs seem to be prohibitive. One might
argue that severe side-effects could be tolerable in the
case of a disease that is invariably fatal. However, if the
antiprion action of CpG ODNs is mediated by indis-
criminate immune suppression, then there are alterna-
tive ways to achieve this goal that would at least not lead
to hepatotoxicity.

At present, it is unclear whether vaccination
approaches will be translated to clinical practice. PrP¢-
specific antibodies are clearly effective at eliminating
prions from cultured cells'*"'%2, but the predictive value
of such in vitro tests is limited. In transgenic mice that
express PrP¢-specific antibodies, peripheral (but not
central) prion pathogenesis is impaired. But, at present,
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the main unresolved problem is that tolerance to PrP is
high. Although PrP-deficient mice generate high con-
centrations of prion-specific antibodies'”'%, it is
extremely difficult to elicit a strong prion-specific anti-
body response in mice that express PrPC (REE. 109).
Although it is not impossible to immunize wild-type
mice so that they generate antibodies able to recognize
bacterially expressed PrP, we have reason to suspect
that considerable protection can only be provided by
antibodies that react with natural PrP¢ displayed on
eukaryotic-cell membranes in the context of its molecu-
lar partners'*®. Finally, the interface between lympho-
reticular organs and nerves has just begun to be
explored with respect to prion pathogenesis™. Although
itis clear that prions exploit peripheral nerves to accom-
plish neuroinvasion’”, it is currently unclear whether
this property can be targeted to develop therapeutic or
prophylactic approaches.

The future of antiprion therapeutics

The extent of exposure of the European population to
BSE is unknown. It could be that millions of people
have been exposed to the causative agent of BSE, consid-
ering that the prevalence of subclinical BSE in slaugh-
tered cattle might have peaked at ~20% in the United
Kingdom and was also high in other European coun-
tries. Fortunately, so far, only 147 cases of vCJD have
been recorded worldwide (until July 2004) (see National
CJD Surveillance Unit in online links box).

Since the recent BSE crisis, BSE has become a rare
disease among cattle, and several redundant safety
measures have been instituted throughout the human
food chain; therefore, at present, the danger of con-
tracting a prion infection from cattle is, arguably, mini-
mal. However, it must be assumed that an unknown
number of humans are currently subclinically infected
with BSE prions. Although some of these individuals
might progress to overt disease (that is, vCJD or other
as-yet-unrecognized phenotypic manifestations of BSE
infection), an unknown proportion of infected individ-
uals might establish a permanent subclinical carrier
state. It is a high public-health priority to determine
both whether these individuals could inadvertently
transmit the agent to others and the ways in which this
might occur (BOX 1).

For example, the possibility of prion transmission by
receiving a blood transfusion from individuals with pre-
clinical vCJD has prompted radical measures to prevent
this scenario. Consequently, the United Kingdom and
many other countries have introduced universal
leukodepletion of blood units. However, it is unknown
whether this costly measure is adequate or necessary,
because the way in which prion infectivity partitions in
blood is unclear. In addition, the United Kingdom is
sourcing its entire supply of plasma and plasma-derived
products from abroad. Most recently, recipients of blood
transfusions have been banned from making further
donations. By contrast, labile blood products, such as
thrombocytes and erythrocytes, are too scarce to be out-
sourced. Nonetheless, a vCJD case has recently emerged
in the United Kingdom that might have resulted from
transfusion of a blood unit from a donor with preclinical
vCJD"?, Unfortunately, records show that 48 individuals
in the United Kingdom have received blood transfusions
from donors who later developed vCJD'!1.

Given these unknowns, it is essential that we con-
tinue to develop therapies for prion diseases. Until
approximately 40 years ago, it was thought that prion
diseases were completely independent of the immune
system. The lack of overt inflammation in spongiform
lesions provided support for this view. However, it is
now obvious that there is a close and multifaceted rela-
tionship between the infectious agent and the various
components of the immune system™’.

Hopefully, this accrued knowledge will eventually be
put into useful practice. So, what prevention strategy
could be used for individuals who are known to have
been exposed to prions? And what treatment strategy
could be attempted to curb prion diseases during the
clinical phase? In this regard, it is encouraging to note
that many of the steps in prion transport that have been
discussed here seem to be rate limiting in experimental
scrapie models. Consequently, these steps could be tar-
gets for interventions, which might be either therapeutic
or prophylactic''?. The tremendous interest in this field
has attracted researchers from various neighbouring
disciplines, including immunology, genetics and phar-
macology, and therefore it is to be hoped that rational
and efficient methods for managing prion infections are
developed in the future.
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