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• What are prion diseases ?

• What is peripheral prion replication ? 
• PrP expression patterns

• PrP in the immune system

• Importance of  follicular dendritic cells (FDCs)

• Why is peripheral prion replication relevant ? 
• Horizontal transmission : example of CWD in USA

• adaptation to new host

• What are the determinants for prion lymphoid replication ? 
• Histological study on granuloma: a lymphocompetent model without FDCs ? 

• Strain selectivity and peripheral replication dependent on PrP expression 
levels

Open questions regarding peripheral prion replication
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Prion diseases : transmissible spongiform encephalopathies

Neurodegenerative disease

fatal issue 

No treatment

Symptoms: 

- Behavior disturbance, coordination dysfonction

- Neuronal loss, spongiosis, astrocytosis

Etiology: 

- Sporadic

- Genetic

- Acquired

accumulation of 

amyloid plaques 

composed by the 

PrP protein

vacuole

control

CJD

Parenchymal lesion

Non-conventionnal transmissible agent

= prion
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Triple determinism of human prion infections

85 % of unknown origin = sporadic 1 -2 cases/million inhabitant (with variations)

15 % genetic (over 30 mutations identified)

familial CJD

Gertsmann Straüssler Scheinker (GSS)

familial fatal insomnia (FFI)

ε % infectious, through iatrogenic, alimentary exposure

Kuru (1950s. ended after cannibalism rituals have been forbidden)

Variant of Creutzfeldt-Jakob (∼ 200 cases)

iatrogenic (growth Hormone, blood transfusion, contaminated electrodes)
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Prion diseases in mammals

Animals Human

Scrapie  (sheep goat)1730

TME (vison)1947

CWD (cervids)1967

Bovine spongiform

encephalopathy (BSE)
1987

1920

1992

1996

Creutzfeldt-Jakob disease

GSS syndrome 1936

Fatal familial insomnia

Variant Creutzfeldt-Jakob

disease (vCJD)

atypical scrapie, BSE2001

2010VPSPr

ZOONOSIS

2018
Camel spongiform

encephalopathy

ZOONOSIS ?

ZOONOSIS ?
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• In sheep (1936) • In primates (1959, 1966)

• Kuru syndrome : ritual cannibalism

• Experimental transmission to chimpanzee

Prions are infectious
Two separate evidences for the infectious transmission of prions

Cuillé Chelle

1st experimental transmission

scrapie

intraocular 

inoculation of 

spinal cord 

material

1 year incubation

TSE due to a 

slow virus???

Daniel Carlton Gajdusek

KURU sMCJ
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• Prusiner’s

• Scrapie is sensitive to protein denaturing
agents (SDS, Phenol, Urea, Guanidine, 
proteinase K…)

• Stable in alcool

• Resistant to nuclease and ultraviolet

• Too small to include both coding nucleic
acid and protective protein

• … and definitive confirmation 

• Infection with purified recombinant 
protein

Prions are… proteins, only
Alper (1967), then Prusiner’s seminal results (1982)

H Influenzae

• Alper’s work

• Scrapie agent is resistant to 
radiation
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• Prions are infectious

Mad cow disease

Transmission by 

the food chain

Transmission 

by surgery

Variant of Creutzfeldt-

Jakob disease (vCJD)

Iatrogenic-CJD

Prions are…

• Prions are entirely composed by a “misfolded form” 

of a naturally produced protein.

Native state

= PrPC

pathological state

= PrPSc

misfolding

Infectious

particule

• Structurally & phenotypically diverse = 

strain phenomenon

Lesional profilSurvival time

+

PrPC PrPSc

• This misfolding is auto-replicative

lymphocompetency

sCJD

amygdala

vCJD

amygdala
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Prions in the periphery ?



p. 13Prions  and extraneural tissue lymphocompetency 

January 2023 / Pierre Sibille

PrP peripheral expression

MAINLY in 

• Brain

• Spinal chord

• skin

Much lower amounts in :

• Lymph nodes

• Spleen

• Muscle (heart, uterus)

• …

Prp expression is ubiquitous, but 

Proteinatlas.org
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PrPC expression is weak in spleen…

• … mostly located in the capsule and trabeculae…                          … and inducible

Spleen capsule (arrow) and trabecula (arrowhead),  Lötscher 2003  

Naive IC-treated

From Moudjou, 2001
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Lymphoid system is…

• … a tissue network in charge with immune 
functions

• Production of immune cells : primary lymphoid
organs

• bone marrow

• thymus

• Education and amplification of specific immune 
response in secondary lymphoid organs

• Lymph nodes

• Peyer’s patches

• Spleen…

• … an extraneural site for early and efficient 
prion amplification
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CWD inoculation results in Tg(cerPrP) mice (Denkers 2010)

• Oral route
• Kuru 
• Mad cow outbreak

• Oral and olfactory mucosa 
• Incubation time equivalent to peritoneal route (>500 days vs 170 with ic)
• Role of the reticular lymphoid system (with role of FDCs, Bessen 2009)

• Skin scarification and more generally skin or mucosal lesions 
• (Taylor 1996)
• Dependency upon FDCs but not Langerhans cells (Mohan 2004, 2005)

• Eye (conjunctiva)
• Scott 1993
• Attack rate: 50%, Incubations times similar to intraperitoneal inoculation

Natural entry sites for prions
Apart from the experimental / iatrogenic intracerebral route, prions can find their way to CNS 
through
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Precocious accumulation of PrPSc in the lymphoid tissue
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• BSE transmitted to « homotypic animals

• 100% attack rate

• Spleen and brain positive

• BSE transmitted to humanized mouse

• 0% attack rate

• BUT 63% of positive spleens

• CWD transmitted to ovinized mouse

• 0% attack rate

• BUT 95% of positive spleens

Splenic prion replication and barrier species transmission
When the spleens turn out to be more permissive to allotypic prion than the brain

Béringue 2012
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• Prp peripheral expression is 
• low but significant
• Associated with the immune system (skin, gut, mucosae…)

• Peripheral entry 
• Low to high attack rate
• Slow pace (as compared to intracerebral route)
• Not necessarily connected with CNS infection (a question of time ? )
• Very efficient colonization of the lymphoreticular system

• PrPSc in the periphery is
• Detected sooner or in absence of CNS contamination  
• Silent in a large portion (1/2000) of the BSE-exposed UK population  
• Associated with prion mutation / species barrier crossing
• Associated to environmental contamination with Scrapie / CWD

• Consequences for global health
• Human health: blood-derived pharmaceuticals, blood transfusion, graft surgery…
• Food & environment safety

Prions in the periphery ?
Requirements  & consequences for a  natural route
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• CWD: a prion disease affecting wild cervids

• Reported in Colorado, USA in 1967

• Spreading in USA within 30 years

• Detected now in Scandinavia (Benestad, 2016)

Peripheral exposure in Chronic wasting disease
PrPSc shedding and horizontal contaminations : case of CWD in north America

Williams, 1980

https://cwhl.vet.cornell.edu/
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• Accumulation of infectious prions in body fluids (review Moreno 2018)
• Saliva, 

• blood, 

• urine

• feces (Plummer 2017)

• antlers consumption (Mysterud 2020)

• … and durable contamination of environmental  reservoirs
• Water

• Forage

• Mineral licks (Plummer 2018), clay (revault 2005)

• All (but  brass) anthropic materials: wood, concrete, steel, plastic, glass…

PrPSc shedding in CWD-infected animals
A source of environmental prion exposure
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• Similar prion levels in
• Nerves

• Muscles

• Enteric nervous system

• Marked contrast in
• Spleen

• Tonsils

• Lymph nodes

• Peyer’s patches

• Extrinsic or intrinsic features of the lymphotropic prion strains ? 
• Expression level is 100 times less in lymphoid organs as compared with the CNS

• Presence of follicular dendritic cells in the lymphoid organs

What is a lymphotopic strain ? 
Existence lymphotropic- and exclusively neurotropic-prion strains

Herzog 2005
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Focus on Follicular dendritic cells
(FDCs)

• Stromal cells

• Keystone of the germinal center architecture
Spleen X40- mfge8 labeling
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Stromal origin of FDC

• Pericytes are mural vascular cells

• Trophic and shaping role : blood flow maintainance and 
homeostasis

• Endothelium precursor for remodelling of the vasculature

• Contribute to the formation of skeletal muscle

• Can differentiate into neural cells (Karow 2021)

• DIFFERENTIATE into FOLLICULAR DENDRITIC CELLS (FDC)

originate from vascular pericytes

from Kranich Front. Immunol. 

2016
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FDC: Keystone of the germinal center architecture

• Essential role in germinal center 

formation/maintainance (Prinz, 2002)

• Education/activation of reactive B Cells 

(Kosko-Vilbois, 2003, Kranich 2008)

• Recruitment of pre-B Cells

• affinity maturation and survival

• clonal selection of B cells or

• Apoptotic removal of unwanted B cells

from Kranich Front. Immunol. 2016
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Consequences for Follicular Dendritic Cells studies

• Abundance is less than 0.2%

• No monospecific cellular marker

• FDC purification uneasy

• Trophic interdependence between B 
cells and FDCs

• Depletion, KO tricky to perform

from Usui, Mol Immunol 2012
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Peripheral replication of prions in immune system is associated to FDCs

A long journey, fiercely debated…

Anti-PrP Anti-TP3
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FDC-specific PrPC expression alone is sufficient to sustain prion 
infection in the spleen

• FDCs readily express PRPC

• PrPC –expressing FDC alone are 
sufficient to sustain prion 
replication in the spleen

• FDCs readily amplify prions 
upon infection

• Prion replication in the spleen is 
blocked when PrPC expression is 
ablated from FDC

An on/off PrPC expression model on FDC (Cre-lox system with CD21 promoter gene)

(2011)
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• Inflammatory granuloma replicate prions without FDCs

Do we have peripheral prion replication without FDCs ?
Experimental Inflammatory Granuloma

From Heikenwalder 2008
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• Two strains of BSE adapted to ovinized mice

• Identical in ovine EXCEPT

• No Peripheral replication of C-BSE in ovinized mice

• Inoculated in ovinized mice with granuloma

Requirements for prion lymphotropism
Use of the granuloma model  in the context of BSE-L or BSE-C prion infections

In ovinized mice

C-BSE          L-BSE

Béringue 2007

Al Dybiat 2019

PrPSc in spleen

C-BSE                  L-BSE



p. 31Prions  and extraneural tissue lymphocompetency 

January 2023 / Pierre Sibille

• As for the spleen, granuloma are competent 
for lymphotropic L-BSE replication,  NOT for 
C-BSE

Detection of L-BSE in granuloma
C-BSE not detected

Al Dybiat 2019

brain

spleen

granuloma
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PrPSc detection is linked to lymphoreticular structures near the granuloma

adjacent lymphoid 
structures

replicate prions

contain FDCs
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• Granuloma behave like spleens

• Same selectivity

• Amplification level is lower

• Presence of FDCs

• Transient detection of C-BSE in the spleens and granuloma

• Inoculum detection

• FDCs probably can trap C-BSE prions but do not replicate

Conclusions
Granuloma are not appropriate for the study of FDC’s role in prion lymphoselectivity
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• PrP expression level is related to 
incubation times

• Essential contribution of mouse 
transgenesis

• Several mouse lines with various PrP
expression levels

• The higher levels of PrP, the shortest 
incubation times

Prion accumulation in relation with PrP expression levels
Marked importance of the PrP expression level in prion infections
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• PrPC expression level and 
PrPSc accumulation are 
modulated by infection

• Decrease in PrPC

expression

• Transient increase in 
PrPSc production rate

Prion accumulation in relation with PrP expression levels
Modulation of the PrP expression level during prion infections

Mays 2014
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PMCA efficiency modulated by PrPC concentration
In vitro amplification of prions is highly sensitive to substrate concentration

Moudjou 2016
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21K 21K 21K / 19K 21K / 19Kprofile

• Scrapie isolate (Lan 404,sheep) transmission to 
ovinized mice tg301+/- (4x overexpression)

• Change in the biochemical and histological 
features

• Change in the features depend on the PrPC

expression level

• PrPC expression level is critical for the selection 
and emergence of particular prion strains

Prion strain selection rely on expression levels 

A case of homotypic transmission experiment (le Dur, 2017)

Hippocampus histoblots
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• Lan 404  (scrapie) isolate inoculated  to over 
expressor mice (Tg301+/- , ovinized)

• On 1st passage, biochemical profile is different from 
isolate : most mouse brains show a 19K profile 

• On 2nd passage (and subsequent), stabilization for 
most mice. Some show drastic reduction of 
incubation time associated with a change of 
biochemical profile (21K fast). Change is fixed

The intriguing case of Lan19K / Lan21K
prions

How co-evolution of prion strains is influenced by 
PrPC expression level (Le dur 2017)
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• 21K fast prion is a mutant appearing 
stochastically

• Diluting Lan404 initial isolate material 
results in acquisition of Lan21K (not fast) 
profile

• Diluting Lan19K prions does not change 
the profile 

• The agent initially present in Lan404 
isolate should have a replication pace at 
least 3 times slower than that of 19K

21Kfast dos not pre-exist within Lan 404 isolate
Spiking of 21K fast in isolate results in 100% 21Kfast profiles

(Le dur 2017)
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Influence of the PrP expression level on the strain selection
Prion strains replicating in the brain depend on the PrP expression level

• Variation of the biochemical 
profiles is linked to the 
expression level

• Physiological levels of PrP are 
associated with the same 
profile as the staring isolate 
(21K)

• The more intense the 
expression the more often 
19K profile is observed

• What happens in the spleen ??

(Le dur 2017)
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• Lan404 isolate or Lan 19K strain 
inoculated to high expressor mice (8x)

• 19K profile in the brain

• 21K profile in the spleen

• Brain 19K inoculum turns
• 21K on low expressors (1.2x)

• 19K in brain and 21K in spleen on high 
expressors

• Spleen 21K inoculum turns
• 21K on either low  or high expressors  

(spleen and brain : cloning effect)

Can differential expression level result in organ specific strain selection ? 

Divergent biochemical profile of 19K-inoculated mice in brains and spleens

(Béringue 2020)
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• MM2 sCJD, type 2 profile

• In tg 338 (8x expressor)

• Keeps type 2 profile in the brain 

• Acquires type 1 profile in the spleen

• In tg335 (1,2x expressor)

• Acquires type 1 profile in both brain and spleen

• Both profiles can be stabilized (cloned)

Similar results upon adaptation of MM2 sCJD to ovine high expressor

Adaptation of MM2 sCJD to ovine tg338 high expressor mice results 
in two divergent profiles in the spleen and the brain of the mice

(Béringue 2020)
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• Prion strain selection is greatly influenced by the 
PrP expression level

• Biochemical profile

• Histological profile

• Incubation times 

• Endogenous PrP expression level can favor or 
repress the emergence of particular prion strains

• The selected strain may or may not replicate in 
the spleen of the host,  and therefore determine 
its lymphocompetency

• Portfolio is wide but not infinite

Conclusions

(Le dur 2017)
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• Prions actively replicate outside the CNS

• Extraneural replication facilitate:

• Dissemination and horizontal contamination

• Crossing of species barrier

• Lymphoid prion replication relies on follicular dendritic cells

• Prion strain selection  relies on PrPC expression level

Take Home messages
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