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ABSTRACT
The absence of specific immune response is a hallmark of prion diseases. However, in 

vitro and in vivo experiments have provided evidence that an anti‑PrP humoral response 
could have beneficial effects. Prophylactic passive immunization performed at the time of 
infection delayed or prevented disease. Nonetheless, the potential therapeutic effect of 
PrP antibodies administered shortly before the clinical signs has never been tested in vivo. 
Moreover, a recent study showed the potential toxicity of PrP antibodies administered 
intracerebrally. We aimed at evaluating the effect of a prolonged intracerebral anti‑PrP 
antibody administration at the time of neuroinvasion in BSE infected Tg20 mice.

Unexpectedly, despite a good penetration of the antibodies in the brain parenchyma, 
the treatment was not protective against the development of BSE. Instead, it led to an 
extensive neuronal loss, strong astrogliosis and microglial activation. Since this effect was 
observed after injection of anti‑PrP antibodies as whole IgGs, F(ab')2 or Fab fragments, 
the toxicity was directly related to the ability of the antibodies to recognize native PrP and 
to the intracerebral concentration achieved, and not to the Fc portion or the divalence 
of the antibodies.

This experiment shows that a prolonged treatment with anti‑PrP antibodies by the 
intracerebral route can induce severe side‑effects and calls for caution with regard to the 
use of similar approaches for late therapeutic interventions in humans.

ABBREvIATIoNS
PrP, prion protein; PrPSc/PrPRes, abnormal isoform of PrP; PrPC, normal‑cellular isoform 

of PrP; BSE, bovine spongiform encephalopathy; TSE, transmissible spongiform encepha‑
lopathy; CJD, Creutzfeldt‑Jakob disease; 6PB1, BSE mouse‑adapted prion strain; RML, 
Rocky Mountain Laboratories ovine prion strain; CSF, cerebrospinal fluid; GFAP, glial 
fibrillary acidic protein; TUNEL, TdT‑mediated dUTP nick end labeling; i.p., intraperito‑
neal; ICV, intracerebroventricular; PK, proteinase K

INTRoduCTIoN

Transmissible spongiform encephalopathies (TSE) or prion diseases are fatal 
 neurodegenerative disorders that can be infectious, genetic or sporadic in origin.1,2 
Examples of these diseases include different forms of Creutzfeldt‑Jakob disease (CJD) in 
humans, scrapie in sheep and goat, bovine spongiform encephalopathy (BSE) in cattle and 
chronic wasting disease in cervids.

The hallmark of prion diseases is the accumulation in the central nervous system of a 
misfolded form, PrPSc or PrPRes, of an endogenous protein, PrPC. PrPSc presents abnormal 
physicochemicals properties such as insolubility, ability to form amyloid fibrils and 
protease resistance.3 According to the “protein only” theory,4,5 this misfolded conformer 
is the primary component of the infectious entity, called prion, and acts as a template to 
convert non pathogenic PrPC into pathogenic PrPSc. Since this conformational switch is a 
key event in the pathogenesis, most therapeutic strategies against prion diseases are focused 
on blocking the interaction of PrPSc with its PrPC substrate.6‑8

In a cell free conversion system, PrP‑specific antibodies were able to inhibit the 
conversion of PrPC into PrPRes.9 In vitro, scrapie‑infected cell cultures are cured by 
anti‑PrP antibodies.10‑14 Several mechanisms have been proposed, including the inhibi‑
tion of the PrPC/PrPSc interaction,14 the increase of the sequestration of PrPC at the cell 
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surface, the release of PrPC into the extracellular compartment15 
or the  acceleration of PrPC degradation.16,17 In vivo, expression of 
6H4 anti‑PrP light fragment IgM in B lymphocytes of transgenic 
mice protects against the disease after peripheral infection.18 This 
experiment provided the proof of principle of the relevance of using 
anti‑PrP antibodies in pre‑exposure prophylaxis.

Classical immunizations against homologous PrPRec, monomeric 
or dimeric, lead to significant levels of serum anti‑PrP antibodies 
but interfere only weakly with prion pathogenesis, regardless of the 
immunization route.19‑25 The modesty of this effect may be related 
to the lack of recognition of native PrP due to immune tolerance 
toward PrPC.23,26 One way to overcome this hurdle is the administra‑
tion of selected antibodies by passive immunization. When injected 
within four weeks after intraperitoneal inoculation with the RML 
scrapie strain, anti‑PrP antibodies interfere successfully with lymph‑
oinvasion and prevent subsequent neuroinvasion.27

However, most of the patients are diagnosed once the first clinical 
symptoms have appeared and the infectious agent is already in 
the central nervous system, out of reach of the bulk of peripheral 
 antibodies. A tempting therapeutic approach would consist of the 
direct intraventricular antibody administration with a cannula linked 
to an Ommaya reservoir. However, a strong warning has been raised 
by the study of Solforosi et al. showing that some PrP antibodies 
induce neuronal death when injected into the hippocampus of 
 non‑infected mice.28

In the present study, we therefore wanted to evaluate the safety 
and potential therapeutic effect of a prolonged intracerebral anti‑PrP 
antibody administration. Tg20 mice were inoculated intraperitoneally 
with the 6PB1 mouse‑adapted BSE strain. The 4H11 monoclonal 
anti‑PrP antibody was selected for its efficiency to recognize native 
PrPC and to cure scrapie N2a cells. Mice were injected with total IgG 
or the F(ab')2 fragment of the 4H11 antibody by intraventricular 
route continuously during two weeks, starting at the early stage of 
neuroinvasion (85 dpi). The effect of the treatment on the brain 
homeostasis and on prion replication was analyzed immediately after 
removal of the pumps in one group of mice. The therapeutical effect 
was assessed in another group of mice. The potential toxic effect of 
the aforementioned antibody preparations, together with that of Fab 
frament, was also analyzed on non‑infected mice.

Despite an extensive diffusion of the antibodies in the brain, the 
treatment did not significantly increase the survival of the animals. 
However, it induced modifications of the animal’s behavior. The 
histological analysis of the brains revealed extensive neuronal loss, 
astrogliosis and microglial recruitment in the regions surrounding the 
ventricle, mostly in the animals treated with the F(ab')2 fragments. 
Similar toxicity was observed in non‑infected and infected animals, 
and also with Fab fragments.

This study points out the possible adverse effects of PrP antibody 
treatments and calls for further studies before any such treatment 
could be envisaged in humans affected by CJD.

METHodS

Animals. Eight‑week‑old Tg20 mice29 were inoculated by 
 intraperitoneal route with 100 ml of 2% brain homogenate prepared 
from either 6PB130 BSE‑infected C57BL/6 mice at the terminal 
stage of disease (titrated as 107.2 50% LD50/g of brain) or healthy 
C57BL/6 mice. In each group, three or four animals were sacrificed 

immediately at the end of the treatment (animals were treated from 
85 to 100 dpi) and five to nine animals at the terminal stage of the 
disease. Animals infected with BSE developed the first clinical signs 
of the disease, such as tail rigidity, kyphosis and abnormal gait at 
about 105 days after inoculation. At the terminal stage, animals 
suffered from bradykinesia, loss of weight and dehydration and were 
sacrificed. Left brain hemispheres were frozen to perform biochemical 
analyses. Right hemispheres were fixed in Carnoy’s fluid (10% vol/vol 
acetic acid, 30% vol/vol chloroform, 60% vol/vol 100% ethanol) 
for 24 hours, then transferred into butanol‑1 until embedding and 
sectioned (5 mm sections) to perform immunohistological analyses.

One‑way analysis of variance (ANOVA) with Tukey’s post test was 
done to compare the means between the different groups. Statistical 
analyses were performed with GraphPad InStat version 3.01 for Mac 

(GraphPad Software, San Diego, California).
The toxicity of different forms of 4H11 antibody was also 

 evaluated in non‑infected mice. Three mice were infused with the 
whole IgG 4H11, four mice with the F(ab')2 4H11 and two mice 
with the Fab 4H11 during 15 days.

Preparation of antibodies and stereotaxical implantation of 
osmotic pumps. Antibody treatments started at 85 dpi until 100 dpi. 
Antibodies were diluted in “artificial cerebrospinal fluid” (Harvard 
Apparatus, France) under sterile conditions. The concentration of 
the anti‑PrP 4H11 and irrelevant IgG2a control antibodies was about 
10 mg/ml, allowing a daily administration of 67 mg of antibody in 
the brain. The concentration of the F(ab')2 and the Fab fragments 
was adjusted to 6.7 mg/ml allowing a daily administration of 45 mg 
of antibody fragments. This difference in the amount of antibodies 
and F(ab')2 was calculated in order to inject the same quantity of 
paratopes. Mock treated mice were infused with artificial CSF only, 
control mice were not infused. Alzet osmotic pumps 1002, Durect, 
Charles River, France) were filled with 100 ml of antibody or control 
solutions and connected to the cannula (Brain Infusion Kit I, 
Durect, Charles River, France) following the provider’s instructions. 
Mice were anaesthetized with avertin (‑2, ‑2, ‑2 tribromoethanol 
and tertiary amylic alcohol, W:V 1:1, Sigma, France 2,5% in saline 
solution) at a dose of 17 ml/g of mouse. The delivery system was 
implanted stereotaxically in the right lateral ventricle (coordinates 
adapted to Tg20 from the mouse brain atlas by K. Franklin and 
G. Paxinos, 1997, Academic Press, AP: 0, L: ‑1, V: ‑3) and worked 
continuously for two weeks. At the end of the treatment, the infusion 
system was removed using the same anaesthesia procedure as that 
used for the implantation.

PrPSc enrichment using g5p and detection by Western blot. PrP 
precipitation was performed using g5p conjugated to tosyl‑activated 
superparamagnetic beads (previously described in ref. 31). Briefly, 
10 ml of 10% brain homogenate clarified by centrifugation at 3000 g 
for ten minutes was incubated overnight with 50 ml of g5p beads and 
940 ml of binding solution (2% Tween 20, 2% Igepal 630 in 1x PBS 
at pH 7.4). The beads were then rinsed three times in the same buffer 
and incubated at 37°C for one hour in 20 ml lysis 1x buffer with or 
without proteinase K 0.1 mg/ml final. Samples were then subjected to 
western blotting. PrP was detected with the anti‑PrP D18 antibody 
at a 1:1000 dilution.32

PrPSc purification and detection by ELISA. Purification of PrPSc 
was performed from 100 ml of 5% brain homogenate by using  
the TeSeE Bovine Detection kit (Biorad) according to the manufac‑
turer’s instructions. An increase in the concentration of proteinase 
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K, from 20 mg/ml to 100 mg/ml, was required in order to eliminate 
the excess of PrPC. PrPSc was then detected by sandwich ELISA. 
Antibodies SAF53 and 11C6‑G4 were used as capture and detec‑
tion antibodies, respectively. Adding Ellman’s reagent and measuring 
optical density at 415 nm revealed acetylcholinesterase activity.

Immunohistochemical labelings. After deparaffinization, the 
slides were placed in 3% H2O2 in milliQ pure water for ten minutes 
and rinsed in PBS with Triton 0.1% (PBS‑T). For PrPSc detection 
and labeling of microglial cells with the F4/80 antibody, sections 
were pretreated by a digestion with Proteinase K (Eurobio, France) 
respectively at 2 or 20 mg/ml in PBS, for 20 minutes at 37°C. 
Then, sections were saturated for 20 min with 20% normal horse 
serum (Sigma, France) in PBS‑T. Incubations with the primary 
antibodies were performed for two hours at room temperature at 
the following concentrations: Anti‑Fab (Sigma, France) 1:100; 
Anti‑GFAP (DAKO, France) 1:2000; biotinylated anti‑PrP SAF34, 
1:200; NeuN (Chemicon, France) 1:250; Anti‑Keratan sulfate 
(Calbiochem, France) 1:100; biotinylated anti‑F4/80 (Serotec, 
France) 1:100. Then, slides were rinsed three times in PBS‑T and 
incubated for 30 minutes with horseradish peroxidase (HRP) 
complexes: Envision rabbit (Dakocytomation, France), Envision 
mouse (K4001, Dakocytomation, France) or Streptavidine‑HRP 
complex (Vector Lab., France). Labelings were revealed with the 
Novared system (Vector Lab., France) and then the sections were 
counterstained with Mayer’s hematoxylin (Vector Lab., France) 
before dehydration and mounting. Control reactions were performed 
by omission of specific primary antibodies and showed the absence of 
non‑specific peroxidase reaction products.

Immunofluorescence analysis. ApoBrdU TUNEL assay was 
performed according to the manufacturer’s directions (Molecular 
probes, France). Sections were incubated for one hour in DNA labe‑
ling solution and for 30 minutes in anti‑BrdU antibody solution. 
They were stained with DAPI before mounting.

For double immunostainings, the cell‑specific labelings were 
performed before the TUNEL apoptosis procedure. Slides were 

treated as describe above. Primary antibodies were added at the 
following concentrations: Anti‑GFAP (DAKO, France) 1:500; 
Anti‑F4/80 (Serotec, France) 1:20. Then, slides were washed three 
times and stained according to the ApoBrdU Kit procedure. To 
reveal the anti‑GFAP or anti‑F4/80 antibodies, anti‑rabbit‑Alexa 568 
1:250 (Molecular Probes, France) or streptavidine‑Alexa 568 1:250 
(Molecular Probes, France), respectively, were added to the  solution 
of secondary antibody of the ApoBrdU kit.

Multiple immunofluorescence was visualized using the Axio 
Imager A1 microscope (Carl Zeiss, Germany). Images were acquired 
sequentially using the AxioCam MRc camera with the green (FITC), 
red (CY3) and blue (DAPI) filters, and analysed with the AxioVision 
4.5 software (Carl Zeiss, Germany).

RESuLTS
Distribution of antibodies after a two-week intracerebrov-

entricular injection. Since prolonged administration of anti‑PrP 
antibodies by intracerebroventricular route has never been described, 
we assessed the biodistribution of the 4H11 and the control 
 antibodies at the end of the continuous 15 days infusion.

We used an anti‑mouse Fab antibody to detect both F(ab')2 
 fragments and whole IgGs. The circulation of the CSF in the ventricle 
system and in the subarachnoid space led to a distribution in the 
regions close to the lateral, the third and the fourth ventricles and at 
the surface of the brain. The antibodies crossed the ependymal layer 
adjoining the ventricular cavities and spread in the brain parenchyma 
with a decreasing gradient from the regions close to the ventricles 
(cortex, hippocampus, striatum) to farther regions (hypothalamus, 
pons, cerebellum, olfactory bulb) (Fig. 1, red color).

All antibodies were retained in the brain (compare antibodies 
versus artificial CSF in Fig. 1), but to a variable extent depending on 
the antibody. Observation of whole brains (Fig. 1, top row) showed 
a wider distribution and a stronger labeling by the F(ab')2 fragments 
when compared to the IgGs, and of the 4H11 anti‑PrP antibodies 
versus their respective F(ab')2 and Ig controls.

Figure 1. Distribution of the antibodies in the brain. The antibodies were detected in the brain of the infected animals after a continuous 15 days treatment 
during the neuroinvasion (85–100 dpi). Red‑brown labeling of the antibodies in the encephalon (first row, bar = 2.5 mm) highlights the greater diffusion 
rate of the F(ab')2 fragments (columns 4 and 5) when compared to the  corresponding IgGs (columns 2 and 3). Higher magnification microphotographs of 
the thalamus (second row, bar = 50 mm) reveal the distribution of the antibodies in the neuropile and in cell bodies. The mice treated with 4H11 F(ab')2 
fragments displayed a strong perturbation of the neuropile associated with shrunk cells and pycnotic nuclei (column 4).
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In the control animals infused with the artificial CSF only, the red 
color was restricted to the vascular system and to the glial scar, and 
was due to the recognition of endogenous immunoglobulins.

The observation of the thalamic parenchyma at a higher magni‑
fication (Fig. 1, bottom row) revealed the presence of the injected 
antibodies in the neuropile and within cells harbouring a neuronal 
morphology. The intensity of this cell staining correlated positively 
with the local concentration of antibodies. In addition, the F(ab')2 
4H11‑treated mice, which presented the highest concentrations 
of anti‑PrP fragments, displayed a strong perturbation of the 
parenchyma, characterized by an abnormal histoarchitecture, the 
disappearance of the blood vessels, and the presence of numerous 
cells harboring a pycnotic nucleus.

Neurological effects of the intracerebroventricular delivery of 
PrP antibodies. Tg20 mice were inoculated intraperitoneally with 
the mouse adapted BSE strain 6PB1 and were treated by intrac‑
erebroventricular administration of anti‑PrP antibodies, control 
antibodies or artificial CSF (used as the vehicle solution for the anti‑
bodies) when 60% of the time to death had elapsed (corresponding 
to 85 dpi), which is the time of onset of neuroinvasion in mouse 
models.21 The intraperitoneal route of inoculation was chosen as a 
standard route to mimick natural or accidental peripheral infections 
with prions. The antibodies were administered centrally to overcome 
pharmacokinetic problems mainly due to their poor ability to cross 
the blood‑brain barrier, and because we wanted to investigate the 
possibility to implement a therapeutical intervention once the infec‑
tious agent has already reached the central nervous system. Clinical 
monitoring revealed that a few days after implantation of the osmotic 
pumps, mice injected with the anti‑PrP antibodies or the anti‑PrP 
F(ab')2 fragments displayed neurological signs such as nervousness 
and scratching as well as perturbation of the circadian rythms. The 
animals treated with the PrP specific antibodies where much more 
active than the animals from any control group, with shorter sleeping 
phases. They also had a reduced social behavior. For example, they 
slept scattered in the cages rather than gathered.

Another group of non‑infected mice was treated by intracer‑
ebroventricular administration of the same panel of antibodies in a 
way similar to that of the BSE‑infected mice. Two mice from this 
non‑infected group, one treated with anti‑PrP whole IgG and one 
with the anti‑PrP F(ab')2 fragment, displayed such strong behav‑
ioral changes and alteration of condition that they were humanely 
 sacrificed after 14 days of treatment.

At the end of the fifteen days of injection, four mice per group 
were killed for the evaluation of the effects of the treatment on PrPSc 
levels and CNS homeostasis (see below).

Effects of the intracerebroventricular delivery of PrP antibodies 
on the course of BSE. Another set of animals (5–9 per group) was 
kept until they developed BSE. Mice started to display the first 
clinical signs of BSE at 105 days post infection. Mice treated with the 
whole anti‑PrP 4H11 died at 140 ± 8 dpi against 143 ± 10 for the 
control whole IgG. Mice treated with the F(ab')2 fragment 4H11 or 
control F(ab')2 died respectively at 143 ± 14 and 144 ± 11 dpi. The 
mock‑infused mice died at 145 ± 2. One‑way analysis of variance 
(ANOVA) with Tukey’s post‑test shows that there was no differ‑
ence in the survival between the treatments. However, there was a 
larger variability in the incubation period of the animals treated with 
 antibodies when compared to the animals injected with artificial CSF 
(Table 1 and Fig. 2).

Effect of the treatment on PrP levels. An analysis of PrPSc 
 accumulation was performed by g5p precipitation (Fig. 3A) or by 
the Biorad SAF purification method followed by a sandwich ELISA 
(Fig. 3B). At the end of the treatment, PrPSc levels were below the 
detection threshold in all groups of mice. At the terminal stage of 
BSE, all animals displayed detectable levels of PrPSc with no  statistical 
difference between antibody‑treated and non treated animals.

Anti-PrP antibodies trigger neuronal death. In the occipital 
cortex, the hippocampus, the thalamus or the striatum, as well as 
in regions close to the lateral ventricle of 4/7 F(ab')2 4H11‑ and 
1/8 whole IgG 4H11‑treated mice, hematoxylin‑erythrosin staining 
revealed an extensive perturbation of the parenchyma with a 
 disorganization of the neuropile and the presence of shrunk cells 
with pycnotic nuclei, indicative of apoptosis. The example of the 
 hippocampus is shown in Figure 4.

NeuN labeling revealed an extensive loss of neurons in the region 
where pycnotic nuclei were observed, correlating with the staining for 
apoptosis (Fig. 4A compare top and bottom rows).

Double labeling for apoptosis and GFAP or F4/80 revealed the 
presence of non‑apoptotic, activated astrocytes (Fig. 4B top row, 
red labeling) and microglial cells (Fig. 4B, bottom row, red labe‑
ling) in the vicinity of dying neurons. The two non‑infected, Fab 
4H11‑treated mice also displayed apoptosis (data not shown).

Gliosis. Astroglial activation was assessed immediately after 
the end of the treatment by GFAP labeling. In PrP‑antibody 
treated mice, reactive astrocytes were found in the vicinity of the 
ventricle and to a lower extent in other parts of the brain. The 
intensity of this astrocytic response followed the gradient of the 
antibody  concentration achieved in the brain: F(ab')2 4H11 > IgG 
4H11 ≥ F(ab')2 control > IgG control > artificial CSF (Fig. 5). 
Even if a slight astocytic activation could be observed in F(ab')2 
control‑treated mice, this was insufficient to induce neuronal death 
or treatment‑related neurological signs.

F4/80 staining revealed amoeboid microglial cells in association 
with the neuronal death specifically in the PrP antibody‑treated 
groups but was not associated with amyloid deposits at the 
terminal stage of the disease. On the contrary, keratan sulfate posi‑
tive  microglial cells of stellar and amoeboid morphology were not 
 specifically associated with the anti‑PrP antibodies administration 
but were associated with amyloid deposit at the terminal stage. F4/80 
and keratan sulfate labelings were mutually exclusive showing that 
different types of microglial cells respond to the injury resulting from 
antibody administration versus PrP deposits (data not shown).

dISCuSSIoN
The development of a therapy against prion diseases remains a 

major goal. Several compounds have shown an anti‑prion activity 
(reviewed in ref. 6). However, the activity of most of them has 
been evaluated at early stages of the disease during the lympho‑ 
invasion phase and few are suitable for a late stage treatment 
because of their poor ability to cross the blood brain barrier. As 
to now, this hurdle can only be overcome by evaluating the thera‑
peutical efficiency of good candidates by direct intraventricular 
injection. Pentosane polysulfate is the only compound which has 
been evaluated by intraventricular injection in the brain of patients 
affected with Creutzfeldt‑Jakob disease. Apart from one report of a 
prolonged survival in a patient affected with variant Creutzfeldt‑Jacob  
disease,33 these trials have so far met with limited success.34,35
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Figure 3. PrPSc accumulation in the brain of treated animals. (A) PrPSc was enriched from brain homogenates by precipitation with g5p and digested or 
not with PK (–/+ lanes). PrPSc was evaluated at the end of the treatement (lanes 1–10) or at the terminal stage of disease (lanes 11 and 12). (B) PrPSc was 
purified from brains of animals at the end of treatments (left set of bars), or at terminal stage (right set of bars) by the purification technique described in the 
methods, and then detected by sandwich ELISA.

Figure 2. Survival of 6PB1 infected mice. Grey circles: mice infused with the artificial CSF. Black triangle: mice treated with the PrP and control IgGs (left 
panel). Black squares: mice treated with PrP and control F(ab')2 fragments (right panel).

Table 1 

 Treatments Infection i.p. 6PB1 104.5 Ld50 Non-Infected
  Number of  duration of  Survival Time:  Survival Time:  Neuronal death* Neuronal  
  Animals Symptoms:   Individual Range  Mean ± Sd   death** 
   Mean ± Sd (days) (dpi) (dpi)  
 Artificial CSF 5 6 ± 4 143–148 145 ± 2 0/2 0/1
 IgG 4H11 8 29 ± 16 133–159 140 ± 8 0/4 1/4
 IgG control 7 25 ± 16 129–159 143 ± 10 0/2 0/2
 F(ab')2 4H11 7 50 ± 9 127–167 143 ± 14 2/3 2/4
 F(ab')2 control 9 26 ± 17 136–166 144 ± 11 0/3 0/1
 Fab 4H11 Not Tested Not Tested Not Tested Not Tested Not Tested 2/2

*Expressed as a ratio of the number of animals tested by histology. **All animals have been tested by histology.
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Figure 5. Effect of the antibody treatment on the astroglial reaction. Reactive astrocytes were detected at the end of the treatment by labeling for GFAP 
(brown). (Thalamus, Bar = 50 mm).

Figure 4. Effect of the antibody treatment on neurons and glial cells in infected animals at the end of the treatment. (A) Neuron specific NeuN labeling 
highlighting the neuronal loss in the regions CA1 and CA2 of the hippocampus of the animals treated with 4H11 F(ab')2 fragments, while the animals from 
all the other groups did not show neuronal loss (row 1). TUNEL labeling showing apoptotic neurons in the same region of the hippocampus of the animals 
treated with 4H11 F(ab')2 fragments (row 2). Bar = 500 mm. (B) Higher magnification and labeling for gliosis of the hippocaampus of the 4H11 F(ab')2 
treated mouse shown in (A) (lines show the corresponding panel A). Immunofluorescence analysis revealed the presence of GFAP positive reactive astrocy‑
tes (row 1, red labeling) and F4/80 positive microglial cells (row 2, red labeling) in the vicinity of the apoptotic neurons labelled by TUNEL (2nd and 4th 
columns, green) in the hippocampus of 4H11 F(ab')2 fragments treated animals. Bar = 50 mm.
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Several experiments have already demonstrated the efficiency of 
PrP antibodies both in vitro and in vivo at the early times of infec‑
tion, emphasizing their therapeutic potential.15,18,27 In addition, 
other approaches using antibodies directed against the receptor LRP/
LR revealed an effect in the reduction of peripheral PrPsc propaga‑
tion.36 However, the limited ability of the antibodies to cross the 
blood brain barrier, the immune tolerance towards homologous PrP, 
the possibility that immunization be ineffective after the neuroinva‑
tion phase, and the possible neurotoxic effects of PrP antibodies in 
the brain are all major hurdles to overcome in immunotherapeutical 
approaches for patients at the preclinical or clinical stages. We tackled 
this issue by starting to investigate the effects of the direct and 
prolonged intracerebral delivery of PrP antibodies in a mouse model 
of BSE infection.

Selection of the 4H11 anti-PrP antibody. The PrP antibody 
needed to fulfill three major requirements:

First, it should recognize native PrPC and/or PrPSc.23 The 4H11 
antibody was raised against a recombinant dimeric form of PrP 
designed to mimic a PrPC to PrPSc conversion intermediate assumed to 
be relevant in the pathogenic process.37 4H11 recognized native PrPC 
exposed at the surface of N2a cells by FACS analysis (Supplemental 
Fig. 1). It did so even better than two other PrP  antibodies, the Bar 
21415 and the SAF34 used to cure scrapie‑infected cells.17

Secondly, it should recognize at least one epitope critical for prion 
replication. Previous experiments showed that the targeting of three 
different epitopes leads to the inhibition of PrPSc accumulation in 
infected cell cultures: the octarepeat region (amino acids 59–89) 
recognized by the antibody SAF34,17 the intermediary region (aa 
97–102) recognized by the antibodies D1314 and ICSM3516 and the 
central region of the helix1 (aa 130‑160) recognized by the 6H4, the 
D18, the ICSM18 and the ICSM19 antibodies.11,14,16

However, one of these regions (aa 95–105) is associated 
with neuronal death when the divalent antibodies are injected 
 intracerebrally28 and is therefore not a good target region for 
therapeutical studies. Our epitope mapping experiment showed that  
the 4H11 recognizes the octarepeat region of PrP.

Third, the antibody should be able to cure scrapie‑infected cells 
in culture. The 4H11 displayed a strong ability to clear ScN2a cells 
from PrPSc after five days of treatment (Supplemental Fig. 2). The 
IC50 of the 4H11 IgG and F(ab')2 fragment were about 5 and 3 nM, 
respectively, compared with 9 nM for SAF3417 and the Fab fragment 
D18.14 Consequently, we undertook to assess the ability of the 4H11 
antibody to impede prion progression in the CNS in vivo. Tg20 mice 
were used despite their 8‑times overexpression of PrP, because they 
exhibit shorter incubation times than wild‑type mice, and therefore 
the duration of the treatment proportionally to the duration of the 
incubation period would be longer. BSE infected Tg20 mice, which 
exhibit clinical signs after about 105 days following i.p. inoculation, 
were treated at the onset of the estimated phase of neuroinvasion 
(60% throughout the incubation period, i.e., 85 dpi) during 15 
days, by continuous pump delivery. Longer intracerebroventricular 
treatments were excluded due to technical constraints and the onset 
of neurological symptoms in some mice. Since the Fc fragment 
of antibodies can induce an unspecific activation of astrocytes or 
microglial cells and has been shown to be responsible for clearance of 
the antibodies from the brain parenchyma38 we injected both whole 
IgGs and F(ab')2 fragments (lacking the Fc fragment) of the anti‑PrP 
antibodies and of the irrelevant controls.

Biodistribution and availability of the antibodies in the brain. 
The antibodies diffused in the brain to an extent which was beyond 
our expectation. This was particulartly striking in the anterior parts of 
the brain. However, the antibodies did not reach such high concen‑
trations in the caudal regions of the brain where nuclei involved in 
the vital functions are targets for the infectious agent.

We observed a better distribution of the F(ab')2 fragments 
when compared to the whole IgGs. This could be due to the lower 
molecular weight of F(ab')2 fragments, allowing a higher  diffusion 
rate, and/or to the mechanisms of Fc specific clearance which 
decrease dramatically the half life of brain IgGs. This mechanism 
involves a Fc‑like receptor transporting the antibodies from the brain 
parenchyma to the blood compartment.38 Anti‑PrP antibodies were 
more abundant than their respective controls, probably because their 
binding to PrP slows down their elimination.

Biological effect of the treatment. The two weeks of continuous 
intracerebral administration of PrP antibodies did not delay the 
onset of the disease. This might be due to the PrPC overexpres‑
sion by Tg20 mice, which diminished the probability of antibodies 
effectively reducing the levels of PrP, or to the insufficient antibody 
concentration in relevant clinical target areas. However, mice treated 
with anti‑PrP antibodies displayed neurological signs during the 
treatment. It was highly unlikely that these symptoms be linked with 
the CSF infusion itself, because the pumps delivered a total of 6 ml 
per day, corresponding to about 5% of the total CSF volume in a 
mouse. Moreover, these symptoms were specifically associated with 
the treatment by anti‑PrP antibodies and were not observed in mice 
treated with artificial CSF or control antibodies. Hence, this observa‑
tion prompted us to investigate the effect of the treatments on the 
different cell populations of the brain.

We found that the animals treated with PrP antibodies displayed 
an apoptotic neuronal death. The extent of this effect was directly 
 correlated with the antibody concentration, as it was more 
pronounced in the F(ab')2 4H11‑ than in IgG 4H11‑treated mice. 
This  observation expands the observations by Solforosi et al. that 
crosslinking of cellular PrP can trigger neuronal apoptosis.28 In our 
experiment, we show that this effect is not restricted to antibodies 
recognizing the 95–105 region of PrP but can also be induced by 
antibodies binding the octarepeat region. Moreover, we found that 
monovalent Fab 4H11 fragments were also neurotoxic. These results 
suggest that PrP crosslinking is probably not the exclusive neurotoxic 
pathway triggered by PrP‑antibodies. “Coating” the cell surface PrP 
with antibodies or fragments of antibodies may induce other toxic 
signals, such as abnormal PrP internalization or preventing the 
 transduction of the physiological signal by PrPC (in the same way 
as it has been hypothesized in case of binding of truncated PrP or 
doppel to the PrP ligand39,40).

We also observed an astrocytic reaction related to the treatment 
with PrP antibodies. It may have been due to a direct effect of the 
antibodies on astrocytic surface PrP, or to the release of proinflamma‑
tory components by dying neurons. In addition, numerous activated 
F4/80 positive microglial cells displaying an amoeboid shape were 
found in close association with apoptotic neurons. They could 
represent scavenger cells recruited because of the presence of dead 
cell debris.

CoNCLuSIoNS ANd PERSPECTIvES

In conclusion, this study is the first attempt to evaluate the 
 therapeutic potential of anti‑PrP antibodies by a prolonged  infusion 
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in the brain of infected animals at the preclinical stage. It led 
to several observations bearing immediate implications for the 
development of a passive immunotherapy for presymptomatic or 
symptomatic patients.

We showed that antibodies do diffuse well in the anterior part of 
the mouse brain but fail to reach efficiently posterior regions, which 
are also relevant to the pathogenesis of prion diseases. The develop‑
ment of molecules with a higher diffusion ability or modifications of 
the delivery system (capacity, site of implantation) should be consid‑
ered. PrP‑binding molecules which cross the blood brain barrier and 
could be administered by peripheral route would still constitute the 
preferred alternative.

We also showed that the neurotoxicity of anti‑PrP antibodies is 
not restricted to those directed against the intermediate region of PrP 
(around aa 95–105). Thus the selection of an anti‑PrP antibody for 
in vivo usage should be epitope driven, assuming there are regions 
of PrP that can be targeted without triggering harmful side effects. 
Antibodies recognizing exclusively PrPSc or toxic aggregates of PrP, 
but not cellular PrP may be the key to avoid toxicity. In any case a 
better understanding of the toxic pathways induced by PrP binding 
molecules is required before passive immunization assays be consid‑
ered in humans.

Of note, active immunizations of patients suffering from 
Alzheimer's disease have led to accidental meningoencephalitis in 
6% of the patients41 and it still remains to be determined if passive 
 immunization represents a safer approach (reviewed in ref. 42).

Overall, our study points out strategic areas of investigation for 
the development of passive immunotherapy of human prion diseases 
and calls for caution regarding the implementation of such strategies 
before such work has actually been performed.
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