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Foreword 
This project relies on the development of a very recently described model consisting in culturing cells in 
3D as organoids, during unusually long-term (theoretically up to one year in vitro) periods. We sincerely 
apologize for the late delivery of this report but as we hope you will understand we wanted to make sure 
that our latest results were included in the report. Indeed, this project is in full bloom and continuing in the 
long term under the supervision of a PhD student graduating in Engineering who will present his results at 
the Prion 2017 conference. 

 
 

 
Project Title 

 

HUMAN MINI-BRAINS AS A NEW PLATFORM TO IDENTIFY AND VALIDATE PHARMACEUTICAL 
COMPOUNDS FOR THE TREATMENT OF CJD 

 

Project objective 
  
This project aims to develop a novel in vitro model of Creutzfeldt-Jakob disease (CJD) based on the newly described 

neuroectodermal organoid ("mini-brain") technology that has been shown to recapitulate many characteristics of neurological 

development (Lancaster, 2013). Mini-brains are now used to model the pathophysiological aspects of several neurological 

diseases, ie. microcephaly, zika virus exposure (Qian, 2016), alzheimer’s disease (Raja, 2016). This work is to our knowledge 

the first using human mini-brains to model CJD. 

The “mini-brain” technique is based on a complex protocol first described in 2013 (Lancaster et al., Nature, 2013). Briefly, 

through successive in vitro cellular biological and chemical triggers, induced pluripotent stem cells (IPS) are differentiated into 

human neurons, which self-organize in a three-dimensional structure reminiscent of the human brain. These structures, called 

neuroectodermal organoïds (or “mini-brains”) reach up to 3mm in diameter and enable for the first time a long-term in vitro 

culture of human cerebral cells (neurons, astrocytes, oligodendrocytes…) with the unique advantage of recapitulating the 

structural and cellular complexity of the human brain. Although these structures are by no means functionally close to a human 

brain, they contain most of the mesenchymal and parenchymal biological features of the cerebral tissue, which are necessary 

to understand the development of a complex disease such as CJD. Our work notably entailed to develop bioengineering in 

order to modulate the cell composition and the 3D organization within organoids to further enhance their utility in research and 

therapies (for review see Yin, 2016). 

 

We endeavored to use this new technology in the field of Creutzfeldt-Jakob Disease research. Our hypothesis is that human 

mini-brains infected with different prion strains are able to replicate infectious PrPd aggregates during their in vitro development 

(Figure 1). One of the main challenges towards this aim is to determine the chronology with which the expression of the 

endogenous form of prion protein is compatible with the transmission of the misfolded form. This pathophysiological hallmark 

of CJD would thus enable us to develop a drug-screening strategy that could be used as a platform to assess the efficiency of 

pharmaceutical compounds. Several strategies were compared in a preliminary setting in order to increase the susceptibility of 

the target cells to the development of pathological characteristics upon infection with transmissible PrPd aggregates.  

 

For this project, both immunohistochemical stainings, to detect amyloid plaques, and viability/apoptosis staining, to detect the 

neurotoxicity caused by the infectious extracts, were used to both phenotypically and functionally evaluate the presence of 

pathological PrP. Moreover, the replication of infectivity was assessed through bioassays in humanized transgenic mice. 

 

The human mini-brains were infected with different human prion strains which were validated in the laboratory for their 

capacity to infect primate tissue. First and foremost, the development of PrP aggregates and amyloid plaques was assessed by 

immunohistochemistry.  The final aim of this program being to provide a platform to assess the efficiency of pharmaceutical 

compounds, we have also developed the assays necessary to visualize the results in a high-content, three-dimensional imaging 

setting. Once the cellular modeling strategy is performed on IPS cell lines from healthy patients, IPS cells obtained from 

families with PRNP mutations such as GSS could be included in this assay, offering a new, more relevant avenue for disease 

modeling and the development of novel treatments. 
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Summary of accomplishments to date 

 

IPS cell generation and genotyping 

IPS cells were obtained from reprogrammed cells at the laboratory using two non-integrative technologies: Sendai virus, 

encoding for the reprogramming genes Oct4-Sox2-Klf4-Cmyc, and episomal plasmids encoding for Oct4-Sox2-Klf4-Cmy-

nanog-lin28a-SV40. Several primary cell lines were reprogrammed and several IPS clones were isolated, amplified and 

characterized from each batch. Both skin cells (foreskin) and blood cells could be reprogrammed using these methods. 

Functional (teratoma assays, in vitro differentiation) and phenotypical characterization (Tra160, SSEA4, Oct4, nanog 

expression) was performed for each line prior to banking. The status of the PRNP gene at codon 129 in each cell line was 

assessed by Sanger sequencing (Figure 2), and all IPS cells derived were confirmed to be of Met/Met genetic status. 

 

Reproducible Production of Human Mini-Brains 

Most of the in vitro models of PrPd transmission aggregation described in the literature rely on two-dimensional arrays of 

primary or transformed neural tissue, which do not recapitulate the density and complexity observed in the human brain 

(reviewed in Merwe, 2015). The mini-brain technology is a more comprehensive and integrated model to study 

neurodegenerative diseases than previous in vitro models. The presence of human neurons as well as other types of cells in this 

model makes these structures more relevant to study human diseases in which prions are implicated. One of the main issues 

we were faced with was optimizing a protocol allowing a reliable, reproducible production of cerebral organoids. Briefly, each 

step in the organoid development was tested and compared with the original Lancaster protocol (Figure 3). We are now able 

to produce organoids in large sets with a reproducible protocol. Immunohistochemical characterization can reveal the presence 

of cells specific to the human neurodevelopment (Figure 4). Early neural development markers (Pax6/ Sox2, not shown) are 

expressed consistently during the first days of differentiation in a compartmentalized manner, and decrease at later stages. 

Neuronal markers appear at early stages of development (Tuj1/ FZD9) and (NeuN/NCAM, not shown). Interestingly, glial 

expression of GFAP is only detectable after 1 month of culture, showing a stepwise progression of developmentally regulated 

genes in the organoids. Endogenous expression of PrPc in the mini-brain model is maintained throughout the culture making 

this model amenable to infection with infectious brain homogenates. 

 

In vitro infection to model acquired CJD 

A matrix composed of the hydrogel Matrigel is used to maintain mini-brains in a spherical 3D environment and persists for 60 

days surrounding the mini-brain before being totally resorbed (Figure 3). We mixed infectious brain homogenates with the 

hydrogel to durably expose Mini-Brains to infection: this strategy of exposure of Mini-Brains to infection should increase the 

rate of infection. 

Mini-brains were exposed to vCJD and sCJD brain homogenates. We observed that mini-brains exposed to sCJD and vCJD 

infectious samples exhibited higher rates of apoptotic cells than mini-brains exposed to control extracts (Figure 5). 

Accumulation of abnormal PrP is observed in mini-brains exposed to infectious load from 37 days to 90 days after infection 

(figure 6). Surprisingly, biochemical approaches (Western-Blots) failed to detect PK-resistant PrP in the same mini-brains, 

maybe due to the low level of PrPc gene expression. First analysis of mini-brains extracts by QuiC protocols confirmed the 

persistence of low levels of PK-resistant PrPd 90 days after in vitro infection. In order to assess and quantify the presence of 

neo-formed infectious particles we have performed a functional in vivo assay. 

 

In vivo assessment of prion infection 

Functional assessment of de novo generated infectivity in exposed mini-brains was performed through a bioassay in transgenic 

mice overexpressing human PrP (Met/Met, tg650 line). Briefly, mini-brains exposed to sCJD brain extracts for 1, 30 days, 60 

days or 90 days were lysed and corresponding serial dilutions were injected in the parietal lobe of transgenic mice. In parallel, 

mice were exposed to serial dilutions of the initial infectious load to estimate the infectious titers observed (Table 1). In the 

Tg650 mice model, sCJD developed after a minimal incubation period of 6 months. Since incubation periods are inversely 

correlated to the initial amount of infectivity, animals are kept under surveillance for at least 18 months. This study is still 

ongoing (480 days post infection), but the majority of the animals have already developed the disease and conclusions can 

already be drawn, the final results should be only marginally modified (table 1). 

The LD50 (lethal dose inducing the death in 50% of the injected animals) was estimated for each sample. The initial infectious 

load of the sCJD inoculum was estimated to be 6.4 LD50/g. The comparisons of rates of transmission in the different groups 

suggest  

1) The initial infectious load is recovered in the Mini-brain after one day of exposure, ensuring that the absence of 

technical bias of the bio-assay due to the presence of Matrigel; 

2) Thirty days post-exposure, the infectious load is reduced by around one log. This phenomenon is reminiscent of the 

well-known clearance phenomenon observed in vivo and that is due to the catabolism of around 90% of the initial 

inoculum by the organism’s defenses. 

3) In a later period, the apparent infectious load increased 10 to 100-fold as observed 60 and 90 days post exposure 

(Figure 7). This increase of LD50 corresponds to de novo generation of infectivity, at ranges that are similar to those 

described in 2D culture models of infection with human prion strains (Hannaoui, 2014). 

 

Genetic Modification of IPS Cells 

In order to better distinguish the original infectious PrPd protein from the neo-formed protein, we have set up a technical 

platform dedicated to create a new line of human IPS cells in which the PRNP gene is knocked out. We have designed several 

CRISPR/Cas9 plasmids specifically targeting the 5’ end of the PRNP Open Reading Frame sequence. After screening, we have 

identified one guide sequence which could knock out the PRNP gene (Figure 8) efficiently in our control cell lines (HELA and 
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T98G). We are currently replicating these findings in IPS cells, which is complicated by the fact that pluripotent cells are very 

difficult to transfect and cannot be isolated clonally. We have very recently managed to isolate by the same technique a single 

IPS clone knocked out for the PrPc gene. These PrPc-knockout cells will now be used as controls in order to create human 

mini-brains without PrPc in order to further characterize the infectious potential of the cerebral homogenate.   

 

 

Key findings and implications for the prion disease field 
 

➢ IPS cells derived at the SEPIA laboratory all harbor the MET/MET genotype. 

➢ Mini-brains express endogenous PrP and are thus amenable to modeling prion diseases. 

➢ Infection is possible by mixing CJD brain extracts  with Matrigel 

➢ Immunohistochemistry confirms the presence of abnormal PrP in exposed minibrains. 

➢ De novo generation of infectious particles by Mini-brains was  confirmed through a bio-assay. 

➢ Functional validation of a CRISPR target against the PRNP human gene;  applicable to IPS cells. 

 

 

Next steps in your work (or other work you’re doing in the field, if 
you’d like to share it) 

 

During this study, we have confirmed two main drawbacks linked to the “mini-brain” model of CJD. The first is the embryonic 

nature of the organoid, which necessitates to be compensated by a long culture duration. The second is the absence of 

vascularization of the organoid, which inhibits the optimal growth and development of the structures. 

 

In order to increase the in vitro ageing of organoids, we have begun to explore different strategies, including different modes 

of chemical induction, and overexpression of targeted genes such as PRNP isoforms. In order to accelerate disease progression 

we have developed vectors allowing the overexpression of different genes in the organoid. Our hypothesis is that such strategies 

should accelerate PrP aggregation in the particular context of the cerebral organoid. 

 

To address the problem of the absence of vascularization of the organoids and to ascertain a timeframe compatible with the 

development of the disease, we have devised several strategies aimed at creating a neovascularization of the structures after 

xenografting the neuroectodermal organoids in immunotolerant mice as described in another type (gut) of organoid (Workman, 

2016). 
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Figure 1. Schematic of the main objective. 

Current in vitro models do not recapitulate the main hallmark of prion 

diseases: protein aggregation and cell death. 

Figure 2. PRNP status of the 

codon 129 locus in IPS-BJ 

cells 

 

Figure 3. Overview of the neuroectodermal organoid  derivation protocol. Briefly, IPS cells are differentiated 

with a  hanging drop embryoid body technique. At day 12, embryoid bodies are placed inside a droplet of Matrigel 

and cultured in cerebral organoid differentiation medium. Retinoic acid is added to the culture as from day 14. 

After 28 days in culture, specific morphological characteristics appear (translucent borders, dark retinal progenitor 

patches…). After 30 days, the organoids reach a size of ca. 1-2mm in diameter. 
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Figure 4. Immunohistological staining of human mini-

brains after infection with infected brain homogenates 

(days 30, 60, 90 post-infection). Neuroectodermal 

organoïds were incubated in the presence of sporadic CJD  

infectious brain extracts. Parafin-embedded organoïds were 

sectioned and stained for FZD9 (marker of hippocampal 

region), Tuj1 (neuron-specific classIII tubulin), GFAP 

(marker of glial tissue)  

Figure 5. Cell toxicity observed after application of 

brain homogenates. Tunel assay was performed on 

sections of minibrains after 8 or 37 days of infection with 

infectious variant CJD or sporadic CJD brain extracts. 

 

Figure 6 : Immunohistochemical detection of 

Proteinase K-resistant Prion Protein (PrPd) protein. 

Mini-Brains exposed to vCJD brain extrcts, 10 days and 30 

days post-exposure. 
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Dilutions Initial 

infectious 

load 

Non 

exposed 

Mini-brain 

1 day- 

exposed 

Mini-brain 

30 days- 

exposed 

Mini-brain 

60 days- 

exposed 

Mini-brain 

90 days- 

exposed 

Mini-brain 

1 :1 100% (11) 

196 ± 18 

0% (12) 100% (11) 

265 ± 23 

100% (12) 

281 ± 23 

100% (12) 

234 ± 21 

100% (11) 

273 ± 22 

1:10 100% (8) 

218 ± 31 

 100% (10) 

291 ± 22 

27% (11) 

357 ± 39 

100% (12) 

258 ± 11 

100% (7) 

333 ± 60 

1:100 100% (9) 

247 ± 29 

 30% (10) 

326 ± 23 

27% (11) 

357 ± 26 

100% (11) 

294 ± 51 

100% (6) 

401 ± 25 

1:1.000 16% (12) 

297 ± 52 

     

1 :10.000 16% (12) 

364 ± 31 

     

 

Table 1: Determination of the infectivity of Mini-brains exposed to sCJD inoculum through bio-assay in Tg650 

mouse model. For each dilution of each sample are mentioned the rate of transmission (the total number of injected 

animals in brackets) and survival periods in days (mean + sd). 

 

Figure 7: Evolution of infectivity of Mini-brains after exposure to sCJD. LD50 

(lethal dose) from the bio-assay is used to quantify PrPd after exposure of mini brains 

to infected brain extracts. 
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Figure 8. Validation of  CRISPR/Cas9 strategy targeting of 
the PRNP gene in Hela cells.  PrPc gene was targeted and 
knocked out by CRISPR/Cas9 in Hela cells. Red blocks show 
western blots confirming the absence of PrPc expression in 
three different clones. 


