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H  I  G H  L  I G  H  T  S   
 

 

• Human organoids allow researchers to investigate brain development and pathology. 

• Late disease onset could be linked to alterations during brain development. 
• Brain organoids can be used to model neurodegenerative disorders. 

• Organoid maturation can be enhanced by in vivo transplantation or in vitro patterning. 
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A B  S  T  R  A  C T 
 

 

Neurodegenerative disorders represent a high burden in terms of individual, social and economical resources. No 
ultimate therapy has been established so far; human brain morphology and development can not be entirely 
reproduced by animal models, and genomic, metabolic and biochemical differences might contribute to a limited 
predictive power for human translation. Thus, the development of human brain organoid models holds a wide 
potential to investigate the range of physiological and pathological features that characterise the early onset of 
the degeneration. Moreover, central nervous system development has gained a crucial role in the study of the 
pathogenesis of neurodegenerative disorders. Premature alterations during brain maturation have been related 
to late disease manifestations; genetic mutations responsible for neurodegeneration have been found in genes 
highly expressed during neural development. Elucidating the mechanisms triggering neuronal susceptibility to 
degeneration is crucial for pathogenetic studies and therapeutic discoveries. In the present work, we provide an 
overview on the current applications of human brain organoids towards studies of neurodegenerative diseases, 
with a survey on the recent discoveries and a closing discussion on the present challenges and future perspec- 
tives. 

 
 

 
 

1. Introduction 
 

Neurodegenerative diseases are a clinically and pathologically het- 
erogeneous group of disorders that affects a specific subset of neurons 
and whose progression is nowadays inevitable (Przedborski et al., 
2003). They can be classified according to the clinical phenotype or to 
the area most predominantly affected. Alzheimer’s disease (AD), fron- 
totemporal dementia (FTD), Parkinson’s disease (PD) and Huntington’s 
disease (HD) have a devastating impact on patients and families, re- 
presenting a high burden in terms of individual, social and economical 
resources. No ultimate therapy has been established so far, although 

 
some of these conditions benefit the availability of drugs slightly able to 
modify the natural history. These disorders share some common fea- 
tures and pathogenetic mechanisms, which have been identified in 
protein misfolding and aggregation, altered RNA homeostasis, in- 
flammation and involvement of non-neuronal cells and hindered lyso- 
somal functioning (Katsnelson et al.,  2016). No unique mechanism 
seems to be primarily causative of neurodegeneration, suggesting that 
the complex synergy of different pathways could play a role. Reliable 
human in vitro models are precious tools for the discovery of specific 
pathogenic mechanisms and potential therapeutic approaches. 

Brain organoid cultures were implemented in 2013 by Lancaster 
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Fig. 1. Human induced stem cell-based models: 3D brain organoids vs 2D cultures. Human induced pluripotent stem cells (hIPS cells) can be reprogrammed from skin 
fibroblasts and blood cells. HIPS cells can then be differentiated into various cellular subtypes, including 2d neuronal monolayers, and into 3D brain organoids. While 
2D based models can be used as high-throughput platforms for the screening of novel therapeutics, human brain organoids are versatile tools to investigate 
neurodevelopment, brain circuitry and conduct high-throughput molecular profiling. 

 

and colleagues (Lancaster et al., 2013) offering a novel strategy to study 
brain development and disease. Lancaster’s protocol generates neu- 
roectoderm and subsequently neuroepithelium from embryoid bodies 
included in Matrigel droplets to provide an efficient scaffold for growth. 
These organoids contain cerebral cortex, plexi, meninges and retina, 
including the presence of discrete cellular populations in different and 
specific regions. They also display a rough organization in superficial 
(Satb2+) and deep (Ctip2+) layers, although not any stereotypical II-VI 
layers organization. Cell populations are interconnected in various 
circuitries and hold electric potential. Mature cortical neurons self- 
differentiate within the organoid and can be isolated and further cul- 
tured (Fig. 1). Many groups exploited different protocols to derive brain 
3D cultures generating mature cortical neurons with postsynaptic re- 
ceptors and spontaneously active neuronal networks that exhibit re- 
sponse to stimulation (Paşca et al., 2015; Quadrato et al., 2017; 
Rigamonti et al., 2016; Velasco et al., 2019). 

Differentiation of patient derived induced pluripotent stem cells 
(iPSCs) lines allows researchers to produce patients’ specific disease 
relevant cell types. Thus, iPSC derived organoids, which display a 3D 
spatial organization and complex cellular compartmentalization in ad- 
dition to the possibility of surviving in vitro for many months, may be 
useful to investigate mechanisms involved in cell-to-cell spreading of 
misfolded protein aggregates and their dynamic evolution over time in 

neurodegenerative patients. 
Moreover, the differentiation of human iPSCs into specific cell 

types, such as dopaminergic, glutamatergic, and GABAergic neuron, 
particularly if they could coexist in more complex 3D structures, would 
give the possibility to explore subtypes of neurons that are more vul- 
nerable to the disease process. These studies can also be combined with 
single-cell RNA-seq analysis, which improve the ability to discriminate 
between neuronal subtypes according to their genetic signature. 
Elucidating the mechanisms triggering neuronal susceptibility to de- 
generation is crucial for pathogenetic studies and therapy discoveries. 
The possibility of generating many organoids in a relatively short time 
could enable the testing of compounds targeting specific pathogenic 
mechanisms. 

Thus, the development of 3D brain organoid models holds a wide 
potential to investigate the range of physiological and pathological 
features that characterise the early onset of degeneration. Finally, it is 
worth considering that central nervous system development has gained 
a crucial role in the study of the pathogenesis of neurodegenerative 
disorders. Premature alterations during brain development have been 
related to late disease manifestations; genetic mutations responsible for 
neurodegeneration have been found in genes highly expressed during 
neural development (Marder and Mehler, 2012; Mehler, 2017). 

In  the  present  work,  we  provide  an  overview  on  the  current 
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Fig. 2. Cellular and molecular phenotypes of common neurodegenerative disorders characterized using 3D human brain organoids. Advances in 3D stem cell research 
in the last decade have provided many new ways of studying neurodegeneration. The most investigated diseases are movement disorders such as Parkinson’s and 
Huntington’s diseases as well as different forms of dementia, including Alzheimer’s disease and frontotemporal dementia. The possibility of integrating 3D brain 
organoids from human-derived iPSCs recapitulating the human fetal brain neurodevelopment with molecular biology techniques, e.g. CRISPR-cas, has opened new 
horizons to in vitro disease modeling resembling more closely their in vivo counterpart. At the same time, the protocol-based differentiation of neuroectodermal 
spheres into specific three-dimensional brain regions in the form of  cortical,  midbrain-like or  forebrain  organoids  gives the opportunity  to  recapitulate more 
physiologically relevant cellular interactions and the cytoarchitectural dynamics of neurodegeneration. 

 

applications of human brain organoids towards studies of neurode- 
generative diseases (Fig. 2), with a survey on the recent discoveries and 
a closing discussion on the present challenges and future perspectives. 

 
 

2. Movement disorders 
 

Movement disorders are characterised by dysfunction of the 
movement programming resulting in alterations of voluntary move- 
ments  and  appearance  of  involuntary  movements.  They  can  be 

subdivided in hyperkinetic (mainly HD) or hypokinetic (mainly PD and 
Parkinson-plus syndromes). These disorders affect a group of sub- 
cortical neurons situated at the base of the forebrain, called basal 
ganglia, and functionally include striatum, globus pallidus, substantia 
nigra, subthalamic nucleus, as well as the red nucleus. 

 
 

2.1. Huntington’s disease 
 

HD is a dominantly inherited neurodegenerative disorder caused by 
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Table 1 
Experimental studies based on brain organoids for neurodegenerative disease modelling. 

 

Cell line Organoid type Protocol Days of 
differentiation 

Disease Phenotype References 

Human induced 
pluripotent stem cells 

Human Induced 

Neuroectodermal spheres 
 

Midbrain organoids 

Modified from Oh et al., 2016 
 

Modified from Jo et al., 2016 

10 
 

60 

Lrrk2-related genetic 
Parkinson Disease 
Lrrk2-related genetic 

Altered expression of genes involved in synaptic transmission and 
vesicle trafficking 
Decrease in dopaminergic neuronal markers, neurite length, 

Son et al. (2017) 
 

Kim et al. (2019) 
pluripotent stem cells    Parkinson Disease increased susceptibility to MPTP-induced neurotoxicity, abnormal  

     localization of phosphorylated α-synuclein in endosomes  
Human Induced Midbrain organoids SB-431542, LDN-193189, 70 Lrrk2-related genetic Reduction in the number and morphological complexity of Smits et al. 

pluripotent stem cells  CHIR99021, SAG, ROCK inhibitor,  Parkinson Disease dopaminergic neurons, neuromelanin inclusions (2019) 
 

Human Induced 
 

Cortical 
Ascorbic acid N2B27, SB 
Adapted Lancaster 

 
105 

 
Huntington’s  Disease 

 
Immature ventricular/subventricular zone differentiation, altered 

 
Conforti et al. 

pluripotent stem cells 
 

Human Induced 

 
 

Brain 

 
 

Modified Kadoshima Protocol, 

 
 

90–100 

 
 

Familiar Alzheimer’s 

cytoarchitecture and cortical layer organization, impaired genetic 
pathways related to neuronal migration and differentiation 
Aβ and hyperphosphorylated tau protein aggregation, endosome 

(2018) 
 

Raja et al. 
pluripotent stem cells 

Human Induced 
 

Cortical 
2013 
Modified Lancaster 

 
110 

Disease 
Familiar Alzheimer’s 

abnormalities 
Aβ and tau protein aggregations, increased neuronal cell death 

(2016) 
Gonzalez et al. 

pluripotent stem cells    Disease  (2018) 
Human Induced Forebrain co-cultured with Raja Protocol, 2016 180 APOE4-related Aβ and tau protein aggregation, altered microglia morphology, Lin et al. (2018) 

pluripotent stem cells microglia cells   Alzheimer’s  Disease increased number of early endosomes  Human Induced Forebrain Raja Protocol, 2016 60 Frontotemporal dementia Increased p25 and tau accumulation Seo et al. (2017) 
pluripotent stem cells 

 
 

Overview of recent studies on the use of varying differentiation protocols to obtain brain region organoids. Starting from iPSCs derived from neurodegenerative patients, neural organoids have been derived and displayed 
specific pathological features. Aβ: amyloid beta, lrrk2: leucine-rich repeat kinase 2, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. 
Aβ: amyloid beta, lrrk2: leucine-rich repeat kinase 2, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. 
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a CAG expansion mutation in the huntingtin gene on chromosome 4, 
resulting in a defective protein containing an expanded polyglutamine 
amino acid sequence. HD presentation is characterized by debilitating 
chorea, cognitive and psychiatric symptoms with no current available 
curative treatment. These symptoms are mainly related to neuronal loss 
in striatum and cortical areas. Whereas the adult form of HD shows a 
late fully symptomatic onset with a preclinical phase of heterogeneous 
duration, the juvenile form (also known as “Westphal variant”), due to 
a higher CAG repeats expansion, resembles a neurodevelopmental dis- 
order. Research findings suggest that Huntingtin plays crucial role 
during early developmental phases in the organization of embryonic 
tissues, neurogenesis and cell cycle (Barnat et al., 2017; Conforti et al., 
2018). 

Both hiPSCs and 3D brain telencephalic organoids have been used 
as in vitro tools to evaluate neurodevelopmental defects linked to mHTT 
(Table 1). Compelling evidence suggests that mHTT leads to an ab- 
normal acquisition of mature neuronal markers, with an increased 
abundance of immature cells if compared with control organoids 
(Conforti et al., 2018). Moreover, large CAG expansions correlate with 
complete disruption of the neuro-ectodermal formation process in 
mHTT hiPSCs (Conforti et al., 2018). 

This feature is in line with previous publications, which showed that 
HTT is responsible for cortical neuronal polarity in HD mice models. 
HTT silencing during early neurodevelopment determines longer and 
more complicated dendritic outgrowth of cortical neurons from layer V 
and a reduction of dendritic length in neurons from layers II and III 
(Barnat et al., 2017; McKinstry et al., 2014). Moreover, HD hiPSCs- 
derived cortical neurons present shorter neurites compared to control 
cells (Mehta et al., 2018). Altogether, these cell morphological prop- 
erties and tissue organizational features in both HD rodent models and 
2D hiPSC-based cultures are in accordance with the disrupted cy- 
toarchitecture and deficient cellular compartmentalization observed in 
3D cultures. While gene-expression analyses showed that organoids 
from healthy individuals overlap with human fetal cortical areas, HD 
organoids displayed significant similarities with the immature ven- 
tricular zone/subventricular zone, suggesting a key role of the mHTT in 
slowing down fetal neurodevelopment. Supporting results were ob- 
tained in another 2D culture-based study focused on gene expression 
changes of HD hiPSC-derived striatal neurons, which were compared 
with those in rodent striatal tissue. Particularly, differentially expressed 
genes in the first group clustered with samples from the proliferative 
germinal zone, whereas non-disease samples clustered with those from 
the post-mitotic mantle zone (HD iPSC Consortium, 2017). Both 2D and 
3D lines harboring mHTT may mature slower than non-disease lines or 
presenting an altered gene expression in earlier stages of development 
both in striatal and in cortical regions. These data are also in ac- 
cordance with transcriptome analysis on HD hiPSCs-derived cortical 
neurons carried out by Metha et al., which showed a marked down- 
regulation of genes associated with voltage-gated sodium currents 
(SCN1A, SCN2A, SCN4B, and SCN9A) if compared with control cells 
(Mehta et al., 2018). Considering the pivotal role played by these genes 
in generating a functional action potential, their downregulation could 
suggest a delayed maturation phenotype in cortical cultures, as pre- 
viously described in HD iPSC-derived models of the developing striatum 
(HD iPSC Consortium, 2017; Mattis et al., 2015). 

Furthermore, HD organoids showed a low expression of genes re- 
lated to neuronal migration and differentiation such as SOX11, GAP 43 
and CELSR3 (Conforti et al., 2018), similarly to the results obtained in 
another research on HD hiPSCs (The HD iPSC Consortium, 2012). It is 
worth noticing that some of the abovementioned data on tissue 3D 
spatial cytoarchitecture and cell compartmentalization can only be 
collected with the use of organoid-based protocols, a feature that could 
not be fully evaluated with 2D in vitro cultures. Nonetheless, it is still 
debatable whether these neurodevelopmental defects are relevant in 
the in vivo disease pathology and further investigations will be neces- 
sary to properly assess this correlation. 

An interesting approach in HD research offered by 3D cultures and 
their long life-span potential in vitro is the possibility of studying later 
onset phenotypes with stressor or aging inducing agents, such as pro- 
gerin (Guo et al., 2017). The possibility to recreate a more in vivo like 
microenvironment would have crucial implications for understanding 
the pathophysiology of neurodegenerative diseases such as HD. 

 
2.2. Parkinson disease 

 
PD is the second most frequent neurodegenerative disease following 

AD (Schwamborn, 2018). PD is caused by degeneration of dopami- 
nergic neurons in the substantia nigra pars compacta (SNpc) (Dickson 
et al., 2009). Characteristic neuropathological findings in PD are Lewy’s 
bodies, consisting of aggregates of misfolded proteins, such as α-synu- 
clein, in neuronal bodies and processes. 

Recent studies in PD stem cell research have described the genera- 
tion and characterization of human midbrain-like organoids hMLO (Jo 
et al., 2016; Monzel et al., 2017; Smits et al., 2019; Tieng et al., 2014) 
(Table 1). HMLOs presented both glial cells (astrocytes and oligoden- 
drocytes) and spatially patterned midbrain dopaminergic neurons 
(mDNs). MDNs were asymmetrically distributed in clusters, a critical 
feature mirroring the typical characteristic of the human brain, in 
which the soma of mDNs resides in the substantia nigra. In addition, 
hMLOs exhibited spontaneous electrophysiological activity of different 
subpopulations of neurons, including dopaminergic, GABAergic, and 
glutamatergic neurons (Smits et al., 2019). Neurons in hMLOs showed 
proper synapse formation and axonal myelination with the presence of 
nodes of Ranvier. Moreover, dopaminergic neurons expressed neuro- 
melanin (NM), which is generally considered a neuroprotective factor 
deriving from metabolically highly active areas in midbrain substantia 
nigra and in noradrenergic neurons in locus ceruleus, the two brainstem 
areas most affected in PD (Fedorow et al., 2005; Jo et al., 2016). In 
parallel, NM released from damaged dopaminergic neurons could act as 
an endogenous activator of local midbrain microglia, which in turn 
increases local inflammation and neuronal toxicity that ultimately leads 
to neurodegeneration (Zhang et al., 2013). These results show how 3D 
cultures are valuable tools for generating organ-like structures in vitro 
presenting cytoarchitectural and functional features of their in vivo 
counterpart. 

5 to10 % of all PD cases have a genetic background; while a minor 
part of them are de novo mutations, most of them are of familiar nature 
(Klein and Westenberger, 2012). Since the first mutated PD linked gene 
was discovered in 1997, (SNCA, encoding the protein alpha-synuclein), 
over a dozen others have been identified as causative genes of auto- 
somal dominant or recessive mendelian forms of PD (Schwamborn, 
2018). At the same time, many other genetic variants at risk loci seem 
to contribute to the disease (Sweet et al., 2015). Many of these genes 
have been investigated both in animal models and in human pluripotent 
stem cell (hPSCs) cultures (Schwamborn, 2018). The leucine-rich repeat 
kinase 2 (LRRK2) G2019S mutation is the most common genetic cause 
of familial Parkinson's disease (PD). A LRKK2G2019S mutation has been 
linked to an increased neurodegeneration (Winner et al., 2011) and to a 
decrease in neurite outgrowth (Godena et al., 2014). One of the main 
difficulties in understanding the role of LRRK2 in PD pathogenesis has 
been the development of models correctly recapitulating the LRRK2 
mutant-associated disease phenotype. These experiments have been 
performed mainly in mice harboring this genetic mutation, failing to 
provide definitive evidence of progressive midbrain dopaminergic 
neurodegeneration and Lewy body formation as prominently as in the 
human brains, two main neuropathological features of the disease, 
(Chesselet et al., 2008; Giasson et al., 2002) or in 2D cultures (Xu et al., 
2012). In the latter case, dopaminergic neurons differentiated from PD 
patient-derived hiPSCs harboring α -synuclein mutations, although 
showing a certain degree of disease-related neuronal toxicity, were 
generally immature (Chung et al., 2013). 

In a recent study by Kim et al., isogenic LRRK2G2019S- expressing 
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hMLO were generated from hiPSCs and recapitulated abnormal PD 
phenotypes in comparison with control organoids, revealing a decrease 
in dopaminergic neuronal markers TH, AADC, VMAT2 and DAT, a de- 
crease in neurite length, an increased susceptibility to 1-methyl-4- 
phenyl-1.2.3.6-tetrahydropyridine (MPTP)-induced neurotoxicity and 
abnormal localization of phosphorylated α-synuclein in vescicular en- 
dosomal compartment. In another study by Smits et al it was possible to 
generate LRRK2G2019S midbrain organoids presenting a decrease in 
number and complexity of dopaminergic neurons, which also occurs in 
PD patients’ brain, reproducing a PD-relevant phenotype in a 3D en- 
vironment (Kordower et al., 2013; Smits et al., 2019). Some of these 
pathological features could be reversed with the use of LRRK2 kinase 
inhibitor, suggesting that these 3D models can also be useful in the 
development of new therapies for PD (Kim et al., 2019). Furthermore, 
gene expression analysis showed an upregulated gene in LRRK2G2019S 

midbrain organoids, the thioredoxin-interacting-protein (TXNIP), 
known to be associated with α-synuclein induced PD (Kim et al., 2019; 
Su et al., 2017). Importantly, gene set enrichment analysis revealed that 
differentially expressed gene set in LRRK2G2019S organoids in compar- 
ison with LRRK2G2019S 2D cultures was enriched in genes isolated from 
sporadic PD brain tissue, particularly TXNIP, demonstrating the unique 
role of 3D cultures in elucidating the molecular mechanisms underlying 
LRRK2G2019S-related sporadic PD. An inhibition of TXNIP in midbrain 
organoids could rescue the LRRK2G2019S associated phenotype with a 
reduction  of α-synuclein  aggregates, suggesting  a potential role of 
TXNIP in LRRK2-associated sporadic PD and providing a functional 
connection between LRRK2 and α-synuclein thorough TXNIP in a 3D 
microenvironment. These results represent a proof of principle of the 
utility of 3D models in investigating PD pathophysiology. 

Some researches point out that PD is not only a brain disease but is 
also characterized by a disruption of the brain-gut axis affecting the 
central and peripheral CNS as well as the autonomous enteric system 
(Liddle, 2018). Intestinal symptoms can precede neurological ones by 
many years (Schneider and Obeso, 2013). LRKK2 mutation has been 
linked to a disruption of both neuronal functions such as neurogenesis, 
mitochondrial and synaptic vesicular movement (Wang et al., 2012) 
and the intestinal microenvironment. In fact, genome-wide association 
analyses have documented how this gene can also contribute to in- 
flammatory intestinal disorder, particularly Chron disease and ulcera- 
tive colitis (Abbott  et al., 2001).  An  interesting approach has  been 
based on gene expression analysis and signaling network in 3D human 
neuroectodermal spheres (hNESs) derived from LRKK2 patient-derived 
hiPSCs and human intestinal organoids (hIOs) (Son et al., 2017). 

The gene expression profiles in LRRK2G2019S-mutated hNESs and 
hIOs presented abnormalities if compared with wild-type controls (Son 
et al., 2017). In this study, transcriptome and microarray analysis 
showed that genes involved in synaptic vesicle trafficking and synaptic 
transmission such as RAB3A, SYT1, SYP, STX1B, SYN2 and SYN3, 
known to be disrupted in animal and 2D models of PD, (Migheli et al., 
2013; Piccoli et al., 2011), were up-regulated in hNESs and hIOs car- 
rying the mutation (Son et al., 2017). This study shows that 3D in vitro 
models with the same genetic background of PD patients can be pro- 
mising tools for understanding the pathogenic effect of the mutation on 
cells from various tissues, such as neural and gastrointestinal cells, of- 
fering new insights on the pathophysiology of non-neurological mani- 
festations observed in PD. 

Further interesting researches could focus on hMLO models ex- 
pressing mutated PD-related genes other than LRRK2 such as SNCA, 
whose genetic variants and duplications may possibly be involved in 
sporadic forms of PD (Hoffman-Zacharska et al., 2013). In this sense, it 
would be possible to use 3D-based platforms not only to study the rare 
genetic forms of PD, but also the more common sporadic ones. At same 
time, since some LRRK2G2019S variants are linked to a reduced risk of 
PD onset, it would be interesting to investigate this protective effect on 
a cytoarchitectural and functional level with hMLO, evaluating the use 
of new potential therapeutic molecules on a cellular scale. Overall, 

although the modelling of neurodegenerative disorders with brain or- 
ganoids is still at early stages, these results support the view that 3D in 
vitro models could offer unique insights into some pathophysiological 
mechanisms of PD. 

 
3. Cognitive disorders 

 
3.1. Alzheimer’s disease 

 
AD typically presents in patients older than 65 years with pro- 

gressive memory loss, behavioral dysfunctions, language impairment. 
The main neuropathological features of AD are the extracellular accu- 
mulation of amyloid-β peptides and neurofibrillary tangles (NFT) 
composed of hyperphosphorylated tau protein (Serrano-Pozo et al., 
2011). Tau protein is a microtubule-associated protein localized in the 
axon, which plays a crucial role in axonal transport by a process of 
microtubule stabilization. In AD, Tau protein translocates into the so- 
matodendritic compartment and undergoes phosphorylation, in addi- 
tion to misfolding, accumulation and formation of neurofibrillary tan- 
gles. (Serrano-Pozo et al., 2011) NFT are defined as intracellular 
inclusions of phosphorylated Tau (pTau) presenting a stereotypical 
pattern of spatiotemporal progression directly correlating with the 
cognitive decline (Arriagada et al., 1992). Aβ peptide, a 40 or 42 amino 
acid peptide derived from amyloid precursor protein (APP) after its 
cleavage by β- and γ-secretases, does not directly correlates with the 
cognitive decline and has a controversial role in physiological condi- 
tions (Hyman et al., 1993; Serrano-Pozo et al., 2011). Whereas most of 
the patients suffer from the sporadic form of the disease, 5% of all cases 
are associated with genetic mutations, particularly the early-onset and 
most aggressive familiar variants. These genetic forms involve Aβ 
processing enzymes such as presenilin 1 and 2 (PSEN1, PSEN2), known 
to be part of the γ-secretase complex, or mutations within or duplica- 
tions of the APP gene itself (Choi et al., 2014). 

It is possible to recapitulate the disease pathology to a certain extent 
with transgenic rodent models, which have offered invaluable insights 
into AD pathophysiology by overexpressing human genes related to 
familial AD (fAD). Unfortunately, they suffer from several limitations, 
among which the most critical one is the difficulty to reproduce NFT 
with Tau deposition (Sasaguri et al., 2017). Unless a human Tau 
transgene is inserted into the murine model, human PSEN and APP 
transgenic mice are unable to express protein Tau (Sasaguri et al., 
2017). Furthermore, although rodents present many susceptibility 
genes for AD in their genomes, they do not develop AD-related phe- 
notypes spontaneously, suggesting that some pathogenic trigger in 
humans may lack in the murine model (Kitazawa et al., 2012). Thus, 
alternative systems would be useful to study the disease pathogenesis of 
AD. 

The use of 2D hPSCs derived from sporadic (sAD) and familiar fAD 
patients has paved the way to new in vitro disease models helping both 
to undercover the pathological mechanisms and to develop potential 
therapies (Choi and Tanzi, 2012). Different groups have performed 
tudies based on hPSCs-derived neural cells, but 2D monolayers from AD 
patients, even if able to express low level of toxic proteins, lack both 
amyloid plaques and tau tangles, limiting their potential use 
(Drummond and Wisniewski, 2017). Amyloid plaques accumulate in 
the extracellular compartment, disrupting the synaptic connections 
between cells, a disease hallmark that is lost in a two-dimensional en- 
vironment (Raja et al., 2016). 

To overcome these limitations, an interesting approach is re- 
presented by 3D in vitro cultures. A research investigating fAD muta- 
tions of APP and presenilin 1 showed extracellular deposition of amy- 
loid-β and Tau tangles in a human embryonic stem cell-based 3D 
culture system (Choi et al., 2014). (Table 1). Moreover, Choi et al found 
that β- and γ-secretases inhibition induced a decrease in Tau accumu- 
lation, supporting the so called “amyloid hypothesis”, according to 
which  β-amyloid  aggregation  drives  tauopathy  (Choi  et  al.,  2014; 
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Selkoe and Hardy, 2016). In another study, brain organoids from fAD 
patients harboring an APP mutation presented progressive amyloid 
accumulation in a time-dependent manner earlier than tau hyperpho- 
sphorylation. (Raja et al., 2016). In addition, AD patient-derived brain 
organoids displayed alterations in endosome morphology and re- 
cycling, with a higher number of larger endosomes, which can increase 
Aβ production by active cleavage of APP. This phenotype confirmed 
data already observed in 2D cultures and human brains (Cataldo et al., 
2001; Israel et al., 2012; Raja et al., 2016; Toh and Gleeson, 2016). 

In a recent research, cortical organoids (COs) derived from patients 
with different neurodegenerative diseases showed phenotypes typical 
of late-onset AD. Particularly, patient-derived fAD and Down syndrome 
(DS) COs’ presented progressive accumulation of Aβ peptide in plaque- 
like structures with amylodogenic properties, in addition to phos- 
phorylated Tau and neurofibrillary tangles, similarly to the ones ob- 
served in pathological human brains. These abnormalities were absent 
in control COs from healthy individuals, mouse embryonic stem cells, 
mouse pluripotent  stem cells (PSCs) and  Creutzfeld-Jakob  patients 
(Gonzalez et al., 2018). Thus, brain organoids represent a powerful tool 
in order to recreate some key neuropathological features of AD in vitro 
and may be useful to unravel the causal and temporal relationships 
between the two main neuropathological components of the disease 
and to potentially evaluate novel therapies. In a recent study, Jorfi et al 
produced  and  validated  a  microarray  system  with  human  neuro- 
spheroids from fAD patient-derived stem cells presenting tau e amyloid 
aggregations, potentially useful in rapid compound screening (Jorfi 
et  al.,  2018). 

Many researches focused on the role of neural cells in the genesis of 
Aβ cascade and Tau pathology in fAD models. However, the patholo- 
gical aggregation may be partially linked to an impaired clearance, 
involving glial cells such as microglia and astrocytes in sAD (Hickman 
et al., 2008). Moreover, neurons as well as astrocytes and microglial 
cells express the APOE gene, the most important single genetic risk 
factor for sAD (Keren-Shaul et al., 2017; Kim et al., 2009). APOE allelic 
variants are associated with a different risk of disease onset. Indeed, 
APOE4 greatly increases AD risk relative to the APOE3 and APOE2 
variants (Corder et al., 1993; Lambert et al., 2013). In a recent research, 
Lin et al tried to investigate the effect of APOE4 variant on microglia- 
and astrocyte-mediated Aβ clearance. They co-cultured hiPSCs-derived 
microglia-like cells expressing APOE4 allele with APOE4 forebrain or- 
ganoids, generating the so-called “assembloids” (Lin et al., 2018). 
APOE4 microglial cells exhibited longer processes and decreased Aβ 
clearance. Long term cultures showing a full neuronal and astrocyte 
differentiation documented a time-dependent increase of Aβ aggrega- 
tion, Tau accumulation and increased number of early endosomes in 
these cells compared with control organoids, establishing a reference 
for APOE-associated neuropathology of AD in vitro (Lin et al., 2018). 
Thus, this study shows how it is possible to incorporate both neurons 
and glial cells in 3D systems generating assembloids and to evaluate the 
impact of APOE4 in sAD models providing a characterization of cell- 
type-specific changes induced by the mutation. 

These studies demonstrate how 3D models represent a valuable tool 
for exploring the interplay between simultaneously developing neu- 
rons, microglia and macroglia in neurodegenerative diseases such as 
AD, where the spatio-temporal interaction between these cells seems to 
play a critical role (Abbott, 2018; Wendeln et al., 2018). 

 
3.2. Frontotemporal dementia 

 
Frontotemporal dementia (FTD) refers to a group of disorders with a 

progressive degeneration of frontal and/or temporal brain lobes (Bang 
et al., 2015). FTD accounts for 10–15% of all forms of dementia and is 
the second most frequent in patients younger than 65 years old after AD 
(Karageorgiou & Miller, 2014). Affected patients present with beha- 
vioral and/or language deficits (Bang et al., 2015; Burrell et al., 2016). 

So far, no known treatment has been effective. The precise etiology 

of the disease remains unclear, though 40–50% of all FTD cases share a 
family history and are linked to different genetic mutations, such as 
Microtubuli Associated Protein Tau (MAPT), progranulin (GRN) and 
C9ORF72 (Bang et al., 2015). Experimental results obtained from dif- 
ferent studies on FTD mice models have been so far contradictory. In 
fact, an inhibition of C9ORF72 gene expression induced by antisense 
oligonucleotides in mice brains determined no pathological or beha- 
vioral abnormalities (Lagier-Tourenne et al., 2013). Differently, in 
other studies a nucleotide expansion of C9ORF72 in mice caused neu- 
ronal loss and behavioral abnormalities similar to the ones in ALS-FTD 
syndromes (Chew et al., 2015). Therefore, actual rodent-based models 
seem not to be the most suited ones to explore the complex cytoarch- 
itecture and cognitive abilities that are peculiar to the human brain. 

The investigation of tau regulating proteins such as CDK5, a mole- 
cule whose function is increased by an aberrant p25 activity, has un- 
raveled some pathological mechanisms underpinning FTD. Previous 
works suggested that an increase in CDK5 in association with p25 in- 
duced tau aggregation, while a reduction of its expression rescued 
neuronal degeneration (Kimura et al., 2014; Piedrahita et al., 2010). 
Particularly, MAPT mutation, the gene encoding protein tau, is linked 
to increased tau aggregation and neuronal toxicity in FTD models. 
Forebrain organoids obtained from FTD hiPSCs patients showed in- 
creased p25 levels (Seo et al., 2017). On the contrary, a CRIPSR-cas 
induced  mutation  of  p35  inhibiting  p25  conversion  from  p35  in 
2 month old organoids induced decreased levels of tau and phos- 
phorylated tau (Seo et al., 2017). Thus, FTD brain organoids proved to 
be powerful in vitro tools to evaluate the interplay between tau pa- 
thology and FTD (Table 1). 

 
 

3.3. Current pitfalls and future perspectives 
 

Brain organoids represent an unprecedented tool, closely resem- 
bling the human neural system organization, however they remain an in 
vitro model deprived of the entire variety of cell populations and en- 
vironmental stimuli normally present in a whole embryo (Table 2). 
Indeed, available differentiation protocols do not allow to generate 
organoids growing beyond the equivalent of an early prenatal stage, 
which could represent a limitation for modelling pathologies that arise 
postnatally or during adulthood. Generating more mature organoids is 
hindered by the lack of vascularization into the neural tissue that 
should be spread enough to reach every cell into the packed organoid. 
Recently, Tabeke et al showed that organ buds generated in vitro from 
diverse tissues by combining specific progenitors with mesenchymal 
stem cells could promote organoid vascularization (Takebe et al., 
2015).   Another   promising   approach   is   represented   by   in   vivo 

 
Table 2 
Limitations and perspectives of brain organoids. 

 

 

Limitation Potential Strategy 
 

 

Absence of vascular bed - Combined progenitors (mesenchymal and neural 
stem cells) 

- In vivo transplantation into rodent models 
Absence of microglia -  Specific differentiation protocol 

- In vivo transplantation 
Batch syndrome - Patterned organoids 

- Modification of differentiation condition 
Long-term maturation - In vivo transplantation 
Orientation - Engineered scaffolds 
Absence of outputs - Organoid assembloids 

- In vivo transplantation 
Late-onset phenotypes - Stressor agents 

- Progerin-induced aging 
 

 

3D organoids represent a fascinating novel tool to model development and 
disease; however, they are affected by a series of limitations that need to be 
overcome including high variability, the lack of orientation and a proper vas- 
cular bed. 
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transplantation of human brain organoids into adult mouse brain. This 
procedure prompts a vascularization that closely recapitulates steps 
occurring during developmental angiogenesis; Mansur et al were able 
to transplant cerebral organoids into a vascular niche inside the cortex 
of a mouse. Grafted organoids displayed typical germinal area and 
mature neurons and were extensively nourished by the host vascular 
bed (Mansour et al., 2018). Moreover, the presence of host microglia 
could be demonstrated inside  the transplant. Indeed,  microglia re- 
presents a population normally lacking inside brain organoids due to its 
different embryonic origin, but it appears to be important in the reg- 
ulation of synaptic pruning and circuit development. Different proto- 
cols have been established to derive microglia in vitro starting from 
hPSCs, hinting to the possibility of combining it with brain organoid 
cultures at the early stages. Schwartz et al assembled neural precursors, 
mesenchymal stem cells, endothelial cells and microglia progenitors on 
a polyethylene scaffold to promote the growth of a complex network 
(Schwartz et al., 2015). 

Very recently, Ormel et al showed that microglia could innately 
develop within cerebral organoids differentiated using Lancasters’ 
protocol, without the dual-SMAD inhibition that is usually employed to 
induce neuroectoderm (Ormel et al., 2018). Organoid microglia showed 
a characteristic phenotype, was stained for specific markers and was 
able to prompt an inflammatory response with phagocytic ability. These 
results open the path to pathogenetic studies investigating the role of 
neuroinflammation into neuronal degeneration, a focus increasingly 
recognized in ALS and Alzheimer’s disease. 

One of the major limitations of the organoid method is its wide 
variability; several studies have described the model as highly hetero- 
geneous (also referred as “batch syndrome”), in which different batches 
can display different behaviors in terms of quality and development 
(Kelava and Lancaster, 2016). This feature represents an obstacle to 
studies of toxicity or therapeutic screening and could be overcome by 
exploiting differentiation protocols towards more patterned organoids 
(i.e. cortical, ventral, dorsal or midbrain organoids) or finely tuning the 
starting number of plated cells and growth factor exploited (Quadrato 
et al., 2017; Velasco et al., 2019). 

Brain organoids are deprived of structures that can provide or- 
ientation when they start differentiating; the advancement of bioengi- 
neering techniques provide interesting perspectives for the develop- 
ment of specific scaffold able to support and guide the growing tissue 
and that can be eventually selectively permeated by gradients of small 
molecules. 

Finally, brain organoids lack inputs from the sensory system and 
motor outputs, which are crucial for a further circuit maturation; the 
possibility of organoid transplantation could in part overcome this 
obstacle offering a surrounding environment able to provide stimuli. A 
complementary approach is represented by the development of as- 
sembloids: organoids can be differentiated towards different regions of 
the nervous system and after that combined to form a unique inter- 
connected structure (Sloan et al., 2018). 

 
4. Conclusions 

 
In this review, we provided an overview on the present possibilities 

and future challenges of using brain organoids to study neurodegen- 
erative disorders. Despite fascinating progresses, the reliable generation 
of discrete and mature central nervous system regions represents a 
hurdle. New technologies are based on the integration of endothelial 
and immune populations inside organoids either transplanting them in 
a host nervous system or combining them in vitro. Moreover, scaffold 
and microfluidic technologies could offer further support in providing 
growth factors and environmental stimuli to pattern the neural tissue. 

Neurodegenerative disorders have been traditionally correlated to 
the mechanisms of aging, but the central nervous system development 
has been increasingly studied in the pathogenesis of these conditions. 
Gene mutations responsible for neurodegenerative disorders have been 

related to genes extensively expressed during neural patterning, such as 
presenilin 1 and huntingtin. Thus, genetic mutations responsible for 
human diseases could hinder the physiological maturation of specific 
neural progenitors  making  them  vulnerable to later  environmental 
triggers. In this context, human organoids represent an unprecedented 
precious tool to deeply investigate brain development and pathology. 
Exploiting transcriptome profiling, they can be used to investigate the 
functional outcomes of specific genetic variations in combination with 
environmental triggers in determining neurodegenerative disorders. 
Progresses in establishing and refining maturation protocols could lead 
to the creation of organoid-based platforms to identify novel disease 
biomarkers and tailor novel personalized therapeutic approaches. 
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