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The complexity of human neurobiology is influenced by its heterogeneity,
reflected in both cell type diversity as well as genetic variations between indi-
viduals. Neural organoids are 3D developing neural tissues designed to mimic
development of the nervous system; however, most currently fail to capture
this diversity. Recent advances have focused on increasing complexity through
self-organised multi-region organoids, assembloids and chimeroids. Here, we
discuss these approaches, as well as the remaining lack of genetic and ethnic
diversity in neural organoid research, its impact on the generalizability of
findings, and strategies to address this gap. We provide a flowchart to guide
the experimenter towards the choice of model and discuss applications of neu-
ral organoids that benefit from complexity or reliability.
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Neural organoids are stem cell-derived models of
developing human brain tissue. Starting from embry-
onic stem cells (ESCs) or induced pluripotent stem
cells (iPSCs), cell aggregates are grown in suspension
to enable 3D tissue growth and development following
self-organising principles similar to brain development
in vivo [1]. They can be grown in minimal conditions
to allow mainly intrinsic developmental programmes
of neural development, or in directive conditions with
small molecules to promote specific neural identities
[2]. The outcomes are different, and as discussed fur-
ther below, the choice of what system to use should
depend upon the question being asked. Intrinsic or
unguided organoids favour multiple regional identities
over homogeneity. Directed or guided organoids aim
at higher inter-sample reproducibility. Whereas the
former may find applicability in fundamental research
on brain evolution and growth, the latter are
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potentially better suited for higher throughput studies
such as patient-tailored disease modelling and drug
screening.

Disease modelling and drug screening require high
throughput and reliability to discern the pathological
phenotype from inter-sample variance, cell line effect
and the influence of culturing conditions. Directed
organoids [3] or single-region spheroids [4,5] are valu-
able alternatives to two-dimensional neural cultures
[6,7] for tissue intrinsic questions, both in terms of
complexity and reproducibility. Despite recent efforts,
cell line effect and batch effect remain big obstacles
for in vitro research. This has led to the use of a lim-
ited range of cell lines in experiments and the estab-
lishment of consensus cell lines for consistent results
across users. The direct consequence is the limited rep-
resentation of ethnic and genetic variation among
organoids. Genetic differences veil differential
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scription factor 2; FGF8, Fibroblast growth factor 8; hESC, Human embryonic stem cell; HLA, Human leukocyte antigen; HUVEC, Human
umbilical vein endothelial cell; iPSC, Induced pluripotent stem cell; NMP, Neuromesoderm precursor; NSC, Neural stem cell; PSC, Pluripo-
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susceptibilities to disease and responses to drugs. In an
effort to study these genetic-driven differences, chimer-
oids composed of multiple cell lines merged into a sin-
gle organoid [8] or mosaic organoids with multiple
neural disorder-associated mutations [9] have been suc-
cessfully generated, similar to research carried out on
two-dimensional cell villages [10]. Despite the growing
number of patient-derived iPSCs in organoid research,
specific ethnicities remain underrepresented, thereby
limiting the generalizability of findings.

Studying brain development and evolution demands
models that closely resemble the entire in vivo brain.
Brain function cannot be fully explained by summing
the activity of individual brain regions and exploring
one brain area at a time. Tissue complexity can be
achieved either by leveraging intrinsic development of
multiple tissue types in a single undirected organoid
(self-assembly [11,12]), by assembling multiple region-
specific directed organoids (enforced assembly, also
known as assembloids [13]), or by seeding non-neural
cell types onto neural organoids [14,15]. This review
examines the pursuit of genetic diversity and tissue
complexity in 3D in vitro neural models, addressing
the current state of the art, future directions and the
trade-off between complexity and analytical clarity.

Genetic diversity in neural organoids

Genetic diversity is the backbone to human endurance
and adaptability. Apart from identical twins, no two
individuals are genetically identical, with an
individual-to-individual genome diversity of 0.4% [16].
How much of this diversity is specific to
brain-enriched genes is not directly documented, but it
can be extrapolated from genome-wide regional gene
expression analysis. Out of 15 157 protein-coding
genes detected in at least one region of the brain, 2587
genes show elevated expression in the brain compared
with peripheral tissues [16]. Estimating an equal repre-
sentation of the 0.4% individual genome diversity
across different tissues, approximately 10
brain-enriched genes would differ from one individual
to another.

Importantly, human genetic diversity is not homoge-
nously spread across populations. Populations of Afri-
can ancestry were shown to have more genetic
variation than any other ethnicity, including
disease-associated genes [17]. Despite efforts into the
generation of Black African ancestry cell lines [18],
most of the pluripotent stem cell (PSC) line reposito-
ries rely on Caucasian and Japanese donors [19]. A
2024 review of the major induced pluripotent stem cell
(iPSC) biobanks extrapolated the following data: at
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CIRM, California Institute for Regenerative Medicine,
approximately 71% of the annotated iPSC ethnicity is
Caucasian; at the European Bank for Induced Pluripo-
tent Stem Cells (EBiSC) ~82% of the cell lines with
available data are described as Caucasian; at WiCell,
where most of the cell lines have information about
the ethnic origin, Caucasian accounts for ~67% of the
iPSCs; RIKEN BRC in Kyoto stores cells with > 99%
Japanese ancestry [20], whereas the Coriell Institute
for medical research has 308 commercially available
iPSC lines, out of which less than 20% have an anno-
tated non-white ethnicity [21]. This rooted inequality
scratches the surface of a much deeper issue related to
the applicability of the currently available iPSC lines.
Regenerative medicine and human heterologous trans-
plantation of PSC-derived organoids are hampered by
the risk of immune rejection due to the incompatibility
of the cell surface antigens of the human leukocyte
complex (HLA). The lesser the similarity between the
donor and the acceptor HLAs, the higher are the
chances of transplant rejection [22]. Individual HLA
patient-compatible or autologous transplantation are
often out of reach due to the costs of the procedure.
Conversely, a genetically diverse pool of PSCs would
enable a greater match with the majority of human
HLAs. For the generation of the (first
Brazilian-endemic human embryonic stem cell (hESC)
line, the authors looked for HLA compatibility in 22
hESC lines, including frequently used HI1, HO9,
HUES?7, across an HLA database with a large subset
of the Brazilian population and concluded that the
available cell lines only matched 0.011% of the Brazil-
ian haplotypes [23]. Besides the limitations that poor
genetic diversity across stem cell lines pose to regenera-
tive medicine and stem cell therapy, this also hampers
novel discoveries of disease-associated allele variations.
Small  nucleotide  polymorphisms  might  be
pathology-linked in one genetic background but not in
others.

In general, organoid research suffers from a lack of
genetic diversity both in terms of ethnicity and popula-
tion genetics. The main challenge is currently the miti-
gation of the variability across experiments from
different PSC lines. This unfortunately overshadows
individual-to-individual intrinsic biological differences
and hampers the generalizability of findings and novel
medical applications. On the other hand, the identifica-
tion of a consensus cell line protects from cell line-to-
cell line variability attributable to the age, sex of the
PSC donor, to the reprogramming protocol used, and
to the culture conditions. Differences between donor
individuals explain up to ~46% of gene expression var-
iation and up to ~23% of differences in cellular
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morphology across 711 iPSC lines from 301 healthy
individuals [24]. Immunostaining for markers of pluri-
potency displays a donor variance of ~21-46% only
exceeded by the assay batch effect [24,25]. These stud-
ies bring up the question of whether using multiple
genetic backgrounds for a given experiment could
result in novel insights or rather nonspecific effects due
to cell line variance. What is certain is that different
iPSC lines should be cultured following the same pro-
tocol. Cell lines from different ethnic groups and labo-
ratories worldwide were shown to acquire
chromosomal changes, despite remaining karyotypi-
cally normal, across prolonged times in culture.
Regardless of the cell line tested, cells showed a
non-random gain of genes in chromosomes 1, 12, 17,
20 that confers a growth advantage [25].

In an effort to standardise the field, the iPSC
KOLF2.1 J has been identified as a cell line with better
yield of neural differentiation and has been suggested as
the standard for broad use across different laboratories
[26]. Such a standard can safeguard the interpretability of
data and can be used to explore the impact of genetic and
environmental perturbations in a highly controlled fash-
ion. Introducing specific mutations in a genetically con-
trolled background enables the mechanistic investigation
of gene function without the confounding factor of cis
and trans regulators that might work differently in differ-
ent genetics. Such so-called isogenic lines are an effective
and complementary alternative to patient-derived iPSCs.
Multiplexed CRISPR perturbations on hESCs have
enabled the generation of individual organoids with up
to 36 autism spectrum disorder (ASD) high-risk muta-
tions, each carried by individual cell clones of a mosaic
brain organoid [9]. This multi-isogenic line organoid min-
imises the batch effect that might arise from the manipu-
lation of different organoids, each with a different
ASD-linked mutation. However, the background cell line
used was a single line, the hESC H9 line. Thus, the influ-
ence that different genetic backgrounds might have on
the pathophysiology of each mutation is unknown. Like-
wise, the KOLF2.1 J is of European ancestry, thus failing
to capture ethnic genetic diversity. Ideally, in the future,
isogenic mutations could be introduced in several geneti-
cally diverse cell lines to capture population differences.

Recently, a major effort was published that has inte-
grated several existing transcriptomic data from human
neural organoid studies [27]. This dataset covers 36
RNA-seq experiments from research articles published
between 2017 and 2024 and shows a total of 7 hESCs
and an estimated 128 iPSCs being used across 8 years of
research progress in the field (Table 1). This represents a
significant effort towards a broader coverage of popula-
tion genetics, although concerns remain regarding the

Diversity and complexity in neural organoids

unbalanced ethnic representation. Recent advances have
moved in the direction of integrating a greater genetic
diversity in individual organoids through cell pools, chi-
meroids, and mosaic organoids (Fig. 1).

It takes a village: Chimeroids address
genetic diversity

Not all cell lines behave equally upon differentiation.
Many underlying factors, including the donor’s age,
the reprogramming protocol, sex, and culturing condi-
tions, all contribute to different outcomes. Hundreds
of human iPSCs from the Human Induced Pluripotent
Stem Cell Initiative (HipSci) were directed to definitive
endoderm [52] and dopaminergic neurons (DA), as
well as cerebral organoids [53] through pooled differ-
entiation assays of multiple lines in the same experi-
ment. Downstream analysis of expression quantitative
trait loci (eQTL)—genetic variants that explain varia-
tion in gene expression between individuals—ruled out
13% of the 812 analysed hiPSCs for their poor differ-
entiation outcome to DA neurons. Importantly, sev-
eral of these eQTL colocalized with disease traits.
Consistently, several genetic variants affecting differen-
tiation of PSCs were linked to neurodevelopmental
disorder candidate genes [10,54]. This advocates for a
careful analysis of the pathological phenotype based
on its genetics.

Cell line pooling is often referred to as cell villages
[10]. The technique maximises the readout of expres-
sion variance from multiple genetic backgrounds with
the aim of uncovering cis-acting regulators in a sce-
nario where environmental trans-acting eclements
should be homogenous across the culture. Census-seq
and Dropulation are popular analyses to deconvolute
the multiplexed village RNA-seq dataset and to dig
out individual single nucleotide polymorphisms (SNPs)
associated with expression variance in nearby genes
while ensuring that inter-line gene expression is not
affected by village culturing conditions [55]. Village
culture can be used with CRISPR-Cas9 edited isogenic
lines to study multiple mutations at once. When cells
with different autism spectrum disorder (ASD) high-
confidence mutations were pooled, the assay revealed a
delayed neurogenesis during prefrontal cortex 2D
induced differentiation for some lines, and a premature
neurogenesis for other lines [56]. Most of the expres-
sion variance derived from the asynchronous differen-
tiation of cell lines, rather than from their pluripotent
stage, suggesting that while pluripotency depends on
the activation of few conserved pluripotency genes, dif-
ferentiation instead is orchestrated by a plethora of
cell-intrinsic factors highly susceptible to
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Table 1. PSCs used in neural organoids.
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Publications

Cell lines used

Kanton, 2019 [28]
Fleck, 2023 [29]
Sawada, 2020 [30]
Uzquiano, 2022 [31]
Vertesy, 2022 [32]
Pellegrini, 2020 [33]
Kelava, 2022 [34]
Velasco, 2019 [35]
Bhaduri, 2020 [36]
Paulsen, 2022 [37]
Birey, 2017 [5]
Khan, 2020 [38]
Sloan, 2017 [39]

H9 hESC; 409b2, Sc102a1, Hoik1, Kucg2, Sojd3, Wibj2 hiPSCs

H1, H9, HES3 hESCs; 409B2, B7, HOIK1, KUCG2, WIBJ2, WTC hiPSCs
DT1_A, DT1_U, C1, C2, C3, C4 hiPSCs

H1, HUES66 hESCs; GMO08330, PGP1, Mito210, 11a hiPSCs

H9 hESC; SCCF - 177, SCCF - 178, HPSIO114i-rozh_5 hiPSCs

H9, H1 hESCs

H9, H1 hESCs

HUES66 hESC; GM08330, PGP1 hiPSCs

H28126, 13 234, WTC10 hiPSCs

H1, HUES66 hESCs; Mito210, Mito294, PGP1, GM08330 hiPSCs

H9 hESC; 6 control hiPSCs, 7 hiPSCs from three subjects with TS, H20961
43 hiPSCs from 15 patients with 22q11.2 deletion and 15 controls
8858-1, 8858-3, 1205-4, 2242-1 hiPSCs

Trujillo, 2019 [40]
Yoon, 2019 [41]

C1, C2, C3 (Nageshappa et al., 2016), WT126, WT33, WT83 (Tang et al., 2016) hiPSCs
15 hiPSCs from 13 healthy subjects (including H20961, LMNB1-mEGFP (AICS-0013),

TUBA1B-mEGFP (AICS-0012))

Bowles, 2021 [42]

Qian, 2020 [43]

Miura, 2020 [44]
Samarasinghe, 2021 [45]
Huang, 2021 [46]

Xiang, 2019 [47]
Fiorenzano, 2021 [48]
Atamian, 2024 [49]
Andersen, 2020 [50]
Marton, 2019 [51]

GIH6-1-C1, GIH7-C2, ND32951A.15 hiPSCs

C1-2, C3-1, D2-1, D3-2 hiPSCs

5 control hiPSCs from 5 healthy subjects, 3 hiPSCs from 3 patients with 22q13.3 DS
H9 hESC; Rett hiPSCs GM07982, GM17567 and the respective control hiPSCs

C3, C65, PWS hiPSCs

H1, HES-3 hESCs

RC17, HS999, HS1001, H9 hESCs

H9 hESC; 11a, D2 hiPSCs

9 hiPSCs from eight healthy subjects

7 hiPSCs from 7 healthy subjects, H20961 hiPSC

hESCs: H1, H9, HES3, HUES66, RC17, HS999, HS1001hiPSC lines: 409B2, SC102a1, Hoik1, KUCG2, Sojd3, WIBJ2, B7, WTC, DT1_A,
DT1_U, C1, C2, C3, C4, GM08330, PGP1, Mito210, 11a, SCCF-177, SCCF-178, HPSIO114i-rozh_5, Mito294, H20961, 13 234, H28126,
WTC10, 2242-1, 1205-4, 8858-3, 8858-1, C1, C2, C3, WT126, WT33, WT83, LMNB1-mEGFP (AICS-0013), TUBA1B-mEGFP (AICS-0012),
GIH6-1-C1, GIH7-C2, ND32951A.15, C1-2, C3-1, D2-1, D3-2, GM07982 control line, GM17567 control line, GM07982, GM17567, C65, PWS,
D2, 15 patients with 22g11.2 deletion + 15 controls hiPSCs (Khan, 2020 [38]), 5 control + 3 patient hiPSCs from 22g13.3 DS (Miura, 2020
[44]), 9 hiPSCs from 8 healthy subjects (Andersen, 2020 [50]), 7 hiPSCs from 7 healthy subjects (Marton, 2019 [51]), 15 hiPSCs from 13
healthy subjects (three already counted above) (Yoon, 2019 [41]), 6 control hiPSCs, 7 hiPSCs from three subjects with TS (Birey, 2017 [5]).

interindividual differences. In a different study, cell
line differences during differentiation into neural line-
age were able to explain up to 99.4% differential vul-
nerability to Zika virus infection across a multi-donor
neural progenitor village [10].

The village approach has also been applied to 3D
brain organoid differentiation, also referred to as mul-
tiplexed organoids, mosaic organoids, or multi-donor
chimeroids. The term multiplexed organoids refers to
pooling different cells during organoid generation or
just before single cell RNA-seq [57]. On the other
hand, the term mosaic organoids refers to CRISPR-
Cas9 induced mutations through different guide RNAs
on the same cell line [9]. Finally, chimeroids refer to
multiple hiPSCs mixed post neural induction [§]
(Fig. 1). Similar to what was described for 2D cul-
tures, mosaic organoids with cells harbouring loss-of-
function mutations for a combination of ASD risk
genes revealed regions of the organoid with excitatory

progenitor cell depletion and others with inhibitory
progenitor cell enrichment [9]. Different genetic pertur-
bations led to different cell behaviour, reflecting the
variety of genetically linked ASD phenotypes observed
both in vivo and in vitro.

Selective growth advantage is a dangerous bias in
merged cultures, especially when dealing with PSCs
[53,57]. Fast-paced proliferating cells might take over
the culture, resulting in a skewed cell line representa-
tion. On top of differences in growth rate [57], dif-
ferent cell lines segregate into clones giving rise to
separate organoid areas with poor intermingling [58].
Clonality is reduced when multi-donor neural stem
cells (NSCs) are pooled together [8], instead of
PSCs, thus overcoming the need for a balanced
iPSCs selection. This is the approach used in brain
chimeroids to investigate interindividual differences
in the susceptibility to neurotoxic substances, such as
valproic acid [8].
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Fig. 1. Genetic and tissue diversity in neural organoids. Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), upon neural differentiation give rise to neural organoids with varying tissue identity, size, and morphology.
This variation results in distinct cellular profiles across different cell lines. Studies on single cell line organoid restrict the genetic diversity
represented across the population. Chimeroids address genetic diversity by incorporating multiple PSC lines within a single organoid. When
donor cells are pooled at the neural stem cell (NSC) stage, homogeneous cell type representation can be achieved. Assembloids address
tissue complexity by fusing region-specific organoids to model complex neural circuitry.

Chimeroids and cell village approaches represent an
unprecedented leap in organoid scalability. The
method enables the high throughput investigation of
the cross-talk between genetic elements and gene
expression, and importantly, it addresses the technical
issue of batch effects, since all the cells are part of the
same organoid batch. Despite the necessity for careful
controls for cell line representation, selective growth
advantage, and clonality, multi-donor organoids lever-
age organoid complexity and offer great promises for
disease modelling across a diversity of ethnic and
genetic backgrounds.

Building tissue complexity:
Self-assembly and enforced assembly

Tissue complexity is achieved through temporally and
spatially orchestrated cell fate commitment. To be
defined as such, a tissue must break symmetry, have
internal organisers, coordinated interaction between
different cell types, and a clear 3D architecture. Dur-
ing development, self-assembly of multiple cell types,
often from different germ layers, contributes to tissue
formation. In vitro, the coexistence of multi-cell layer
derivatives remains a challenge. For instance, the
mesoderm master regulator brachyury promotes axial
mesoderm differentiation by inhibiting spinal cord

fate. Conversely, cells positive for neural marker
SOX2 downregulate brachyury and become spinal
cord [59]. This mutual exclusivity, however, is only a
matter of time. There is a timeframe in development
when few epiblast cells co-express SOX2 and brachy-
ury in neuromesoderm precursor cells (NMPs) [60].
These poised or bivalent precursors can be leveraged
in vitro to generate self-assembled multi-tissue orga-
noids. This is the case for 3D neuromusculoskeletal
organoids, harbouring spinal cord identity together
with skeleton and skeletal muscles [11], all co-
occurring under the same culturing conditions and
resulting in motor neurons functionally innervating
paraxial muscles (Fig. 2).

Similarly, multi-lineage human intestinal organoids
with epithelial cells, mesoderm-derived mesenchymal
cells, enteric neurons, endothelial cells and smooth
muscle were shown to self-develop from iPSCs treated
with epiregulin, a polyvalent cell fate inducer found in
enteric stem cell niches [12]. Gastrointestinal orga-
noids, on the other hand, are commonly obtained
from the guided assembly of iPSC-derived enteric neu-
roglia, mesenchyme, and epithelial precursors grown
independently. Three-germ layer stomach assemblies
were shown to functionally integrate muscle and epi-
thelium—with peristaltic-like contractions—and enteric
neurons promoting gland development [66]. Amid
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Fig. 2. Strategies to achieve tissue complexity in neural organoids.Tissue complexity can be achieved through spontaneous differentiation
and self-assembly (right): pluripotent stem cells (PSCs) undergo spontaneous multi-lineage differentiation and organ self-assembly. 3D
neuromusculoskeletal organoids, harbouring spinal cord identity together with skeleton and skeletal muscles, derive from neuromesoderm
precursors obtained from PSCs [11]. Spontaneous development of diverse neural and non-neural tissue occurs in unguided brain organoids
where ventral and dorsal forebrain coexist with choroid plexus (ChP), cortical hem, midbrain, hindbrain and mesoderm-like cells [61,62].
Enforced assembly of multiple tissue organoids (assembloids) (left): Fusion of distinct organoid types (e.g. cortical, spinal and skeletal
muscle organoids) creates cortico-motor assembloids that mimic high-order tissue interactions [50]. In this case, organoid fusion is obtained
on already-differentiated individual organoids. Cell seeding and extrinsic assembly (top): mesodermal cells derived from PSCs, such as
microglia, are seeded on brain organoids to achieve neural-non neural cell interactions and increase the complexity of the tissue [14]. Guided
differentiation to single identity tissue (bottom): PSCs are directed to single identity organoids through guided protocols [3,44,49,63-65].
This case represents the lowest tissue complexity achievable in 3D.

the challenge of obtaining high reproducibility, self-
assembly strategies mimic more faithfully in vivo organ
development than enforced assembly of separate iden-
tity organoids or cells.

Self-assembly of neuronal, neural, and non-neural
cell types occurs spontaneously in unpatterned neural
organoids [61,62]. Mesoderm-like cells, non-neural and
their derivatives—endothelial cells, microglia—were
found in RNA-seq datasets from unguided organoids
[28,62]. However, the representation of extra-CNS-
derived cells remains scarce, and they display limited
functional maturation. Alternatively, neural and non-
neural coexistence can be enforced by seeding neural
organoids with non-neuroectoderm cell types (Fig. 2).
Microglia-like cells from iPSCs were seeded on brain
organoids, where they integrated into the tissue by

chemotaxis and showed functional activation upon tis-
sue injury [14]. Exogenous microglia seeding enabled a
more robust representation across the tissue when
compared to sparse innately developed microglia [67].
Seeding of exogenous cell types and functional inte-
gration in the organoid was also observed in brain
organoids with vascular cell types. Human umbilical
vein endothelial cells (HUVECs), which are endothelial
cells (ECs) from the umbilical cord, were co-cultured
with PSCs and further grown in neural induction
medium. ECs formed vessel-like tubes invading and
positioning adjacent to neural progenitor zones. This
vasculature-like net was shown to promote an increase
in thickness of proliferative layers together with the
increase in size of the whole organoid and the decrease
in overall cell death [15]. In this instance, the intrinsic

6 FEBS Letters (2026) © 2026 MRC Laboratory of Molecular Biology. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

35US0 17 SUOLLLLIOD 9A 31D 3|qeal|dde ayy Aq peusenof a.e sajoie O ‘88N JO S8 10} Aeiq 1T U U AB]1AA UO (SUORIPUOD-pUR-SWLB) WO AS | 1M ARe1g U1 UO//:SANY) SUORIPUOD pUe SWB | 3U1 89S *[9202/70/62] U0 AfiqiT auljuQ 3|1 ‘90U |poX3 818D pue UifeaH 4o aimnsu| uolieN ‘3D IN Aq 62€02'89YE-E28T/200T OT/I0P/W0d" A8 1M Are1q 1 ]oU1UO'SGR//:SANY WO.j PAPEOUMOQ ‘0 ‘8IVEE.ST



|. Chiaradia and M. A. Lancaster

obstacle of trying to co-differentiate very different cell
types was avoided by using already-differentiated ECs.
In an alternative approach, ECs and neurons were
obtained from PSCs under the same media conditions
by using ETV2-overexpression in a subset of cells to
induce ECs in organoids. ETV2 is a cell master regula-
tor that triggered the differentiation into ECs. Orga-
noids with such vascular cells displayed a similar
composition and architecture to non-vascularised brain
organoids but enhanced functional maturation and
blood-brain-barrier-like  structures  [68].  Semi-
vascularised organoids or organ buds were also
obtained through the induced fusion of vasculature-
like organoids and brain organoids [69] or mesenchy-
mal and endothelial condensates with
embryonic/adult-derived brain tissue [70]. Fusion of
brain organoids and vascular networks was enforced
after both tissues were terminally differentiated. As
expected, the assembly required neural supportive
medium with the addition of vascular endothelium
growth factor [69]. Nevertheless, this protocol did not
impact the development of the organoid that instead
showed increased numbers of neural progenitors,
microglia, and blood-brain-barrier identity. Despite
similar end-points, post-differentiation enforced assem-
bly of vascular and brain organoids displayed a less
widespread vasculature, with no vessels invading the
proliferative neural layer as compared to ETV2-
induced vasculature [68].

Overall, building tissue complexity often means
overriding the tight temporal and spatial barriers of
development. Complexity can be obtained through
self-assembly of multiple-lineage cell types from a com-
mon progenitor, cell co-culture or seeding, and
enforced assembly of already-differentiated tissues
(Fig. 2). The first relies on the same culture conditions
for different cell outcomes. The second and the third
often require intermediate culture media for different
cell fates. On a scale from reproducibility to physiolog-
ical relevance, self-assembled tissues outscore assem-
blies in matching in vivo tissue genesis but may exhibit
lower consistency.

Timed tissue fate acquisition is a challenge for the
coexistence of a variety of neural tissues. Individual
organoids exist for dorsal and ventral forebrain [4,5],
thalamus [47], midbrain [3], cerebellum [49,63], stria-
tum [44], brainstem [64] and spinal cord [65] but they
rarely develop together all at once (Fig. 2). The timed
acquisition of dorso-ventral and rostro-caudal neural
tube identity plays a role in this. The neural tube
closes from the midline to the most rostral and caudal
ends, with the anterior region being the last to mature
[71]. The anterior—posterior axis is already established

Diversity and complexity in neural organoids

in the epiblast pre-gastrulation, where OTX2 expres-
sion predicts cells that will turn into anterior neural
tube [6,72]. This early commitment to anterior fate,
and the spontaneous differentiation of PSCs in vitro
towards anterior neuroectoderm [73], suggests that
self-developing of brain and spinal cord identity in the
same organoid and with the same neural induction
protocol might not be feasible. Hence, other
approaches have been developed to build complex tis-
sues with multi-regional specification and function:
assembloids.

When reductionism is enough, when
complexity is needed

Assembloids consist of fused individual organoids with
different identities (Figs. 1, 2). For two-part assem-
bloids, the time required for fusion is 2-3 days in cul-
ture [74], whereas for three to four-part assembloids, it
extends to one week [75]. Fusion represents a more
stable and long-lasting interaction of the components
compared to more classical 2D co-cultures [50]. What
they have in common is the lack of spatial axis.
Attempts to obtain a cortical organoid with axis speci-
fication involved fusing a FGF8-secreting organoid—
resembling the forebrain organiser—and a long tail of
cortical tissue. The result was an assembloid with the
proximal segment expressing markers of pre-frontal
cortex while the medial/distal area showed temporal
cortex signature. Individual spherical organoids and
spheroids are perhaps too small to achieve such a spa-
tial gradient [76].

Not all assembloids are engineered in such a way.
Assembloids of neural sensory pathway, where
somatosensory, spinal, diencephalic, and cortical orga-
noids are fused, display oriented functional activity
with unidirectional stimuli travelling from the somato-
sensory to the cortical end but without axial coordi-
nates [75]. Similarly, a loop circuit assembloid, made
from adjacent cortical, striatal, mesencephalic and
diencephalic organoids, is a four-part loop with syn-
chronised neural activity but no spatial axis [77].
Assembloids can indeed be bioprinted according to the
experimenter design to maximise multi-tissue interac-
tions [74]. The current absence of axis organisation in
assembloids will hopefully be addressed in future stud-
ies to resemble the higher order tissue structure
achieved in stem-cell-derived embryo models in vitro
[67,78,79].

On the quest to complexity, reductionist approaches,
such as 2D neural cultures or 3D single-region orga-
noids, are still relevant models for disease modelling,
drug screening, cytotoxicity assays, and for the
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Fig. 3. Flowchart for selecting an appropriate in vitro neural model based on research goals. A schematic flowchart guiding the choice of
neural organoid models in accordance with the specific focus of investigation. Self-assembly multi-tissue organoids differ from multi-tissue
assembloids for the intrinsic self-differentiation and self-organisation of multiple cell and tissue types from the same pluripotent progenitor,
often under the same culturing conditions. Refs: [4-9, 11, 12, 43, 47, 50, 61, 81-84].

investigation of cell-autonomous phenotypes. Comple-
mentarily, assembloids or organoid-on-chip technolo-
gies [80] are crucial for functional studies on neural
circuits and multi-cell interactions (Fig. 3). Brain orga-
noids were successfully used to study the tropism of
ZIKV for neural progenitors in the forebrain, which
identified impaired proliferation and a microcephaly-
like phenotype [85]. High-throughput drug screening
has identified promising antiviral candidates [86]. Brain
organoids are effective and sufficient to study cell-
autonomous defects associated with individual muta-
tions. This is the case for many ASD-related mutations
resulting in aberrant neural progenitor proliferation or
neuronal differentiation [61,87,88]. 2D in vitro neural
cultures are often enough to address the pathophysiol-
ogy of individual genes. Patient iPSC-derived Timothy
syndrome Ca,1.2 mutated neural precursors and neu-
rons revealed cell-intrinsic changes in calcium activity,
changes in gene expression, unbalanced production of
noradrenergic and serotoninergic neurons, and a
decrease in callosal projection neurons [89]. However,
it was only through the development of ventral
forebrain-dorsal forebrain assembloids that further
disease-related neural circuitry alterations were uncov-
ered in vitro. Birey et al. reported more frequent but
shorter migration of interneurons from ventral towards
dorsal regions of the assembloids, a defect that was
restored by reducing the activity of the calcium chan-
nel targeted by the syndromic mutation [5]. The estab-
lishment of such cortical microcircuitry in assembloids
enabled the characterisation of a functional phenotype

that regular organoids failed to show. Similarly, Rett
syndrome (RTT) is a neurodevelopmental disorder
with a plethora of pathological phenotypes. Dorsal
forebrain organoids from RTT patient-derived iPSCs
showed Notch signalling-mediated premature deep-
layer neuron differentiation and reduced numbers of
progenitor cells, although morphological features of
the organoids generated lacked complexity. Ventral
RTT organoids displayed a reduced expression of ven-
tral progenitor markers. When assembled, the aberrant
migration of interneurons from ventral to dorsal was
revealed, with RTT interneurons from ventral travel-
ling a shorter distance compared to healthy controls
[90].

Complexity is often coupled to reproducibility
issues. The higher the number of components assem-
bled, or cell types represented, the higher the failure
rate (Fig. 4). Successful fusion is either assessed quali-
tatively through morphological integration or through
the quantitative readout of the activity of the newly
formed microcircuit. For a two-unit assembloid, such
as dorsal-ventral forebrain assembly, 90% fusion suc-
cess was shown across approximately 100 trials [4]. In
cortico-motor assembloids of human cortical, spinal,
and skeletal muscle spheroids, the success rate of con-
tracting muscle tissue upon cortical stimulation was
81% [50]. Instead, self-assembly neuromusculoskeletal
tri-tissue organoids showed successful differentiation
and self-organisation into the three distinct domains in
93% of attempts with the H9 line [11]. This highlights
a better yield for self-assembly strategies compared to

8 FEBS Letters (2026) © 2026 MRC Laboratory of Molecular Biology. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

35US0 17 SUOLLLLIOD 9A 31D 3|qeal|dde ayy Aq peusenof a.e sajoie O ‘88N JO S8 10} Aeiq 1T U U AB]1AA UO (SUORIPUOD-pUR-SWLB) WO AS | 1M ARe1g U1 UO//:SANY) SUORIPUOD pUe SWB | 3U1 89S *[9202/70/62] U0 AfiqiT auljuQ 3|1 ‘90U |poX3 818D pue UifeaH 4o aimnsu| uolieN ‘3D IN Aq 62€02'89YE-E28T/200T OT/I0P/W0d" A8 1M Are1q 1 ]oU1UO'SGR//:SANY WO.j PAPEOUMOQ ‘0 ‘8IVEE.ST



|. Chiaradia and M. A. Lancaster

Diversity and complexity in neural organoids

relative reproducibility

2D cultures
spheroids
organoids

multiplexed organoids
mosaic organoids

chimeroids

[
2D cultures in vivo
spheroids
..porganoids*

@ 2 unit assembloids’
3-unit self-assemblies?
3-unit assembloidss

organoids#.

4-unit assembloids*

relative genetic diversity

relative tissue complexity

Fig. 4. Balancing complexity and reproducibility in neural models. Conceptual not-to-scale relative positioning of 2D cultures, spheroids,
organoids, self-assembly, and multi-unit assembloids across genetic diversity, reproducibility and tissue complexity. Tissue complexity often
comes at the cost of reproducibility. Assembloids, which model multi-tissue interactions, typically reduce experimental reproducibility—
reproducibility decreases as more neural components are assembled. Single cell line organoids, spheroids and 2D cultures are limited in
genetic diversity. In contrast, chimeroids, mosaic organoids, and multiplexed organoids support high-throughput screening across multiple
PSC lines retaining an overall good reproducibility across experiments. These approaches enable the analysis of disease phenotypes in
different genetic backgrounds, SNP-associated traits, thereby addressing genetic diversity. Organoids display different degrees of tissue
complexity and reproducibility depending on the protocol. Self-organising organoids (#) from unguided protocols can achieve greater
complexity than assembloids but less reproducibility [61,62]. Instead, single-tissue directed organoids (*) display lower complexity and high
reproducibility [3,44,49,63-65], similar to spheroids [82]. 'Representative success rate of the assembly: 90% [4]. Representative success
rate of the assembly: 86.3-93% [11]. *Representative success rate of the assembly: 81% [50]. “Representative success rate of the

assembly: 60-87.7% [75,77].

enforced assembloids. However, cell line variability
accounts for major differences here, with a success rate
going from 93% to 88% for the HI1 cell line and
86.3% for the RCO1001A hiPSC line. Four-part
assembloids of human ascending neural sensory path-
way reported the formation of assemblies suitable for
functional assays in 87.7% of cases [75]. Sample-to-
sample reproducibility reaches the lowest value with
loop circuit assembloids of cortical, striatal, mesence-
phalic and diencephalic organoids. Here the desired
morphology, correct fusion and stable assembly were
achieved in only 60% of trials [77] (Fig. 4).

This success rate remains impressive, especially given
the inherent variability of organoids and the complex-
ity of the neural circuitry the authors aimed to recre-
ate. To further enhance assembloid reproducibility,
future efforts could focus on implementing quality
control of pluripotent stem cells to start with—asses-
sing their genetic stability and differentiation potential
——conducting parallel experiments with multiple cell
lines, and introducing defined axial patterning via tis-
sue organisers or signalling centres. While these strate-
gies may be more technically demanding than allowing
self-organising multi-tissue organoids to develop
autonomously, they might offer greater control and
reliability for assembloid cultures. In conclusion, com-
plexity may not be necessary for every application. Its

use should be tailored to the specific biological ques-
tion, to balance cost effectiveness and rigour for
increasingly comprehensive in vitro models.

Conclusion

After a decade of organoid research, two major con-
siderations emerge: how to obtain the genetic diversity
of the human population in vitro and how to mimic in
vivo multi-tissue complexity. Whereas case—control
studies in patients often require hundreds to thousands
of individuals to validate the observations, in vitro
studies on human organoids are performed on a few
cell lines with limited genetic and ethnic coverage. This
approximation is generally accepted given the difficulty
to obtain and handle multiple cell lines for the same
experiment. Expanding the number of cell lines intro-
duces variability—each line responds differently to cul-
ture conditions [24,25]—thus challenging the
interpretation of what is a disease phenotype or a cell
line intrinsic behaviour. For disease modelling, stan-
dardised protocols and culture conditions are essential
to safeguard from erroneous conclusions. Strategies
like chimeroids, which combine multiple lines in the
same organoid [8], offer a path forward. Future efforts
should prioritise ensuring cellular homogeneity across
cell lines prior to neural differentiation, potentially
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through pre-patterning, and improving ethnic represen-
tation to enhance the generalizability and the transla-
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