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Abstract  
Brain organoids encompass a large collection of in vitro stem cell–derived 3D culture 
systems that aim to recapitulate multiple aspects of in vivo brain development and function. 
First, this review provides a brief introduction to the current state-of-the-art for neuro-
ectoderm brain organoid development, emphasizing their biggest advantages in comparison 
with classical two-dimensional cell cultures and animal models. However, despite their 
usefulness for developmental studies, a major limitation for most brain organoid models is 
the absence of contributing cell types from endodermal and mesodermal origin. As such, 
current research is highly investing towards the incorporation of a functional vasculature 
and the microglial immune component. In this review, we will specifically focus on the 
development of immune-competent brain organoids. By summarizing the different 
approaches applied to incorporate microglia, it is highlighted that immune-competent 
brain organoids are not only important for studying neuronal network formation, but also 
offer a clear future as a new tool to study inflammatory responses in vitro in 3D in a brain-
like environment. Therefore, our main focus here is to provide a comprehensive overview 
of assays to measure microglial phenotype and function within brain organoids, with an 
outlook on how these findings could better understand neuronal network development 
or restoration, as well as the influence of physical stress on microglia-containing brain 
organoids. Finally, we would like to stress that even though the development of immune-
competent brain organoids has largely evolved over the past decade, their full potential as 
a pre-clinical tool to study novel therapeutic approaches to halt or reduce inflammation-
mediated neurodegeneration still needs to be explored and validated. 
Key Words: 3D cell culture; brain organoids; immune response; immunocompetent model; 
in vitro model; microglia; neural organoids; neuroimmunology; neuroinflammation

General Introduction to Current Brain Organoid 
Models, Their Applications and Advantages 
Organoids are defined as self-organizing three-dimensional 
(3D) cellular aggregates generated from pluripotent stem 
cells (PSCs) or adult stem cells, with features that resemble 
the structure and functions of an organ. More specifically, 
brain organoids have been developed – in the first instance 
– to reproduce the major characteristics of a developing 
embryonic brain, and upon long-term culture promote 
its transition to a more mature but still prenatal brain-like 
environment. Having numerous scientific applications, they 
have for example been used to study various physiological 
functions of the brain, such as the mechanisms of neuronal 

development and connectivity (Mariani et al., 2012; Bershteyn 
et al., 2017; Birey et al., 2017; Deng et al., 2018), interactions 
among neurons and glial cells, or evolutionary comparisons 
across species (Pollen et al., 2019; Benito Kwiecinski et al., 
2021). Furthermore, from a biomedical point-of-view, they 
have contributed to the modeling of different pathologies, 
such as neurodegenerative diseases (Abud et al., 2017; 
Sabate-Soler et al., 2022), viral infections (Muffat et al., 2018; 
Abreu et al., 2018; dos Reis et al., 2020; Gumbs et al., 2022; 
Donadoni et al., 2024, Narasipura et al., 2024), congenital 
brain malformations (Lancaster et al., 2013; Li et al., 2017) 
and psychiatric disorders (Choi et al., 2016; Kathuria et al., 
2020; Meng et al., 2023; Li et al., 2023). With the possibility 
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to obtain large numbers of organoids in a relatively short 
period, expectations for future applications in compounds 
screening and validation are very high. Nevertheless, from 
an industrial point of view, their complementarity or even 
superiority to traditional two-dimensional (2D) culture 
systems still needs to be demonstrated, especially given the 
long-term culture and time-consuming hands-on protocols 
associated with brain organoid generation and maintenance 
(Figure 1). Compared to 2D cell cultures, organoids possess a 
long list of characteristics that make them more attractive and 
employable for numerous applications, the most significant 
of which is being more physiological to the organ of interest. 
In this context, while 2D cultures may have the advantage 
of being easy to maintain, providing rapid output, and being 
highly reproducible, the drawback is that monolayer cultures 
expand only two-dimensionally, resulting in a change in their 
morphology and properties. These limitations are overcome in 
organoids, where cells maintain their physiological shape, can 
grow freely in all directions and can even self-organize thereby 
generating cytoarchitectural features representative of the 
in vivo organ (Lu et al., 2022). Furthermore, in 2D monolayer 
cultures, cell-to-cell interactions are limited to side-by-side 
contact, typically involving only a single cell type; conversely, 
cell interactions in organoids are more complex and among 
multiple cell types in different layers. This difference in terms 
of cell development is because in a 2D cell culture, all cells 
are equally exposed to the medium and growth factors, while 
this is not the case in an organoid, where the medium does 
not reach all layers to the same extent, creating a more varied 
context. Furthermore, cells within an organoid mature and 
are frequently observed to have a slower rate of proliferation 
compared to 2D monolayer cell cultures, better representing 
the in vivo physiology (Bejoy et al., 2019; Abbas et al., 2023). 
As a downside, organoids, especially those obtained by 
unguided protocols, may possess high heterogeneity in terms 
of size, shape, and composition, making reproducibility more 
difficult to achieve (Hartley et al., 2017; Wang et al., 2017; Koo 
et al., 2019). Despite this, the variability can be reduced by 
using bioreactors, avoiding natural hydrogels with undefined 

factors, using patterning factors, and starting from iPSC-
derived neural stem cells instead of iPSC (Qian et al., 2016; 
Wang et al., 2017; Centeno et al., 2018; Van Breedam et al 
2022). 

Additionally, the interaction of cells with the extracellular 
environment is improved in floating organoids, since they 
avoid interaction with 2D plastic surfaces of culture dishes, 
whose stiffness can affect the viability, differentiation, 
morphology, and gene expression of the cells (Gilbert et al., 
2010; Wolfram et al., 2024). 

Another experimental benefit of organoids is their complex 
response to mechanical and chemical stimuli. Compared to 2D 
cultures, organoids are considered to exhibit a more faithful 
response to the in vivo situation. Another experimental 
benefit of organoids is their complex response to mechanical 
and chemical stimuli. Multiple studies have observed 
differences in cellular responses to pathological stimuli 
and drugs between 2D and 3D cultures of the same cells. 
Compared to 2D cultures, cells in 3D models exhibit improved 
drug metabolization, higher resistance, and a greater 
threshold for apoptosis. In contrast, cells in 2D cultures show 
lower metabolization rates, reduced resistance, and increased 
susceptibility to apoptosis, even at low drug concentrations. 
This disparity suggests that conventional 2D cultures may 
overestimate drug efficacy, while 3D models offer a more 
accurate prediction of in vivo drug responses (Ravi et al., 2014; 
Imamura et al., 2015; Langhans et al., 2018). 

Brain organoids as a supplement to animal models 
Currently, the level of physiological complexity that a whole 
organism provides cannot be replicated in in vitro model 
systems yet. For this reason, animal models remain essential 
for the design and approval of clinical trials. Nevertheless, 
there is a global and increasing effort to try and reduce the 
use of animals for scientific studies due to ethical reasons. 
In this scenario, organoids appear as a promising solution, 
with the potential to supplement animal models in many 
applications. 

Figure 1 ｜ Comparison of human and mouse brain organoids with 2D cell cultures and animal models. 
Figure was created based on data from Kim et al. (2020). Created with BioRender.com. 
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Organoids offer several unique advantages compared to 
traditional animal models (Figure 1). First, since they can be 
grown under standardized conditions in highly controlled 
bioreactor systems, their maintenance becomes easier 
compared to animal models, whose daily care is expensive 
and time-consuming. Second, depending on the protocol, 
organoids can be obtained on a large-scale allowing high-
throughput screening, while maintaining genomic stability. 
This facilitates genetic manipulations and the building of 
biobanks (Sun et al., 2022). Finally, the biggest advantage 
when starting from human PSCs is the recapitulation of 
human features, which only human organoids can ensure. For 
instance, brain organoids can replicate the inner and outer 
layers of the subventricular zone, a subdivision that is absent 
in mice (Marshall and Mason, 2019). For this reason, human 
brain organoids are better suited to recapitulate human-
specific brain structures, when compared to any other animal 
model (Kim et al., 2020). While non-human primates remain 
an invaluable in vivo model, with their brains more closely 
resembling human brains than rodent models, human brain 
organoids offer the ability to study features exclusive to the 
human brain. Nevertheless, even though at present there 
exists a large focus on generating human brain organoids, 
there is also a great need for generating PSC-derived brain 
organoids from other species, either from an evolutionary 
developmental point of view or – even more importantly – 
to offer the possibility to truly compare physiological and 
pathological processes occurring in brain organoids with actual 
in vivo brain responses. As such, PSC-derived murine brain 
organoids are gaining interest and will stand as an important 
complementary tool for human brain organoid models (Di 
Stefano et al., 2024). Once such profound comparisons have 
been made, i.e., murine brain organoids vs. murine brain and 
murine brain organoids vs. human brain organoids, we will 
have a deeper understanding of how to interpret the results 
coming from human organoids about the in vivo situation, 
leading to an exciting future for unraveling human brain 
function using human brain organoids. 

Standard culture protocols for brain organoids 
Over the past decade, several protocols to generate brain 
organoids have been optimized and published. Although they 
generally follow a similar methodological and developmental 
pattern, they do differ in several aspects. First,  the 
source of PSCs used to form brain organoids can be iPSCs 
reprogrammed from somatic cells (Takahashi et al., 2007; 
Lancaster et al., 2013), embryonic stem cells obtained from 
dissociated blastocysts (Thomson et al., 1998; Zhang et al., 
2001) or adult stem cells. Regardless of the cell type used, 
these are typically cultured in ultra-low attachment 96 well 
plates, aggrewell plates, or with the hanging drop method; 
each of these will push the cells to tend to clump together, 
forming embryoid bodies. When the size of the embryoid 
bodies increases, these are often transferred to bigger flasks 
such as low-attachment 24 or 6 well plates, spinning flasks, or 
bioreactors (Lancaster et al., 2013; Ormel et al., 2018; Xu et 
al., 2021; Fagerlund et al., 2022). Here they have an abundant 
medium that allows them to grow further and develop into 
brain organoids. The growth can be supported by the use 

of extracellular matrix proteins, which form a network of 
fibrous proteins that contribute to the self-organization and 
differentiation of the cells forming the organoid (Simsa et al., 
2021; Heo et al., 2022; Muñiz et al., 2023). Additionally, the 
culture can be improved by shaking the cell cultures with the 
use of a shaker or a bioreactor, enabling a better exchange of 
nutrients and a higher level of oxygenation throughout the 
organoid, preventing cell death and reducing the formation 
of a necrotic core (Qian et al., 2016; 2018; Romero-Morales 
et al., 2019; Cho et al., 2021; Licata et al., 2023). The culture 
time can highly vary from one study to another, typically 
ranging from 2 months (Abreu et al., 2018; Jin et al., 2022) 
to 6 months (Lin and Seo et al., 2018; Bodnar et al., 2021), 
with the longest duration being around 500 days (Kasai et 
al., 2020). Especially, the latter notion warrants that there is 
currently no clear standardization for the generation of brain 
organoids, and as such will make it very difficult to post-hoc 
compare results from different studies. Nevertheless, since 
the field of brain organoid generation is arriving at the stage 
of maturity, initiatives to establish common guidelines should 
be encouraged.   

Limitations and possible improvements for classical brain 
organoid models  
Even though much progress has been made in the generation 
and biological understanding of PSC-derived brain organoid 
models, there are still several limitations that need further 
attention. Despite this, different solutions to these problems 
exist and they are summarized in Figure 2. Currently, 
one of the biggest issues of brain organoids is the lack of 
vascularization, which inhibits the diffusion of oxygen and 
nutrients to the deepest layers of a brain organoid. In fact, it 
is estimated that sufficient delivery of oxygen in the human 
body is only possible when the distance of cells from a blood 
vessel is below 200 μm (Place et al., 2017).   Therefore, the 
lack of vascularization within organoids limits their size and 
their development beyond the prenatal stage and causes cell 
death in the inner core upon development. Depending on 
the protocol and the duration of the experiment, organoids 
can reach a diameter size of up to 5 mm, resulting in a high 
percentage of dead cells within the center of the organoid. 
A possible solution for this would be the introduction of 
a perfused vascular system, either artificial or biological. 
Several studies have attempted to address this deficit by 
incorporating endothelial cells into brain organoids. This was 
achieved by adding endothelial cells at the moment of initial 
cell seeding during organoid formation, with as end-result 
the self-organization into an elementary microvasculature 
(Nashimoto et al., 2017; Pham et al., 2018; Song et al., 2019). 
Somewhat technologically more advanced is the use of 
microfluidic devices that allowed co-culture of an organoid 
together with umbilical vein endothelial cells resulting in 
the construction of a perfusable vascular network growing 
into the organoid (Nashimoto et al., 2017). Finally, although 
deviating from the concept of animal-free models, organoids 
can also be engrafted directly into a mouse brain, whose 
blood vessels will penetrate the organoid’s tissues and create 
a true vascular network (Mansour et al., 2018; Shi et al., 2020; 
Schafer et al., 2023). In our opinion, the use of vascularized, 
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but also perfused, brain organoids will still require many years 
of research before being widely adopted and applied within 
biomedical research. 

During their initial generation, brain organoids reproduce in 
the embryonic stage of brain development. Consequently, 
another limitation is the difficulty in modeling later stages of 
brain development and the aging brain, which is a necessary 
requirement to study the development or pathogenesis of 
age-related neurodegenerative diseases. To overcome this, 
several techniques to speed the maturation and induce aging 
have been investigated (Studer et al., 2015). These include 
the induction of cellular stress through exposure to toxins 
and compounds that induce mitochondrial stress and the 
formation of reactive oxygen species (Seibler et al., 2011; Liu 
et al., 2012; Cooper et al., 2013), or alternatively increasing 
the expression of progerin or a truncated form of lamin A 
associated with premature aging, both of which induce aging-
related features in organoids (Miller et al., 2013). 

Lastly, brain organoids usually contain neurons and astrocytes 
but these do not always include microglia, the immune 
cells of the brain. Integrating microglia into brain organoids 
is essential to obtain an immune-competent model; 
nonetheless, adding this cell type can be rather challenging, 
due to their mesodermal origin. Microglia come from the yolk 
sac as primitive macrophages and subsequently migrate to 
the embryonic brain where they complete their maturation 
(Ginhoux et al., 2015). However, given the neuroectodermal 
specification necessary to obtain other neural cells, such 
as neurons, astrocytes, and oligodendrocytes, most brain 
organoid protocols are designed to inhibit mesodermal 
and endodermal differentiation. Therefore, integrating cells 
that originate from other germ layers such as microglia, 
but also endothelial or meningeal cells becomes arduous, 
often compromising cell diversity, a feature that is crucial 
to accurately reproduce the in vivo environment (Ormel 
et al., 2018; Jacob et al., 2021). Nevertheless, despite the 
above-described difficulties, numerous works have already 
successfully incorporated microglia into brain organoids. 

The further aim of this review is to provide a comprehensive 
overview of the three main categories of microglia-containing 
brain organoids, according to the type of protocol used.  

Immune-Competent Brain Organoids 
To more accurately mimic an in vivo neural-like environment 
and to allow the study of neuroinflammation and potential 
immunomodulation, a highly specialized subtype of brain 
organoids is needed, currently described as immune-
competent organoids. The defining characteristic for a 
brain organoid to qualify as immune competent is the 
inclusion of relevant immune cell types. Microglia are the 
resident immune cells of the central nervous system (CNS) 
and are essential for neuronal homeostasis (Ginhoux et 
al., 2010 and 2013). In fact, they are involved in numerous 
functions, including neurite formation, synaptic homeostasis, 
synaptogenesis, synaptic pruning, regulation of axon 
fasciculation, and programmed cell death. Moreover, microglia 
help with the differentiation and maturation of neural and 
oligodendrocyte progenitor cells, promote myelinogenesis, as 
well as increase astrocyte activation and proliferation (Garland 
et al., 2022). However, the primary function of microglia is to 
protect the CNS against infections and chemical or physical 
insults. Microglia constantly scan the brain environment, 
actively searching for cues that signal brain damage. When 
cellular debris or pathogens are detected, microglia become 
activated and subsequently display phagocytic functions to 
eliminate invaders (Wright-Jin and Gutmann, 2020). Microglia 
exhibit different morphologies and roles according to the 
developmental stage and the inflammatory state of the CNS. 
During the fetal and early postnatal phase, microglia show the 
amoeboid shape and high levels of proliferation. Subsequently, 
in a homeostatic stage, microglia adopt a ramified shape, 
cease proliferation, and maintain a constant number of 
cells. Upon inflammation, microglia activate their immune-
modulatory properties transitioning to an amoeboid shape, 
ready to phagocytose debris, apoptotic bodies, or pathogens. 
Furthermore, according to the pro- or anti-inflammatory 

Figure 2 ｜ Improvements for brain organoids to solve their present limitations.  
Created with BioRender.com.

D
ow

nloaded from
 http://journals.lw

w
.com

/nrronline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/13/2024



NEURAL REGENERATION RESEARCH｜Vol 20｜No.×× ｜××  2025｜5

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

cytokines they release, they can cause astrocytes to become 
neurotoxic, further leading to tissue damage and increased 
blood–brain barrier permeability, or neuroprotective, 
respectively (Quarta et al., 2020). 

Given their important role in brain homeostasis in health and 
disease, integration of microglia in brain organoids is pivotal 
for a better recapitulation of the complexity of the CNS neural 
environment in vivo. In fact, it has been demonstrated that the 
presence of microglia has major beneficial effects on other cell 
types, including their appropriate development and function: 
they contribute to neuronal maturation, remodel neuronal 
connectivity, regulate axonal guidance and cytoskeletal 
organization, increase synchronization and frequency of action 
potentials and increase neuronal excitability (Fagerlund et al., 
2022; Popova et al., 2022; Sabate-Soler et al., 2022). From 
their immunological point-of-view, it was shown that microglia 
are attracted to areas where cell death is occurring like 
necrotic cores, where they phagocytose apoptotic cells and 
cell debris. This can possibly result in visibly smaller microglia-
containing brain organoids, as previously observed by Sabate-
Soler et al. (2022).  

As discussed further below, there are currently several 
strategies employed to obtain microglia-containing brain 
organoids. Nevertheless, the first works that introduced 
microglia into brain organoids required a large investment in 
the optimization of microglia (progenitor cell) differentiation 
from hPSC, as well as the characterization of the newly 
obtained cells. This required the analysis of microglial 
behavior within brain organoids to recreate and validate 
a complex 3D structure containing other neural cells, thus 
allowing for comparison with in vivo microglial features. These 
studies evaluated microglia morphology, motility, their ability 
to migrate and invade neural tissue (Brownjohn et al., 2018), 
their functional characteristics such as phagocytic activity, and 
their ability to respond to a physical insult (Abud et al., 2017). 
Subsequently, microglia-containing organoids not only served 

as a means of validating microglia identity, but as a complex 
model that allows the study of neuroinflammatory processes 
and consequent neuroinflammatory diseases, as well as 
the impact of microglia-like cells on neuronal development, 
functioning, and/or regeneration (Fagerlund et al., 2022). 

Strategies for generating microglia-containing organoids 
Despite the technical challenges associated with generating 
brain organoids containing microglia, there are several 
studies in which this was accomplished. Various approaches 
exist for incorporating this cell type, which can be broadly 
categorized into three main experimental approaches: co-
culture, addition, and spontaneous development (Figure 
3). Further discussed below, Additional Tables 1 and 2 
provide a detailed summary of recent studies applying these 
experimental approaches to generate microglia-containing 
organoids. Notwithstanding their demonstrated usefulness in 
solving scientific questions, each of the defined approaches 
has several pros and cons that are summarized in Table 1 and 
will be further discussed below.  

The co-culture approach 
At first, the co-culture approach requires the differentiation 
of neural precursor cells and microglia progenitor cells 
separately using pre-defined culture protocols. Subsequently, 
when both cell types reach the maturation level needed, they 
are combined in a specific ratio to form the organoids and 
they mature during further co-culture (Figure 3). For example, 
in the study by Xu et al. (2021), neural precursor cells (NPC) 
and primitive macrophage progenitor cells were cultured in 
parallel, for 21 days each. Subsequently, 7 × 103 NPC and 3 × 
103 macrophage progenitor cells were co-cultured in 96 well 
plates in a 1:1 ratio of their respective culture media (Xu et al., 
2021). By day 50 of co-culture, approximately 8% of cells were 
positive for microglia markers, consistent with the average 
percentage of microglia in the human brain (Mittelbronn et al., 
2001). Microglia were able to promote neural differentiation, 

Figure 3 ｜ Three most common approaches to adding microglia to brain organoids.  
Created with BioRender.com. iPSC: Induced pluripotent stem cell. 
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phagocytose apoptotic cells, and foreign bodies, and perform 
synaptic pruning. While this model was initially utilized to 
study Zika virus infection, with a similar protocol, Jin et al. 
(2022) studied microglial functions in Down syndrome. 

A major advantage of the co-culture approach is that the 
starting number of the individual cell types can be strictly 
controlled, reducing the variability between organoids (Table 
1). In fact, the abundance of microglia varies considerably 
among different brain regions. In the human brain, microglia 
constitute between 0.3% in the cerebellum and 11% in the 
medulla oblongata (Mittelbronn et al., 2001), while in the 
mouse brain, their proportion ranges from 5% in the cerebral 
cortex or corpus callosum to 12% in the substantia nigra 
(Lawson et al., 1990). Therefore, being able to add the desired 
amount of microglia to obtain region-specific microglia 
to neural cell ratios seems highly attractive. However, this 
co-culture approach may come with the disadvantage 
that the different types of cells need different media and 
growth factors to fully differentiate and mature (Table 1). 
Subsequently, long-term co-cultures starting from different 
cell types in an immature stage, can lead to problems in 
finding the right culture conditions (Xu et al., 2021). 
 
The addition approach 
Second, the addition approach to establish immune-
competent brain organoids is based on the addition of 
microglia (progenitor) cells to already pre-generated 
organoids, after which a period of co-culture allows further 
co-maturation. With the addition approach, organoids 
are first cultured until they have reached a certain level of 
growth and development. Subsequently, microglia progenitor 
cells are added to the culture medium, whereafter they 
progressively migrate into the organoid, colonizing the whole 
structure (Figure 3). At present, this is the most commonly 
used technique, with numerous studies employing several 
variations of this approach (Additional Tables 1 and 2). 
One of the first protocols described by Abud et al. (2017) in 
which they differentiated microglia-like cells from human 

Table 1 ｜ Pros and cons of the three main techniques to obtain microglia-
containing brain organoids

Co-culture Addition Spontaneous

Pros Starting numbers of 
microglia progenitors 
and neural precursor 
cells can be controlled, 
leading to more 
precision and less 
variability between 
organoids

All cell types are 
already developed and 
mature when they 
are added together, 
making it easier to co-
culture them

No need for separate, 
elaborate and 
time-consuming 
differentiation 
protocols

Cons Difficult to find culture 
conditions that suit 
the requirements of 
different cell types

Limited time window 
for optimal microglia 
integration into 
organoids and 
support of neuronal 
development microglia 
can become reactive 
when handled for the 
addition

High heterogeneity 
of cell types and 
impossibility to 
control it (due to the 
absence of SMAD 
inhibition) microglia in 
brains are not arising 
from spontaneous 
development

SMAD:  Small body size-mothers against decapentaplegic. 

iPSC, while separately culturing brain organoids containing 
neurons and astrocytes. After 38 days of maturation, 5 × 
105 microglia progenitors were added to 12-week-old brain 
organoids. Following migration into the organoids, microglia 
expressed numerous specific markers and were able to 
respond to physical injury (Abud et al., 2017). Similarly, most 
of the protocols based on the microglia addition method were 
able to obtain organoids containing neurons, astrocytes, and 
microglia (Abreu et al. 2018; Lin et al. 2018; Sabate-Soler et 
al., 2022). Brain organoids were kept in culture for different 
periods, starting from the shortest period of 14 days (Muffat 
et al., 2018) to 213 days (Fagerlund et al., 2022). Most of 
these works modeled neuroinflammation by adding pro-
inflammatory stimuli, but these were also used within specific 
disease contexts such as Alzheimer’s disease (Abud et al., 
2017; Lin et al., 2018), Parkinson’s disease (Smits et al., 2019), 
Zika virus and Dengue virus infections (Abreu et al., 2018; 
Muffat et al., 2018), frontotemporal dementia-like syndrome 
and Nasu-Hakola disease (Brownjohn et al., 2018). Lastly, 
although the above-referenced studies refer to hiPSC-derived 
immune-competent brain organoids, a similar approach has 
also been reported recently for the generation of murine 
iPSC-derived immune-competent brain organoids (Di Stefano 
et al., 2024). The importance of studying both murine and 
human immune-competent brain organoid models has been 
discussed above. 

Highly advantageous for the addition approach, is that 
all cell types are already committed to a specific cellular 
fate and developing when they are put together, making it 
easier to co-culture them (Table 1). This however does not 
reflect the development in vivo, where immature neural 
precursor cells and primitive microglia interact with each 
other, differentiating and maturing together. The timing of 
microglia integration into organoids may impact the course 
of neuronal differentiation and maturation; the timeframe 
is therefore crucial for both populations to have the correct 
maturation stage  (Xu et al., 2021; Table 1). Furthermore, 
microglia handling and transfer for the addition could cause 
their activation (Cadiz et al., 2022), potentially affecting 
the other neural cells. Nevertheless, the addition approach 
allows researchers to carefully choose the developmental 
stage of both the neural organoid as well as the microglial 
progenitor cells, thereby mimicking both the developmental 
stage as well as the timing of yolk-sac microglia progenitor 
cell migration into the developing brain (Di Stefano et al., 
2024). Furthermore, both the co-culture and the addition 
approach are highly convenient as they employ exogenous 
microglia, thereby allowing the evaluation of the behavior 
of iPSC-derived microglia with specific genetic mutations, or 
even primary microglia directly isolated from brain tissue that 
may have retained most of their in vivo characteristics, such as 
transcriptomic profile and physiologic functions. 
 
The spontaneous development approach 
Third, the spontaneous development approach for generating 
microglia-containing brain organoids is largely based on the 
protocols of Lancaster and Knoblich (2014) and Ormel et al. 
(2018), utilizing matrigel embedding and a low concentration 
of heparin during the culture procedure. Here, microglia cells 
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develop spontaneously during organoid development, as 
evidenced by immunocytochemical analyses for the presence 
of Iba1+ cells (Additional Table 2). This approach was repeated 
and adapted in different works by various groups, undergoing 
further optimization and characterization (Bodnar et al., 
2021), and was utilized to model SARS-CoV-2 (Samudyata et 
al., 2022; Additional Table 2).  

The most important advantage of this approach is that there 
is no need for separate differentiation protocols, making this 
approach less time-consuming. Furthermore, given this all-
at-once approach, it better replicates the co-development 
between neurons, astrocytes, and microglia that takes place 
in vivo (Xu et al., 2021; Table 1). However, the spontaneous 
development of microglia in these brain organoids does 
not accurately reflect the in vivo situation, where microglia 
progenitor cells originate from the yolk sac and migrate 
into the developing brain (Ginhoux et al., 2010 and 2013). 
Furthermore, due to the absence of SMAD inhibition, brain 
organoids generated with spontaneous formation may have 
the disadvantage of having a high degree of heterogeneity 
among the differentiated cell types, both in type as well as 
maturity (Quadrato et al., 2017; Table 1).  

Characterization of Microglia in Brain Organoids   
Microglia are highly specialized immune cells able to 
sense changes in the surrounding environment and to 
rapidly respond to these. Phenotypical and functional 
characterization of microglia can be achieved through a 
range of assays, including assessments of morphological 
changes, motility activity, phagocytic activity, cytokine release, 
and increased expression of complement receptors and 
histocompatibility complex molecules (Figure 4). Many of 
these microglia evaluation protocols include the participation 
of other cell types, underscoring the importance of utilizing 
multicellular models such as brain organoids, which better 
recapitulate these characteristics. The first and most classical 
way to characterize microglia is the analysis of their gene/
protein expression profile (Figure 4A). However, finding 
specific markers to identify microglia can be challenging. 
For instance, the expression profile varies between fetal and 
mature microglia, between the homeostatic or activated state, 
between human or murine cells, as well as according to the 
culture conditions (Butovsky et al., 2014; Muffat et al., 2016; 
Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 
2017; Pandya et al., 2017; Brownjohn et al., 2018; Ormel et 
al., 2018; McQuade et al., 2018; Reitboeck et al., 2018; Song 
et al., 2019; Elise Vankriekelsvenne et al., 2022). Furthermore, 
microglia and macrophages carry out the same functions, 
but the first in the CNS  and the latter in the periphery. 
When macrophages infiltrate the brain, they even adopt 
a morphology that resembles microglia. Therefore, these 
two cell types share many markers, making their distinction 
challenging, even when using specific reporter mouse models 
(Le Blon et al., 2014, 2016; Dooley et al., 2016; Guglielmetti 
et al., 2016; Hamzei et al., 2018; Quarta et al., 2019). In 2014, 
Butovsky et al. identified six main genes to define human 
primary microglia: P2Ry12, C1QA, GPR34, PROS1, MERTK, and 
GAS6. Furthermore, TMEM119 and FCRLS are often referred 
to as microglia-specific markers, even though the first one 

is only expressed by homeostatic microglia in healthy CNS, 
while the second one is specific for murine models (Butovsky 
et al., 2014; Vankriekelsvenne et al., 2022). Nevertheless, 
many subsequent papers refer to these markers when they 
characterize their hiPSC-derived microglia (Muffat et al., 2016; 
Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 
2017; Pandya et al., 2017; Brownjohn et al., 2018; McQuade 
et al., 2018; Ormel et al., 2018; Reitboeck et al., 2018; Song 
et al., 2019). An overview of the microglia-specific markers is 
represented in Figure 4A. 

Two additional aspects that are commonly used to characterize 
microglia are their morphological properties and motility 
(Figure 4B). These features can provide valuable information, 
since microglia display very distinctive characteristics according 
to their developmental stage and activation state. In fact, 
they show an amoeboid shape when they enter the brain 
parenchyma; however, over time they acquire a ramified 
morphology, that is maintained in the adult brain. During the 
homeostatic state, microglia appear with a small cell body with 
extending motile processes, which are essential to scan the 
surrounding environment. These changes in morphology that 
happen during the development of microglia are observed in 
brain organoids too, where microglia migrate from the borders 
to the deeper layers of the organoids and slowly change 
morphology over time. These modifications in morphology 
are further described by Fagerlund and colleagues, who 
identified four different microglia morphology types: ramified, 
intermediate, rod-shaped, and spheric, outlining how the 
portion of ramified cells increases with time (Fagerlund et 
al., 2022). Furthermore, microglia morphology undergoes 
changes following an injury. When the brain experiences an 
injury or an infection, microglia become activated, retract their 
branches, and adopt a rounded morphology. These changes 
are also mirrored in the brain organoids. A mechanical stimulus 
like piercing an organoid with a needle, causes microglia to 
migrate and cluster around the injury site, where they acquire 
an amoeboid morphology (Abud et al., 2017). Similarly, virus 
exposure profoundly alters microglial morphology, with cells 
displaying fewer endpoints and shorter processes, suggesting 
microglial activation (Xu et al., 2021). The formation of a 
necrotic core that increases over culturing time, was shown 
to activate and attract microglia, that adopted a round 
morphology (Schafer et al., 2023). Finally, microglia-like cells 
harboring the APOE4 variant – the greatest genetic risk factor 
for sporadic Alzheimer’s disease – exhibit altered morphologies 
with fewer and shorter processes (Lin et al., 2018). 

Phagocytic activity is another important aspect of microglial 
behavior that undergoes changes according to their state 
(Figure 4B). Following activation, they acquire an amoeboid 
morphology, whereby the cells become mobile and able to 
phagocytose pathogens and damaged tissue. This functional 
activity appears to be maintained in brain organoids, where 
protrusions of the plasma membrane called phagocytic cups 
were observed (Popova et al., 2022). Different articles show 
how organoid-resident microglia can phagocytose apoptotic 
cells (Popova et al., 2022; Xu et al., 2022), but also small 
accidental foreign debris such as fragments from a glass 
pipette tip (Xu et al., 2022).  

D
ow

nloaded from
 http://journals.lw

w
.com

/nrronline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 12/13/2024



8  ｜NEURAL REGENERATION RESEARCH｜Vol 20｜No.×× ｜××  2025

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Lastly, microglia also carry out important pruning functions in 
brain organoids (Figure 4C). With combined staining for CD68, 
a marker for the phagolysosome, Iba1 and post-synaptic 
marker PSD95, different groups reported the engulfment 
of postsynaptic structures (Popova et al., 2022; Samudyata 
et al., 2022; Xu et al., 2022). Additionally, the colocalization 
of synapsin1, PSD95, and CD68, indicates whole synapses 
pruned by the microglia in organoids (Xu et al., 2022). The 
synaptic pruning function can be altered during pathological 
conditions. Exposure to Zika virus (ZIKV) or Dengue virus 
DENV increases PSD95 engulfment in CD68+ microglial 
phagolysosome compartments, with similar effects seen 
following SARS-CoV-2 infection (Samudyata et al. 2022; Xu et 
al., 2022). 

Apart from their morphological and phenotypical features, 
functional properties of microglia need to be considered as 
well when aiming to achieve full characterization of microglia 
in brain organoids. Just as observed in vivo, microglia within 
brain organoids respond to noxious stimulation by releasing 
inflammatory cytokines (Figure 4D). The most popular agent 
being added to brain organoid cultures to activate microglia is 
lipopolysaccharide (LPS), being used in multiple studies with 
similar results. Abreu et al. (2018) observed increased gene 
expression of interleukin (IL)6, IL10, and IL1β with maximum 
expression at 6–12 hours post-exposure, while Ormel et al. 
(2018) saw an increased release of IL6 and tumor necrosis 

factor alpha (TNFα) after 24 and 72 hours, indicating both an 
acute and a long-term effect, coupled with increased mRNA 
levels of IL6 and TNFα after 72 hours of LPS stimulation. 
Additionally, cell viability decreased after LPS treatment 
(Abreu et al., 2018). Similarly, using an alternative activation 
approach, in a model of Alzheimer’s disease, Song and 
colleagues investigated the immune response of microglia-
containing brain organoids to Aβ42 oligomers. They observed 
differential expression of the TNFα, prostaglandin E2, and 
vascular endothelial growth factor-A genes, along with an 
increase in the production of reactive oxygen species (Song et 
al., 2019). 

Going beyond classical pro-inflammatory stimulation of 
microglia within brain organoids, viral infection studies have 
recently also emerged using microglia-containing brain 
organoid models. Studies involving ZIKV showed increased 
expression of the IL6, IL1β, TNFα, and CCL2 genes (Abreu 
et al., 2018), the release of CCL2 and IL8 (Muffat 2018), 
along with higher expression of inflammatory cytokines IL6, 
IL1β, and TNFα by qRT-PCR (Xu et al., 2022). Additionally, 
mRNA expression of INFAR1 and INFAR2 was also found to 
be increased after ZIKV exposure (Xu et al., 2022). Similarly, 
DENV caused increased expression of the IL6, IL1β, TNFα, and 
CCL2 genes (Abreu et al., 2018). When infected with DENV, 
microglia increased the release of cytokines and chemokines 
CCL5, C5, and CXCL10, while human immunodeficiency 

A

B

C

D

Figure 4 ｜ Microglia-specific features used for characterization. 
(A) Microglia-specific markers, (B) morphology, motility, and phagocytic activity of microglia during homeostasis and activated state, (C) 
microglia pruning synapses, (D) release of cytokines and other factors following noxious stimuli. Note that only a subset of all possible 
secreted factors is visualized in the picture. Created with BioRender.com. ATP: Adenosine triphosphate; C1QA: complement c1q A chain; 
CD11B: cluster of differentiation molecule 11B; CD68: cluster of differentiation 68; CNS: central nervous system; F4/80: EGF-like module-
containing mucin-like hormone receptor-like 1; FCRLS: Fc receptor-like molecules; GAS6: growth arrest – specific 6; IBA1: ionized calcium-
binding adapter molecule 1; IFNγ: interferon gamma; IL10: interleukin 10; IL1β: interleukin 1 beta; IL6: interleukin 6; LPS: lipopolysaccharide; 
MERTK: MER proto-oncogene, tyrosine kinase; NO: nitric oxide; P2RY12: purinergic receptor; P2Y12GPR34: G-protein coupled receptor 34; 
PROS1: protein; S1ROS: reactive oxygen species; TGFβ: transforming growth factor beta; TMEM119: transmembrane protein 119; TNFα: 
tumor necrosis factor alpha. 
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virus (HIV) elicited the release of TNFα and IL 1β (Dos Reis 
et al., 2020). In contrast, following SARS-CoV-2 exposure, no 
upregulation of pro-inflammatory cytokines was detected, 
neither at 24 hours post-infection nor at 72 hours post-
infection (Samudyata 2022).  

M o re  re c e nt l y,  o u r  g ro u p  p e r fo r m e d  u nta rg e te d 
transcriptomic and proteomic analyses of microglia-containing 
miPSC-derived brain organoids under steady-state and pro-
inflammatory stimulation (LPS + interferon γ). Using a multi-
omics approach, this study demonstrated a higher level of 
(i) downstream inflammatory responses, (ii) impairment of 
homeostatic and developmental processes, and (iii) activation 
of cell death processes in immune-stimulated microglia-
containing brain organoids, as compared to immune-
stimulated brain organoids without microglia. Furthermore, a 
large number of downstream pathways identified in this study 
go beyond inflammatory responses pointing to new avenues 
to study developmental and homeostatic features of brain 
organoids (Di Stefano et al., 2024). 

Promising Current and Future Applications of 
Microglia-Containing Brain Organoids  
Beyond the microglia characterization stage, as discussed 
above, brain organoids’ newer applications encompass (i) the 
assessment of microglia effects on the efficacy of neuronal 
excitability and the development of neuronal networks, (ii) the 
analysis of the immune-modulating properties of microglia, (iii) 
and their use as a screening tool for the validation of potential 
therapeutic anti-inflammatory compounds.

The influence of microglia on neuronal differentiation and 
network formation 
Microglia play a crucial role in influencing neuronal 
differentiation through their interactions with neuronal 
populations, modulating key processes such as neurogenesis, 
migration, and synaptic connectivity (Cunningham et al., 2013; 
Squarzoni et al., 2014).  

The importance of microglia in the formation of an 
efficient neuronal network is evident when analyzing 
microglia-containing brain organoids, using a variety of 
electrophysiological measurement tools, in comparison to 
brain organoids without microglia. Looking at whole-cell patch-
clamp recordings from neurons in organoid slices, it has been 
demonstrated that these exhibit K+ and Na+ voltage-gated 
currents, spontaneous action potentials, and spontaneous 
post-synaptic currents, proving the presence of functional 
neurons in organoids containing microglia (Ormel et al., 2018; 
Xu et al., 2021). When compared to their counterpart without 
microglia, neurons from microglia-containing organoids show 
larger K+ and mean Na+ current density, larger prevalence of 
repetitive action potential firing neurons, and are more likely 
to express active ionic currents. Additionally, the spontaneous 
excitatory post-synaptic currents were only present in 
neurons from microglia-containing organoids but were absent 
in organoids without microglia (Fagerlund et al., 2022). 
Furthermore, the voltage threshold for the action potential 
generation was more negative in the group with microglia, 
indicating the increased neuronal excitability of the mature 

neurons (Sabate-Soler et al., 2022). Using an alternative 
approach, analyses with a multi-electrode array applied on 
the surface of organoids or organoids slices, demonstrated 
that neurons in microglia-containing organoids display a lower 
interspike interval (Sabate-Soler et al., 2022) and increased 
synchronization and frequency of oscillatory bursts compared 
to organoids without microglia (Fagerlund et al., 2022; Popova 
et al., 2022).  

Microglia also have been shown to regulate the ratio of 
NSCs/NPCs (Cunningham et al., 2013; Miyamoto et al., 2016; 
Weinhard et al., 2018); in fact, they can promote neurogenesis 
from NPCs by releasing factors such as insulin growth factor 
1 and IL1β (Ueno et al., 2013; Casano and Peri, 2015) but 
also avoid premature neurogenesis through the expression of 
notch receptors. The detection of these cytokines in microglia-
containing organoids (Xu et al., 2021), together with the 
upregulation in notch receptors expression, suggest that there 
is a regulation in the balance between the progenitor pool 
and the neuron pool (Bejoy et al., 2019).  

Concluding, the presence of microglia in brain organoids thus 
increases the development and the maturation of neuronal 
properties and network formation and stimulates more 
diverse neuronal phenotypes in organoids with microglia 
(Bodnar et al., 2021; Fagerlund et al., 2022). 

The influence of physical stress on microglia-containing 
brain organoids 
To study the immune functions related to microglia, brain 
organoids need to undergo a stress-inducing event able to 
activate inflammatory responses. While the direct addition 
of pro-inflammatory stimuli (such as LPS, interferon γ, ATP, 
amyloid β42 oligomers, and viruses) have been discussed 
above, several other types of organoid injury can be applied. 
The most evolved belong to the category of mechanical 
stimuli, such as needle piercing, cortical impact, and focal 
laser injury. Given their small size, the physical injury has 
to be delivered in a precise and controlled way. Abud and 
colleagues used a 25-gauge needle to pierce their immune-
competent brain organoids,  inducing migration and 
clustering of microglia around the injury site, which showed 
an amoeboid morphology (Abud et al., 2017). In another 
approach, 2-photon-induced focal laser injury was applied 
to brain organoids grafted into mice brains. This elicited a 
response in the surrounding microglia which migrated and 
extended their processes towards the injured site (Schafer 
et al., 2023). An alternative option is to perform controlled 
cortical impact on brain organoids. In a study by Ramirez et 
al., they used a controlled cortical impact device and observed 
astrogliosis. Even though microglia cells were not yet present 
in their model, this work represents a potential direction for 
future research on immune-competent organoids (Ramirez 
et al. 2021). Lastly, in several recent studies, a condition of 
oxygen and glucose deprivation was applied to hiPSC-derived 
neurospheroids and cortical organoids to simulate hypoxic 
brain injury or stroke-like events (Paşca et al., 2019; Van 
Breedam et al., 2022; De Paola et al., 2023). Here, additional 
organoid interrogation tools were presented, including live 
cell bioluminescence imaging, and the determination of glial 
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fibrillary acidic protein and neurofilament release, as markers 
for organoid damage after an ischemic insult. Although no 
microglia were incorporated in either of these studies, they 
have laid the groundwork for replicating the same type of 
experiment on immune-competent brain organoids. 

The Ultimate Toolbox for Characterization of 
Microglia-Containing Brain Organoids  
This review aims at summarizing some of the latest 
advancements in the development of immune-competent 
brain organoids. The most recent works using immune-
competent brain organoids were collected and divided into 
three main groups, according to the method of microglia 
insertion inside the organoids: co-culture, addition, and 
spontaneous development. While the technique of addition 
of microglia is the most commonly found in literature so 
far, there is no definitive method for obtaining microglia-
containing brain organoids. In fact, each approach has its own 
set of advantages and disadvantages (summarized in Table 
1). Nevertheless, these models have been applied to various 
types of immune stimulation, including direct and indirect 
microglial stimulation, which were used to reproduce and 
study numerous neurodegenerative diseases. Some examples 
include Alzheimer’s disease (Abud et al., 2017; Lin et al., 2018; 
Jin et al., 2022), Zika or dengue virus (Abreu et al., 2018; 
Muffat et al., 2018; Xu et al., 2021), Down syndrome (Jin et 
al., 2022), frontotemporal dementia–like syndrome and Nasu-
Hakola disease (Brownjohn et al., 2018), HIV (Dos Reis et al., 
2020; Gumbs et al., 2022; Donadoni et al., 2024, Narasipura 
et al., 2024), and SARS-CoV-2 (Samudyata et al., 2022). 

Using a variety of experimental tools, brain organoids have 
been interrogated, however, there is currently no real 
consensus regarding the ultimate characterization toolbox for 
brain organoids that allows comparison of different studies. 
Ending this work, we would like to propose a generalized 
workflow to fully understand neuronal, astrocyte, and 
microglial behavior in (immune) stressed brain organoids 

(Figure 5). We therefore present a comprehensive brain 
organoid interrogation toolbox, including live-cell Ca2+-
imaging and multi-electrode array recordings (to determine 
electrophysiological network behavior), multi-omics analyses 
(including transcriptomics, proteomics, and metabolomics), 
multiplex cytokine assay for secretome profiling, as well 
as intensive microscopic imaging (to validate multi-omics 
findings). Using the latter, we believe that brain organoid 
research, especially those that contain microglia and 
eventually also endothelial cells, will arrive at a stage 
of maturity and will truly be able to accurately mimic 
pathological events from a wide range of neurological diseases 
and trauma in a multicellular context. 

Search Strategy 
The studies mentioned in this review were primarily searched 
using PubMed and Google, and the most commonly used 
search terms likely included: “microglia-containing brain 
organoids,” “brain organoids,” and “immune-competent brain 
organoids.” No specific limits or filters were applied during the 
search.
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Figure 5 ｜ The future brain organoid with microglia and vasculature and the relative interrogation toolbox. 
Created with BioRender.com.
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