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Abstract 

The incidence of brain diseases in humans is increasing as we experience a worldwide ageing of the population. 
Treatment for such diseases is still only symptomatic as there are almost no disease-modifying therapies avail-
able. Further, since treatment often starts when symptoms appear which is only at a late stage of pathology, we 
need treatments that will create new cells or restore function to still living cells. Cell transplant therapy, where neu-
ronal progenitor cells derived from stem cells are transplanted to the brain, has seen experimental success. 
And though there has been some clinical progress, there is still no available therapy. While through the years brain 
research has focused on neurons, it is now shifting to the so-called support cells of the brain, glia. In neurodegenera-
tive diseases and stroke, glia play roles in the pathogenesis of disease. Therefore, replacing them or enhancing their 
functions to ultimately save or restore neurons is a new avenue of research that has gained traction in recent years. 
In this review, we present the current state-of-the-art on transplantation of glia cells, feasibility of this as a therapy, 
and upcoming directions in the field.
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Background
“The world’s population is ageing” – these are the intro-
ductory words from a 2015 UN report, which states that 
the number of people aged over 80 years old is expected 
to triple by 2050, increasing to 434 million [1]. Ageing 
is known to be the major risk factor for brain diseases, 
including Alzheimer’s disease, Parkinson’s disease, and 
stroke. And while lifestyle changes can help in mitigation 
of dementia [2], it is likely that many of the population 
will develop a brain disease in their lifetime. Treatments 
currently in clinical trials for neurodegenerative diseases 
that aim to support remaining neurons or halt protein 
aggregation have potential in the earlier disease stages. 

But until we can reliably diagnose pre-symptomatic 
patients, successful treatments for those with the major-
ity of cells already lost are greatly needed.

Cell transplant therapy to restore function to an area 
with dead cells is applicable to the human brain where 
neurons are post-mitotic cells, and except in a few niche 
areas [3], are not robustly regenerated after injury. In 
stroke for example, where the ischemic core is deprived 
of blood and oxygen, cells die rapidly and are unlikely to 
be regenerated. Therefore, this has been one brain con-
dition where much work has been done to bring a cell 
transplant therapy to the clinic. Various stem cells have 
been transplanted to the penumbral area in human 
patients to try to both restore the neuronal network lost 
as well as reduce inflammation. This has been done with 
stereotaxic surgery directly to the brain [4, 5] and also via 
intravenous/arterial infusion [6, 7]. However, even with 
the implementation of guidelines such as STEPS for stem 
cell transplant therapy in stroke [8] to aid in standardiz-
ing the field, there has yet to be a successfully approved 
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therapy of this kind. Indeed, several clinical trials for cell 
transplant therapy have taken place with many ongoing 
for neurodegenerative diseases. Alzheimer’s disease, Par-
kinson’s disease, and amyotrophic lateral sclerosis (ALS) 
have all had or are having human trials using stem cell 
transplants with different cell sources. Yet not one has 
successfully brought a treatment to the clinic. Research-
ers, doctors, and patients alike continue to ask why. Of 
course, there are practical issues beyond complicated 
surgery, immune reactions, tumorgenicity, and whether 
the cells survive and integrate to the host brain. There are 
also issues of scalability, manufacturing time, and quality 
control between cell batches that might prevent trans-
plant therapy from becoming a widely available treat-
ment. Unresolved issues are also how to select cell source 
and the patient that has the best likelihood of a positive 
outcome.

As mentioned, ischemic stroke has been one of the 
most explored brain diseases in terms of stem cell trans-
plants. In 2020, already 52 clinical trials using stem cells 
in ischemic stroke have been completed [9]. Cell source, 
route of administration, and administration time after 
stroke onset varied between studies. The most effec-
tive method of delivery, optimal cell dose, and type of 
cells used has yet to be determined, and further this may 
depend on the patient’s status. On the plus side, major-
ity of stem cell transplants were shown to be safe. Periph-
eral transplant, intravenously or intraarterially, was more 
often used if the patient was administered treatment soon 
after the ischemic event in order to alleviate secondary 
inflammatory damage. Recently published results from 
a Phase 2/3 trial transplanting allogeneic bone-marrow 
derived stem cell progenitors intravenously to patients 
18–36 h after ischemic stroke onset showed safety but 
no significant efficacy in the short term [10]. Whereas 
overall intracranial administration was favoured if the 
patient was post-stroke for an extended period of time. 
To that end, another recent trial transplanted autologous 
mesenchymal stromal cells to the peri-infarct region of 
patients 47–64 days after ischemic stroke [11]. The cells 
were tracked using MRI and found that they migrated 
and engrafted around the ischemic borders. Importantly, 
the patients showed neurological recovery up to one year 
post-transplant. While this is promising, it is clear that 
further testing and research is needed for an undeniably 
successful treatment of stem cell transplant for ischemic 
stroke to be available.

Transplantation of neurons derived from stem cells has 
also seen some success in Parkinson’s disease for exam-
ple and continues to be explored [12]. Perhaps because 
when it is diagnosed most of the dopamine neurons 
have already been lost [13], but if started early enough, 
survival and integration of a small number of cells is 

sufficient to show some functional recovery in patients. 
There is an upcoming trial where the FDA has cleared 
Aspen Neuroscience (co-founded by Jeanne Loring of the 
Scripps Research Institute) to proceed with their stem 
cell therapy, ANPD001 [14]. Notably, a study was pub-
lished in 2020 [15] where a Parkinson’s patient received 
an autologous transplant of dopamine precursor cells, 
where they survived and seem to produce some clinical 
benefit, at least in the short-term. This gives promise for 
the upcoming trials. Additionally, one trial using embry-
onic stem cells (ESCs) is recruiting patients in Lund, Swe-
den, in partner with doctors at the University Hospital in 
Cambridge, UK (STEM-PD [16]; ClinicalTrials.gov ID: 
NCT05635409). Of course, transplantation of neurons 
derived from stem cells should continue to be explored if 
it results in patient benefit.

However, answering all of the above problems depends 
on the nature of the disease itself and also the patient, as 
well as what we would consider a successful cell trans-
plant outcome. In general, the field of neurodegenerative 
disease has often focused on neurons. But now research-
ers have begun to focus on other cells of the central nerv-
ous system (CNS): glia. These are abundant support cells 
of the brain that have a variety of necessary functions. 
Research has shown that glia are key players in the patho-
physiology of several brain diseases. Can we then trans-
plant glial cell progenitors to the patient brain in order to 
save neurons and preserve cellular functioning (Fig. 1)?

Glia and glial cell sources
While clinical trials are ongoing to transplant neurons 
derived from stem cells for major brain diseases, an 
upcoming direction of the field is the transplantation of 
glial cells. The rationale behind the transplantation of 
glial cells for the cure of brain diseases is based on the 
non-cell autonomous concept for neurodegeneration 
[17]. Essentially it implies that the neuronal (and white 
matter) pathology can be cured by targeting glial cells in 
order to correct their functions or boost their positive 
functions. Thus, transplantation of glia poses an appeal-
ing treatment for several chronic brain disorders such as 
Parkinson’s disease, Alzheimer’s disease, ALS, acute inju-
ries like stroke and traumatic brain injury, as well as auto-
immune disorder multiple sclerosis. On the other hand, 
each disease may have different aetiology, comprising the 
sporadic form and inherited forms with various genetic 
backgrounds. But here, targeting of glial cells can serve 
as the common approach regardless of the disease cause 
(Table 1).

Glial cells inhabiting the CNS play an important role in 
maintaining brain homeostasis and responding to injury 
or disease. Microglia, the innate immune cells residing 
in the CNS, make up about 10% of the cell population 
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in the brain. In the adult human brain, microglia are not 
distributed uniformly. Gray matter has lower densities 
compared with the white matter, and there are markedly 
lower densities in the cerebellar cortex compared to the 
substantia nigra [18]. Even though they are not uniformly 
distributed, they exhibit a high level of adaptability. 
Microglia play crucial roles in surveillance and main-
taining brain homeostasis by regulating synaptic forma-
tion and pruning, phagocytosing cells and debris, and 
releasing inflammatory modulators [19]. Through their 
close interactions with neurons, as well as other glial cells 
astrocytes and oligodendrocytes, microglia contribute 
to the development of various CNS-related injuries and 
pathologies associated with neurodegenerative diseases 
as well as being a strong contributor to inflammation in 
stroke.

Astrocytes are the most abundant glial cell in the brain, 
constituting approximately 30% of the cell population in 
the CNS. They form complex networks which interact 
with other brain cell populations of neurons, microglia, 
and oligodendrocytes. They are part of the tripartite 

synapse and neurovascular unit. The functions of astro-
cytes are thought to play a particularly important role in 
the human brain [20, 21] where they support brain meta-
bolic homeostasis and are involved in neuroinflamma-
tory responses [22]. Malfunction of astrocytes has been 
demonstrated in many brain disorders [23]; accordingly, 
transplantation of healthy astrocytes is expected to pro-
vide a therapeutic benefit [24].

Oligodendrocytes are also an abundant glia population, 
particularly in white matter [25]. Their main function is 
production of myelin, leading to myelination of axons 
and providing trophic support for said axon, along with 
facilitating propagation of action potentials. One of the 
main diseases involving oligodendrocyte cell loss is mul-
tiple sclerosis, as well as white matter injury in stroke. 
Replacing damaged or dysfunctional oligodendrocytes 
with healthy ones could assist in remyelination processes 
and therefore rescue axons as well.

Glial cells used for transplantation can be generated 
from various sources. The choice of source depends on 
several factors, including the type of glial cell needed, the 

Fig. 1 Representation of the non-cell autonomous concept of transplantation for brain diseases. Healthy glia are derived from stem cells 
and transplanted to the brain to substitute dysfunctional glia in order to preserve neurons and/or neuronal function

Table 1 Summary of glial cell populations and selected brain diseases in which they are implicated in the pathogenesis

Glial cell Main functions Estimated brain population Brain diseases

Microglia Immunosurveillance, phagocytosis, synapse 
formation

5–10% Alzheimer’s disease, Parkinson’s disease, 
ischemic stroke, amyotrophic lateral sclerosis

Astrocytes Blood–brain barrier functions, provide oxygen 
and nutrients to neurons, control ion concen-
tration and uptake of neurotransmitters

20–60% Parkinson’s disease, amyotrophic lateral sclerosis, 
white matter stroke

Oligodendrocytes Myelination 20–75%, highest in white matter Multiple sclerosis, white matter stroke
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purpose of transplantation, and the specific research or 
clinical context. In addition to ESCs, neural stem cells 
(NSCs), and induced pluripotent stem cells (iPSCs) that 
can be differentiated into glial cells, also glial progenitor 
cells. Glial progenitor cells are intermediate cells with the 
potential to differentiate into specific types of glial cells. 
They can be isolated from embryonic or fetal brain tissue 
or derived from pluripotent stem cells through specific 
differentiation protocols. An interesting line of research 
also shows it is possible to directly convert one type of 
cell into another through a process called transdifferen-
tiation. For instance, fibroblasts (connective tissue cells) 
can be directly reprogrammed into glial cells using spe-
cific transcription factors or gene editing techniques. 
Currently, the primary sources for glial cell transplanta-
tion are either ESCs or iPSCs. In both cases these cells 
undergo further differentiation to glial progenitor cells 
and selection in order to obtain an optimal phenotype for 
transplantation [26].

Experimental glial cell transplantation
Microglia transplantation for brain diseases
Microglia transplantation is a type of cell therapy that 
involves transplanting microglia cells into the brain or 
spinal cord of a recipient [27]. The cells are typically har-
vested from a donor animal or generated in  vitro from 
iPSCs and then transplanted, where they are expected 
to integrate into the recipient’s CNS and assume their 
normal functions, such as immune surveillance and 
phagocytosis [28, 29]. Microglia transplantation is being 
explored as a potential therapeutic approach for vari-
ous neurological disorders, such as Alzheimer’s disease, 
Parkinson’s disease, and multiple sclerosis [30, 31]. There 
have been several preclinical studies that have shown 
promising results for microglia transplantation in models 
of neurodegenerative diseases (Table 2). As microglia are 
the primary immune cells of the CNS, they exert innate 
immunity and may become activated from an insult 
resulting in a pro-inflammatory phenotype, however 
they also possess anti-inflammatory abilities. Recently, 

an effective method for ex vivo induction of anti-inflam-
matory microglia has been established, and the cells were 
used for transplantation in a mouse spinal cord injury 
model. In contrast to pro-inflammatory microglia, they 
promoted recovery of motor function and retrograde 
axonal transport [32].

Microglia transplantation in Alzheimer’s disease
There is ample evidence for microglia involvement in 
Alzheimer’s disease pathology and pathogenesis [38]. 
Several risk genes for the disease are highly or only 
expressed in microglia [39] and dysfunctional micro-
glia will exacerbate disease by reducing clearance of 
amyloid-β and increase engulfment of synapses [40], 
as well as potentiating harmful inflammatory cascades 
that further damage neurons (also in concert with astro-
cytes [41]). Therefore, microglia transplantation may 
also be used in combination with NSCs, to replace lost 
neurons and support their survival and function in Alz-
heimer’s disease. In a recent study, the treatment of a 
mouse model of Alzheimer’s disease by transplantation 
of genetically engineered NSCs expressing the choline 
acetyltransferase and human microglial cells express-
ing the neprilysin and scavenger receptor A was carried 
out [34]. Significant restoration of learning and memory 
function, decrease in amyloid burden, recovery of acetyl-
choline level, and attenuation of neuroinflammation was 
demonstrated.

Microglia transplantation in Parkinson’s disease
Microglia cells are involved in the immune response in 
the brain and can contribute to the neuroinflammation 
and neurodegeneration that occurs in Parkinson’s dis-
ease. Therefore, transplanting healthy microglia cells into 
the brain may help to mitigate the immune response and 
inflammation, and thus protect remaining neurons from 
further damage. Several preclinical studies have shown 
promising results with microglia transplantation in ani-
mal models of Parkinson’s disease. However, the safety 
and efficacy of this approach in humans is still under 

Table 2 Promising experimental studies with glial cell transplants

Cell source and type Model Outcomes Reference

HSC-derived macrophages to deliver GDNF MitoPark mice Alleviation of symptoms, rescue of dopamine 
neurons and levels

 [33]

NSC-derived human microglia 3 mouse models of Alzheimer’s disease Alleviation of symptoms, decrease in amyloid, 
increase in acetylcholine, decrease in inflammation

 [34]

ES-derived human astrocytes Genetic SOD1 mice Led to clinical trials  [35]

iPSC-derived glial enriched progenitors White matter stroke model Alleviation of symptoms, rescue white matter 
pathology

 [36]

iPSC-derived oligodendrocyte progenitors Adult shiverer mice Myelination of axons  [37]
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investigation, and more research is needed to deter-
mine if it can be used as a viable treatment option for 
Parkinson’s disease. In the situation where neurotrophic 
factor delivery is chosen as the treatment strategy, geneti-
cally engineered cell transplantation can be considered. 
Recently developed approach to deliver GDNF (glial cell-
derived neurotrophic factor) to a neurotoxin induced 
Parkinson’s disease animal model by GDNF-expressing 
hematopoietic stem cell (HSC)-derived macrophages. 
The transplanted cells integrated into the mouse brains 
and improved their motor function, reduced inflam-
mation, and protected against further neuron loss [33], 
providing a rationale for neuroprotective macrophage/
microglia transplantation in Parkinson’s disease patients.

Astrocyte transplantation in amyotrophic lateral sclerosis
Reactive astrocytes are a hallmark of ALS. Their sup-
portive homeostatic function is lost and interactions with 
neurons suffers [42], leading to increased motor neuron 
vulnerability. Recent research has demonstrated benefi-
cial effects of intrathecal transplantation of human ESC-
derived astrocytes into transgenic hSOD1 G93A mice 
model of ALS [35]. These investigations have yielded a 
major breakthrough phase I/IIa clinical trial, where allo-
geneic healthy and functional human astrocytes, derived 
from ESCs (brand name AstroRx®) and intrathecally 
injected to ALS patients, resulted in a beneficial clinical 
effect. This was observed for the three months following 
cell injection without adverse events [43].

Oligodendrocytes for multiple sclerosis treatment
In addition to microglia and astrocytes, oligodendro-
cytes are also important glial cells. Demyelination occurs 
in multiple sclerosis, as well as in spinal cord injuries 
and WMS. Further, the loss of function or death of oli-
godendrocytes has recently been evidenced in neurode-
generative disorders Parkinson’s, Alzheimer’s, and ALS. 
Therefore, they also represent a potential candidate for 
transplant in various diseases. However, creating human 
oligodendrocytes to use to study disease mechanisms has 
proved difficult and most research comes from rodent 
models. This has been due to the fact that differentia-
tion protocols for oligodendrocytes, although constantly 
being refined and improved, takes on the order of several 
months to derive mature human cells void of other glia 
and neurons [44], discussed further below. Already in 
the early 2000s, oligodendrocyte progenitor cells derived 
from human ESCs were transplanted to shiverer mice 
where they survived and gave rise to mature oligoden-
drocytes [45]. Further studies in rodents have been per-
formed with varying levels of success. However, since 
ESCs have the potential to cause an immune reaction 
on their own as well as their limited availability, iPSCs 

have therefore been tried as well. In 2013, Wang and 
colleagues [46] transplanted oligodendrocyte progeni-
tor cells to neonatal shiverer mice, where 79% became 
oligodendrocytes and the remaining became astrocytes. 
The transplanted mice lived significantly longer than 
control mice and it was also noted that the remyelina-
tion efficiency was greater than using fetal transplants. 
Though the cells were transplanted to newborn mice, this 
study gave a promising proof-of-concept going forward. 
Another group showed they were able to reprogram 
human iPSC neural progenitor cells to generate  O4+ 
oligodendrocytes and transplant them to adult shiverer 
mice where they sufficiently myelinated the mouse axons 
[37]. Here, 56% of the cells co-expressed OLIG2 and CC1, 
while there was 3% expression of NeuN + neurons and 
17% GFAP + astrocytes. While these studies have shown 
potential in animal models, the issue of lengthy protocols 
remains. Additionally, reprogramming neural progenitor 
cells may not result in the most original oligodendrocytes 
and caution must be taken when using these for thera-
peutic purposes.

Glial cell transplantation in white matter stroke
White matter stroke (WMS) is characterized by dam-
age primarily to astrocytes, axons, oligodendrocytes, 
and myelin leading to cognitive and sensorimotor 
impairments [47]. Llorente et al. [36] differentiated glial 
enriched progenitor cells (GEPs) from human iPSCs as a 
possible treatment option for WMS. Human iPSC-GEPs 
were transplanted into the brain in the subacute period 
in mice with WMS and were shown to migrate widely 
and to mature into astrocytes, and in general to allevi-
ate white matter pathology. More interestingly, human 
iPSC-GEP transplantation enhanced cognitive and motor 
recovery in WMS mice. This approach might be effec-
tive for treating not only WMS, but also traumatic brain 
injury and spinal cord injury.

While these studies show promise for glial cell trans-
plantation as a potential therapeutic approach for neuro-
degenerative diseases and brain injuries in humans, it is 
important to note that more research is needed to deter-
mine the safety and efficacy of this.

Optimizing clinical translation for transplantation of glia
Clinical trials have demonstrated that the transplantation 
of neurons derived from stem cells is safe and feasible. 
To improve translational success, the stroke community 
has produced recommendations that could be applicable 
and adaptable to other diseases and in the context of glial 
cells [8, 48]. First, maximizing comparability between 
preclinical and clinical studies is crucial to facilitate the 
translation of specific cell products from bench to clinic. 
Second, a stronger focus on safety, rather than solely 
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on confirming efficacy in early preclinical research, fol-
lowed by early, safety-oriented clinical research, has the 
potential to accelerate translational research without 
sacrificing quality. Third, sharing preclinical and clinical 
data will enable the community to tackle more complex 
research questions, such as the impact of comorbidities 
on efficacy or safety. Lastly, confirmatory multicenter 
preclinical trials are a valuable research format, but larger 
research consortia, including industry joint ventures, are 
required for successful implementation.

Selecting cell source for transplantation
Various sources for stem cells have their advantages and 
disadvantages. As mentioned above, ESCs, NSCs, and 
iPSCs can all be used to derive glial cells (Table 3).

In terms of an immune rejection, ESCs are the most 
likely to cause a reaction. In addition to the ethical 
concerns associated with ESCs, along with their lim-
ited availability, they also have the possibility to gener-
ate tumours due to their origin [49]. While using NSCs 
somewhat reduces tumorgenicity and immune rejection, 
it is difficult to obtain enough tissue to produce the num-
ber of cells needed. IPSCs are differentiated into the pro-
genitor stage and can be autologously transplanted to the 
patient, mitigating detrimental phenotypes due to aging 
and reducing graft rejection, however these cells can also 
cause tumour formation. Major hurdles for iPSCs as a 
therapy are currently the manufacturing time, replicabil-
ity, quality control, and scalability. While no cell source 
is perfect, ESCs and iPSCs are both renewable and offer 
more flexibility since one can differentiate all three glial 
cell types from them: microglia, astrocytes, and oligo-
dendrocytes. And although ESCs have a high capac-
ity to expand, obtaining them has ethical limitations. In 
contrast, iPSCs can be created from a biopsy – paving 
the way for personalized medicine. However, batch dif-
ferences may be high, making replicability difficult to 
achieve.

Development of glial cell differentiation protocols
Differentiation of cells for transplant is a serious under-
taking as the material to inject should be as free of 
contaminating cell types as possible. With iPSCs for 
example, some experience is needed from the user to 

optimize cell quality and number, as well as the ability 
to achieve consistent outcomes. Naturally, a pipeline 
for differentiation of glial cells would be needed for 
successful clinical translation. Each cell type also has its 
own challenges.

Microglia In recent years, protocols to differentiate 
microglia from ESCs and iPSCs have been developed 
[50, 51], and have subsequently been transplanted to 
immunosuppressed mice [52–54]. Importantly, the trans-
planted human microglia were demonstrated to resemble 
microglia from the human brain at the transcriptional 
level [53, 55], indicating that this could also occur were 
the cells to be transplanted to humans. In addition to 
producing cells that more closely resemble the microglia 
found in the human brain, the differentiation protocols 
have been optimized to be faster, more straightforward, 
and to produce a reasonably high yield of cells [56].

Astrocytes Astrocytes have a plethora of functions in 
the brain, and in certain areas they are significantly abun-
dant. Therefore, finding a differentiation protocol that 
would both produce a high number of cells for transplant 
and one that would yield cells that most closely recapit-
ulate astrocytes in the living human brain is necessary. 
Several protocols have been developed to produce astro-
cytes from stem cells [57], but may only result in a low 
yield of cells. For transplantation, direct differentiation 
of astrocytes from ESCs and iPSCs was demonstrated in 
[58, 59]. The protocol differentiates glial progenitor cells 
from neuroepithelial cells, and the glial progenitor cells 
are expanded to yield a large number of cells with high 
purity. The astrocytes are functional, and when trans-
planted to the mouse brain, maintain their human iden-
tity. The authors note that the maturation phase of the 
protocol is fairly extended, but for the purposes of trans-
plantation, a high, pure yield of cells is what is needed.

Oligodendrocytes As discussed above, transplantation 
of oligodendrocyte precursors from iPSCs has already 
been performed successfully. However, the culture time 
was between 120–150 days, making this a rather time-
consuming protocol [46]. Another protocol allows the 

Table 3 Types of stem cells for glia transplantation

Embryonic stem cells (ESCs) derived from the inner cell mass of an embryo. Can differentiate into cells from the three main germ layers: ectoderm, 
mesoderm, and endoderm

Neural stem cells (NSCs) derived from embryonic tissue, fetal brain tissue, or adult neural tissue, such as the subventricular zone or the hippocampus. 
Can be differentiated into neurons, astrocytes, and oligodendrocytes

Induced pluripotent stem cells (iPSCs) derived from ex. adult skin cells. Cells are reprogrammed to a pluripotent state and therefore can be differenti-
ated into various cell types, including microglia, astrocytes, and oligodendrocytes
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differentiation of  O4+ oligodendrocyte progenitor cells in 
75 days [60]. The progenitor cells can be cell sorted and 
used for transplantation. Importantly, the authors note 
that these can be frozen and thawed immediately before 
transplant, which is extremely useful when considering 
the clinical situation.

Site of delivery for glial cells While the least invasive 
method for delivery of any drug is most preferred, more 
extensive research and testing will need to be performed 
for peripheral delivery of drugs that aim to reach the 
brain. For example, while delivery of stem cells intrave-
nously or intraarterially in stroke has seen some success 
[6, 7], it still ends up with few cells reaching the target 
area due to first pass metabolism, a possible instantane-
ous immune reaction, and ability to cross the blood–
brain barrier. Therefore, brain surgery is likely still 
needed at this stage. Proposing the optimal target site(s) 
for glial cell transplantation is also not trivial since brain 
diseases may have many affected areas. Additionally, with 
different glial cells being involved in different aspects of 
disease progression, the situation becomes exponentially 
more complicated. Since neurodegenerative diseases 
have a buildup of aberrant protein that may cause over-
activation and subsequent neurotoxic functions of micro-
glia and astrocytes, being able to visualize where this is 
occurring in the living patient is also necessary. Along 
these lines, if the glia cells are dysfunctional and unable 
to properly process aggregated proteins, replacing them 
at the site of the most pathology would also be the best 
option.

Alzheimer’s disease In Alzheimer’s disease, in addition 
to potential neurotoxic functions of overreactive micro-
glia, these cells are found around amyloid plaques [61]. 
How microglial cells contribute to disease is of course 
changing throughout disease progression, since these 
cells are normally serving protective functions. There-
fore, the current status and most affected location of 
microglia-amyloid interaction needs to be visualized 
as clearly as possible in order to inform site of delivery 
for replacement microglia. This can be done via posi-
tron emission tomography (PET) imaging since there are 
available radioligands for amyloid and microglia.

Parkinson’s disease There is the advantage in Parkin-
son’s disease research that it is already known that dopa-
mine neurons die in the substantia nigra pars compacta, 
preceded by axon loss in the striatum [13]. Dopamine 
neuron progenitors have mainly been transplanted to 
the striatum, but exploration of transplantation into both 
sites is being pursued [62]. Interestingly, there are more 
microglia in striatum and substantia nigra, and therefore 

transplantation of cells into one or both of these areas is 
the most logical in Parkinson’s disease when the aim is 
to also restore dysfunctional dopamine neurons. Acti-
vated microglia may bring about a neurotoxic pheno-
type in astrocytes [41], and astrocytes are also involved 
in Parkinson’s, including in genetic forms of the disease 
[63]. Therefore, simultaneous transplant of microglia and 
astrocytes together to the striatum and substantia nigra 
could be useful. Particularly since it has also been dem-
onstrated in vitro that these cells work in concert to clear 
away the fibrillar form of α-synuclein [64].

ALS Cell replacement for ALS has been explored exten-
sively due to the devastating nature of the disease. The 
aim is to replace lost motor neurons using stem cell-
derived progenitors. Several delivery routes have been 
tried in clinical trials: intraspinal, intrathecal, intramus-
cular, intravenous, and intracranially to the motor cor-
tex. For replacement of microglia and astrocytes involved 
in ALS pathogenesis, the spinal cord and motor cortex 
would be the prime areas. Microglia have been shown 
to be activated in both areas in ALS [65, 66] and astro-
cytes have been shown to cause cell death to spinal motor 
neurons [67, 68] as well as being present throughout the 
brain. Although when delivery methods have improved, 
transplant via the blood or thecal space should also be 
explored.

Multiple sclerosis and WMS Loss of myelination in mul-
tiple sclerosis leads to lesions in white and grey matter in 
several brain areas [69], making selection of the optimal 
site of transplant difficult. However, experimental studies 
in mice have shown that the oligodendrocyte progenitors 
will migrate and remyelinate axons rostrally and caudally 
from the site of transplantation [70]. This is a promising 
result and further, as with other brain diseases, multiple 
sites could be selected based on imaging results showing 
the most demyelinated areas. In WMS, transplantation of 
oligodendrocyte progenitors and astrocytes to the site of 
infarct would be the most obvious place to start.

Upcoming directions and practical challenges in glial cell 
transplantation
Though glia transplant studies are still experimental, 
due to the clinical failure of transplanted neurons in the 
brains of diseased patients, there is evidence that this line 
of research is worth pursuing.

A recent study showed proof-of-concept that dis-
eased or even aged glia in the brain could be replaced 
by healthy cells [71]. The authors first created a chi-
meric mouse model using human glial progenitor cells 
differentiated from ESCs of donors with Huntington’s 
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disease. After 36 weeks, they transplanted healthy human 
glial progenitor cells and found that these proliferated 
and displaced the diseased cells. The authors also per-
formed a similar experiment to determine whether this 
was related to disease or the fact that younger cells were 
being transplanted to compete against aged cells: they 
first transplanted healthy human glial progenitor cells to 
the neonatal mouse and then again 36 weeks later per-
formed another round of transplantation of healthy cells. 
This again resulted in replacement, where the younger 
cells proliferated, and the older cells died via apoptosis. 
This is an exciting prospect in terms of treatment of brain 
diseases, particularly since these are primarily diseases of 
ageing. While this still needs a lot of research, including 
in future to see if this could have a functional impact in 
a model of Huntington’s disease [72] and how well these 
cells are able to differentiate in the aged brain to, for 
example, astrocytes and oligodendrocytes.

An appealing prospect in stem cell therapy, particularly 
in terms of glial cell transplantation, is to transplant mul-
tiple cell types to the brain. This leverages two aspects 
of transplant therapy: that one would be able to replace 
both lost neurons and glial cells, and at the same time 
the replaced glial cells would simultaneously support the 
neuronal cells. It is known that microglia and astrocytes 
work in concert in several neurodegenerative diseases 
to bring about the potential for increased neurotoxicity 
[41]. Therefore, replacing both cell types could result in 
increased protection.

Except for the study mentioned above [34], there are no 
published studies to date testing preclinical application 
of combination cell therapy to the brain. Interestingly, 
two clinical studies have transplanted different cell types 
using intracranial as well as intravenous and intrathecal 
delivery routes, one in stroke [73] and another in multiple 
system atrophy [74], both from the same group in China. 
Both studies used four cell types (olfactory ensheathing 
cells, Schwann cells, neural progenitor cells, and umbili-
cal cord mesenchymal stromal cells) from fetuses. While 
both cases demonstrated safety and some benefit for 
patients, there are ethical and practical considerations 
that would make this unfeasible on a larger scale. Spe-
cifically, the use of cells from a fetal source may not be 
easy to obtain and further, transplantation via differ-
ent routes in the clinic for aged patients could outweigh 
potential benefits. However, basic and preclinical testing 
of the general idea should be pursued. In neurodegenera-
tive diseases, transplanting multiple cell types to a single 
area or areas in the brain, rather than giving the cells sys-
temically, might be the place to start. Since neurodegen-
erative diseases are complex disorders that encompass a 
variety of symptoms linked to different brain areas and 
cell types. As with any cell therapy, researchers must 

ensure that the cells are of sufficient purity and mature 
into the cell type of interest. Luckily, cells would not 
have to be grown together and could rather be combined 
just prior to injection, avoiding any issues with differ-
ent needs for factors, media etc. In our hands, thorough 
testing of combination transplantation of three different 
cell types in adult immunosuppressed mouse brain with-
out any further manipulation has proven difficult from 
a technical perspective. While the progenitors reach the 
target areas, survive, and mature to the cell type of inter-
est, getting enough cells to the brain area is less trivial. 
Particularly since we do not currently know how many 
cells are needed to replace glia or support neurons, this 
would need to be tested if there is any hope to scale this 
to the human brain. Since the number of glial cells dif-
fers between brain areas according to counting studies, 
learning approximate cell numbers in the area of inter-
est would be useful. Additionally, the size of the mouse 
brain and availability of extracellular space likely play a 
factor when attempting to put human cells there. That 
being said, protocol refinement, combined with a model 
of neurodegeneration where cells are lost and therefore 
brain space is potentially freed up, would result in further 
success.

The transplantation of different cell types obtained 
from two-dimensional culture naturally brings up the 
idea of accomplishing this another way: by using brain 
organoids. Transplantation of human brain organoids 
to mouse brain has already been done. In the first case 
[75], the mouse brain was used as a vector for the orga-
noid to incorporate host vasculature and microglia, 
two things missing from human brain organoid models 
grown on their own due to the nature of their derivation 
[76]. The results indicated that in addition to the orga-
noid gaining host microglia and vasculature, the human 
brain organoids also integrated neuronally with the host 
mouse brain. This is a strong proof-of-concept for such 
studies that could eventually serve as a therapy. How-
ever, these organoids were transplanted on the surface of 
the cortex, which would not be applicable to all neuro-
degenerative diseases as cell replacement. As discussed 
above, the physical space is an issue here as well. Putting 
a small piece of tissue that can be seen by eye to deeper 
into the intact mouse brain faces equal technical issues. 
But again, these could certainly be overcome. Addition-
ally, the aforementioned study has incorporated mouse 
microglia. A better way to accomplish this would be to 
first integrate human microglia to the brain organoid 
and then transplant it. This has also been done in mice, 
where the authors first incorporated human microglia 
derived from human ESCs or iPSCs to a forebrain orga-
noid, then transplanted it to the cortex area just above 
the hippocampus [77]. They showed similar success to 
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their previous above study and demonstrated that this 
may be a more human-relevant model to study microglia 
in disease. Since both studies showed integration of the 
brain organoid containing human cells to the host brain 
after xenotransplantation, this may be a possible way to 

successfully replace lost or dysfunctional cells in neuro-
degenerative diseases in the future.

One way to circumvent the use of multiple cell types 
was to use human iPSC-derived long-term neuroepi-
thelial stem (lt-NES) line [78]. In this recent study, 
lt-NES cells were shown to give rise to neurons and 

Fig. 2 Illustration of potential mechanisms of how each glial cell type would give rise to neuroprotection in several brain diseases. Corresponding 
lines to each cell type connect to various brain diseases (microglia = blue; astrocytes = green; oligodendrocytes = dark pink). Next to each line are 
molecules released/absorbed, receptors activated/blocked, or processes increased/decreased for each cell type that have been demonstrated 
to be protective or restorative in each disease (data from cells, animals, and/or patients). Each brain disease has the corresponding area 
and neurons affected. Abbreviations: Aβ = amyloid beta; αSyn = alpha-synuclein; CB2 = cannabinoid receptor 2; CXCL12 = C-X-C motif chemokine 
12; GSH = glutathione stimulating hormone; HPC = hippocampus; IGF-1 = insulin growth factor 1; IL-4 = interleukin 4; IL-10 = interleukin 10; 
LCN2 = Lipocalin-2; LINGO-1 = Leucine rich repeat and Immunoglobin-like domain-containing protein 1; MC = motor cortex; Nrf2 = NF-E2-related 
factor 2; OPCs = oligodendrocyte progenitor cells; SC = spinal cord; SN = substantia nigra; Sox17 = SRY-box transcription factor 17; STR = striatum; 
TGF-β1 = transforming growth factor beta-1. Figure created using Biorender
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oligodendrocytes and can repair both injured neural 
circuitries and demyelinated axons. This is an attrac-
tive option since one could have different cell types 
present in the brain without having to transplant them 
simultaneously.

An exciting prospect in the field of stem cell trans-
plantation is to use iPSC stocks for research and trans-
plantation. While the promise of personalized medicine 
using autologous iPSCs is appealing, the timeline of 
going from skin biopsy to GMP-grade cells for transplan-
tation is easily about one year [79]. On the other hand, 
creating a bank of clinical grade lines would be a way to 
save a substantial amount of time and therefore put the 
field a step closer to making cell transplantation a real-
ity for patients. Japan has already funded, and research-
ers developed such a bank called iPSC Stock Project [80]. 
Here, they aim to have a stock of human leukocyte anti-
gen (HLA) homozygous iPSCs that can be compatible 
with almost the entire Japanese population. These can be 
used for research with the idea to use them for transplan-
tation. Therefore, this could be a prime starting point for 
differentiation into different brain cell types to be trans-
planted to a patient.

Conclusions
The potential of glial cell transplant to save neurons is an 
appealing prospect. Considering that in brain diseases 
there are common mechanisms of neuron loss, such as 
mitochondrial stress, inflammation, endoplasmic reticu-
lum stress, and disruption of proteostasis, particularly in 
neurodegenerative diseases with aggregating proteins. 
Since all three types of glial cells have been found to be 
involved in the processing of aggregated proteins [64, 81], 
restoring this function could be beneficial in Alzheimer’s 
disease, Parkinson’s disease, and ALS. Overall, replace-
ment of dysfunctional glia or enhancement of glial cell 
functions is a promising avenue of research into therapies 
for a variety of brain diseases (Fig.  2). Although several 
practical hurdles still exist, including transferring pre-
clinical studies to humans. But with more research, espe-
cially carefully controlled studies that can be compared 
easily between each other, we can find a new way to treat 
these debilitating and increasingly common disorders.
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