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Abstract

Microglia as resident cells of the brain can regulate neural development and maintenance of neuronal networks. Any types
of pathologic events or changes in brain homeostasis are involved in the activation of microglia. This activation depends on
the context, type of the stressor, or pathology. Due to the release of a plethora of substances such as chemokines, cytokines,
and growth factors, microglia able to influence the pathologic outcome. In Alzheimer’s disease (AD) condition, the deposi-
tion of amyloid-f (Ap) result in provokes the phenotypic activation of microglia and their elaboration of pro-inflammatory
molecules. New investigations reveal that cellular therapy with stem cells might have therapeutic effects in preventing the
pathogenesis of AD. Although many strategies have focused on the use of stem cells to regenerate damaged neurons, new
researches have demonstrated the immune-regulatory feature of stem cells which can modulate the activity state of microglia
as well as mediates neuroinflammation. Hence, understanding the molecular mechanisms involved in the brain homeostasis

by the protective features of mesenchymal stem cells (MSCs) could lead to remedial treatment for AD.

Keywords Alzheimer’s disease - Cell therapy - Stem cells - Microglia - Mesenchymal stem cells

Introduction

Alzheimer’s disease (AD), one of the most prevalent neu-
ronal disorders worldwide, clinically is characterized by
impairments in memory, cognition, and intellectual disa-
bilities. The extracellular plaques composed predominately
of the amyloid-p (AP) peptide, intra-neuronal tangles of
hyper-phosphorylated tau, and synaptic and neuronal loss
are the neuropathological hallmarks of the AD in the brain
of patients [1, 2]. Moreover, inflammation in brain tissue
plays a significant role in the neurodegeneration process.
In the last 10 years, there was dramatic increase in the AD
prevalence due to the advancing age of the human popu-
lation, female sex, and genetic risk factors; to this end, it
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is estimated that in the future, there will be more people
affected by this neuronal disorder in the world [3, 4]. Hence,
this shows that there are no effective therapeutic strategies
available to prevent, treat, or manage AD [4].

Based on studies, it has been approved that microglia
play important roles in the developmental process in the
brain, tissue homeostasis, and neurological disorders [5].
The dysregulation function of microglia is prominent prop-
erty of most neurodegenerative disorders like AD with dis-
tinct etiologies. The reactive gliosis of AD histopathology
which can reflect the abnormal morphology and prolifera-
tion of microglia is one of the critical problems in brain tis-
sue [5]. Microglia as the brain’s resident immune cells can
perform housekeeping functions that are vital to neuronal
health. Though, persistently activated microglia, which are
increased in the pathological conditions in AD, contribute to
a chronic state of cerebral inflammation leading to neuronal
death [6, 7]. It has been shown that one of the most notable
late 20th-century findings in neuropathological researches
of AD was the large increase in numbers of microglia with
an activated morphology and an increased expression of the
major histocompatibility complex (MHC) class II in regions
of neurodegeneration [8]. In addition to classical immune
cell function of theirs, microglia act as guardians of the
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cerebral tissue by enhancing phagocytic clearance and pro-
viding trophic support to ensure tissue repair and maintain
brain homeostasis. Conditions associated with a disturbance
of homeostasis or tissue changes induce several dynamic
microglial processes such as changes of cellular morphol-
ogy, surface phenotype, secretory mediators, and prolifera-
tive responses. Activated microglia can introduce a common
pathological property of many neurodegenerative disorders
like AD [9, 10]. Recently, it has been reported that stem cell-
based therapy has the potential to modify the pathological
condition of the brain in AD. Stem cells from various diverse
origins and cell types are widely studied in both animals and
humans [11]. Stem cells able to induce direct regeneration
of neurons and synapses [12]. Besides, they can also prevent
activation of pro-inflammatory microglia, increase activa-
tion of anti-inflammatory microglia, inhibit astrogliosis, and
promote nonreactive astrocytes. These effects in return may
increase A degradation, decrease the risk of the AP cas-
cade, repair damaged neurons, and enhance synaptogenesis
[13, 14]. Hence, stem cell-based therapy represents the great
potential to become a prospective treatment for AD in the
future. Here, we show, the latest evidence demonstrating
the impact of stem cells on the brain homeostasis through
modulating microglial functions, and on how this may be
relevant in the enhancement of AD and for the identification
of novel therapeutic approaches to treat this neurodegenera-
tive disorder.

Microglia in Alzheimer’s Disease

Microglia can introduce approximately 10% of all the
cells in the spinal cord and brain. During an inflamma-
tory reaction, microglia is one of the first immune cells
that get immunologically active, and then constitute the
first line of cellular defense against invading pathogens
and other types of the cerebral lesion [15, 16]. Despite
the microglia vastly have been studied, their true origin
remains a subject of debate. Primary evidence showed that
microglia are able to differentiate in the bone marrow from
embryonic hematopoietic pre-cursor cells, whereas new
researches have demonstrated that these cells may, in fact,
arise from progenitors in the embryonic yolk sac early dur-
ing the developmental process [17, 18]. In normal condi-
tions, microglia exist in a resting/quiescent state, and mor-
phologically they are characterized by small-shaped cell
body and highly ramified processes [17, 18]. One of the
important functions of quiescent state microglia is to vigi-
lantly monitor the central nervous system (CNS) for the
detection of pathogens and host-derived ligands such as
danger-associated molecular patterns and pathogen-asso-
ciated molecular patterns [19, 20]. It has been reported
that the expression of pattern recognition receptors on
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their molecular surface can make them well equipped
for this aim [20, 21]. In response to invading pathogens,
and undergo morphological changes like enlargement of
their cell body and shortening of their cellular processes
microglia can activate [21, 22]. Activated microglia play
a critical role in the phagocytosis of pathogens and in the
clearance of cellular debris and degenerating cells at the
injury area [22-24].

According to basic molecular biology, it has been
revealed that the dual roles of microglia in the pathogenesis
of AD. For instance, microglia are involved in the patho-
genesis of AD by producing inflammatory mediators like
inflammatory cytokines, chemokines, complement compo-
nents, and free radicals that are all known to contribute to the
production and accumulation of AP [25, 26]. On the other
hand, researches showed that microglia have an essential
role in generating anti-Af antibodies and they can stimulate
clearance of amyloid plaques. It was revealed that AP by
inducing microglial activation is involved in neuroinflamma-
tion, which has been considered as an underlying and unify-
ing factor in the progression of AD pathogenesis. Finally, a
vicious cycle of inflammation is formed between the accu-
mulated AP, the activated state of microglia, and microglial
inflammatory mediators, which enhance Af deposition and
neuroinflammation [25, 26].

Overall, microglia has unique roles not only to main-
tain immune homeostasis, but also being indispensable to
cerebral development and cognitive ability. For example,
microglia can drive neuronal activity, synaptogenesis, syn-
aptic pruning, and neurogenesis [27, 28]. Unfortunately,
abnormal function of microglia is implicated in some neu-
rodevelopmental diseases, and dysregulation of microglial
function is strongly linked to several pathologies like the
decline of cognitive ability and AD [27, 28]. Despite great
efforts toward relieving AD symptoms, there remains a lack
of curable therapeutic strategy and current pharmaceutical
treatments only alleviate the symptoms of diseases just for a
short period time [29]. Therefore, there are no effective and
curative therapeutic ways for AD [30]. In the past years, the
advent of stem cell-based technology can represent a novel
therapeutic tool to improve AD in animal models. Further-
more, researches have revealed that stem cell technology
might enhance AD symptoms by regulating microglial func-
tions, from detrimental to protective [30, 31]. Although pri-
mary strategies have focused on the application of stem cells
to regenerate damaged cells, new researches have implied on
stem cell-immuno-regulation property and they can modu-
late the activity state of microglia or astrocytes [29]. Stem
cells also can mediate neuroinflammation process through
some transcription factors molecular pathways, that can act
as the main mechanism for the therapeutic efficacy of stem
cell and be responsible for some of the satisfactory results
[29].
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The Role of Stem Cell-Microglia Interaction
in Brain Homeostasis

In the past decade, comprehensive single-cell RNA
sequencing analysis of AD and aging demonstrated a new
and rare subset of microglia, disease-associated microglia,
conserved in humans and animals [32]. For different CNS
pathologies such as AD and senile dementia, the pres-
ence of activated microglia is a common property [33,
34]. Microglia can regulate AP deposition by phagocytosis
with a potentially protective impact on AD progression
[35]. Microglia as the brain’s resident immune cell, can
take part in the establishment of normal neuronal con-
nectivity and regulatory processes and they are critical
for the CNS developmental process such as synaptic prun-
ing [36]. Disease-associated microglia are characterized
molecularly as immune cells expressing typical microglial
markers, Ibal, Cst3, and Hexb, coincident with the down-
regulation of ‘‘homeostatic’” microglial genes, includ-
ing P2ry12, P2ry13, Cx3crl, CD33, and Tmem119 [37].
Microglia are unique tissue-resident macrophage popula-
tions of the CNS and they can involve in immune reactions
and inflammatory disorders as primary cells [38]. Micro-
glia has the ability of response to the AP peptides and it
can increase their clearance by the release of cytotoxic
factors, which, in turn, promote the phagocytosis of these
peptides. Therefore, if, on the one hand, phagocytosis of
Ap peptides can enhance disease, on the other hand, the
release of pro-inflammatory mediators may be enhanc-
ing the disease [39]. Microglial has the ability to sense
neuronal activity, that allows them to regulate synaptic
plasticity, learning, and memory mechanisms, and hence
determine cognitive functions. As such, brain-derived neu-
rotrophic factor (BDNF) produced by microglia had shown
to modulate motor learning-dependent synapse formation
in animals [40]. While microglia can exert neuroprotec-
tion in AD, especially through their phagocytic clearance
of AP, a loss of their beneficial functions can exacerbate
amyloidosis, leading to subsequent inflammation, synaptic
loss, and neuronal damage. Vice versa, microglial inability
to clear abnormally aggregated AP results in the activa-
tion of pro-inflammatory signalling pathways, furthering
inflammation, oxidative stress, and neurodegeneration in
AD [41]. Also, the CR3/C3 signalling pathway implicates
in early synapse loss in mouse models of AD, indicating
that inappropriate activation of microglia by pathogenic
proteins results in aberrant phagocytosis of functional
synapses [42]. In addition, CX3CR1°ER/ROSA26PTR.
flox mice treated with tamoxifen to induce expression
of the diphtheria toxin receptor selectively in microglia,
and receiving diphtheria toxin to deplete these cells,
showed decreased motor learning-induced dendritic spine

formation, and reduced levels of synaptic proteins VGlutl
and GluA2 from glutamatergic synapses in the motor cor-
tex [40]. CX3CRI as a specific to microglia in the nervous
system and subset of peripheral monocytes, and response
to pruning cues from surrounding neurons. Scientists show
the removal of CX3CRI1 results in a brief reduction in
microglia and subsequent deficit in synaptic pruning cause
an excess of excitatory synapses, as well as an increase in
spine density and PSD95 expression [43]. In AD patients
and animal models of AD, reduction in the Smad3 signal-
ling pathway, likely result in the pathological activation
of microglia [44]. Beside, IFN-y as a potent activator of
microglia and initiator of pro-inflammatory transcrip-
tion of the gene is increased in the aged cerebral tissue
[45]. In the pro-inflammatory state, a variety of inflam-
matory cytokines such as tumor necrosis factor (TNF),
interleukin (IL)-6, IL-12, IL-23, IL-1, as well as reactive
oxygen species (ROS) and nitric oxide (NO) released by
microglia result in promoting neurotoxicity and reinforce
the inflammatory response. According to the researches,
the accumulation of reactive oxidative species can dam-
age the neurons and triggers apoptosis [46]. Furthermore,
scientists attempt to understand the heterogeneity of acti-
vated microglia (M1 and M2). The M1 type is classically
activated microglia and produces inflammatory cytokines
and ROS, whereas M2 microglia was in a state of alterna-
tive activation that shows an anti-inflammatory phenotype
[47]. M1 microglia showed notable infiltration in the nerv-
ous tissues of patients with AD who showed pathological
changes. While a number of studies have reported that
inflammatory processes are highly correlated with cog-
nitive deficits in AD brain, many studies have suggested
that acute beneficial effects of stem cells depend instead
on their paracrine signalling actions in brain homeostasis.
For instance, human MSCs can ameliorate the symptoms
of AD by decreasing the levels of inflammatory cytokines
and regulating the expression of Af-related genes [48,
49]. Based on a new study, researchers have proven that
stem cell factor or paracrine signalling actions can induce
polarization of microglia to the M2 phenotype [50]. Stem
cell factor signalling can modulate microglial functions
and is involved in neuron-microglia interactions. Stem
cell factor and its receptor, c-kit reported being express
in the CNS. Stem cell factor mainly expressed in neurons,
whereas c-kit expressed largely by glial cells and weakly
by neurons. After brain injury, the c-kit expression is up-
regulated in microglia, and stem cell factor expression is
elevated in neuron and astrocyte [50-52]. Other reports
showed that stem cell factor/c-kit signalling stimulates
neurogenesis and survival for neuronal stem cells. Stem
cell factor can modulate microglial functions and induces
activation of the neuroprotective effects of microglia,
which that be use for treatment of neuronal diseases. Also
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other study revealed that MSCs can induce immunosup-
pressive effects in microglia, representing an attractive
source for the control of CNS chronic inflammation [53,
54]. MSCs have shown to prevent lymphocytes, dendritic
cells and microglia proliferation as well as modulate the
cytokine secretion profile of monocytes and macrophages,
prevent graft rejection and support post-traumatic-stroke
regeneration. Cellular therapy using MSCs in neurode-
generative diseases results in encourage repair, decrease
apoptosis, regulate inflammation [53-55]. Based on
Yartia Jaimes et al. (2017) study, modulation of micro-
glia involves the prevention of mitogen activated protein
kinase phosphorylation, therewith leading to lower tran-
scription of genes associated with inflammation [54, 55].
Collectively, microglia can play a coordinated and sophis-
ticated role to deactivate the initial immune response and
lead to processes for tissue repair. These findings could
open a new way for novel cell therapeutics to prevent CNS
chronic inflammation.

Many investigations including those on the human
post-mortem AD brain, as well as neuroimaging analysis
in patients and rodent transgenic models, have represented
evidence that microglia are attracted to and surround senile
plaques in cerebral tissue [56, 57]. Scientific researches
showed the existence of an age-dependent phenotypic change
of microglial activation in the hippocampus of an AD ani-
mal model, from an alternative (expressing IL-4) activation
state to a classic cytotoxic (expressing IL-1f and TNF-a)
phenotype [58]. Previous studies revealed that intracerebral
transplantation of bone marrow stem cells could increase
microglial activation and reduce AP deposits in an acutely
induced AD model. The activated microglia were located
near the AP deposits, and their morphology was changed
from ramified to ameboid as an action of the microglial
phagocytosis [59, 60]. New developments in stem cell-based
technology using MSCs raise the prospect of cellular therapy
for AD. MSC:s transplantation into amyloid precursor protein
(APP) and presenilinl (PSEN1) double-transgenic animals
significantly improved spatial learning and memory decline.
It has been reported that the alternatively activated microglia
preferentially surrounded and infiltrated into AP deposits in
the brains of APP/PSENI1 transgenic animals after MSCs
transplantation. Furthermore, Ap deposition, B-secretase 1
(BACE-1) levels, and tau hyper-phosphorylation were dra-
matically reduced in MSCs transplanted APP/PSEN1 ani-
mals [61]. Interestingly, these effects were associated with
reversal of disease-associated microglial neuroinflammation,
as evidenced by decreased microglia-induced pro-inflam-
matory cytokines, elevated alternatively activated micro-
glia, and increased anti-inflammatory cytokines. During
microglial activation, MSCs-transplanted animals exhibited
not only decreased neurotoxic cytokine expression levels
but also increased expression levels of anti-inflammatory
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cytokines, indicative of alternative microglial activation.
These findings lead us to suggest that MSCs produced their
sustained neuroprotective effect by inducing a feed-forward
loop involving alternative activation of microglial neuro-
inflammation, thereby ameliorating disease pathophysiol-
ogy and reversing the cognitive decline associated with Ap
deposition in AD animals [62, 63]. The effect of MSCs on
reducing AP accumulation is likely attributable to the inhi-
bition of BACE-1 expression via immunomodulation [61,
63]. Experimentally, MSCs transplantation could modulate
microglial activation in AD animals, mitigate AD symptoms,
and alleviate cognitive decline, all of which suggest MSCs
transplantation as a promising choice for AD therapy. MSCs
secrete various cytotropic factors that may exert beneficial
effects in AD animals through various mechanisms such
as reducing amyloid burden, decreasing inflammation, or
increasing endogenous neurogenesis [64, 65]. Also in the
last 10 years, several human clinical trials have suggested
that MSCs are effective in slowing down the course of neu-
rodegenerative diseases (Fig. 1) [66—68]. Since 2010, scien-
tists began clinical trials investigating the use of stem cells
for AD. Two-phase I trials on moderate AD have been com-
pleted; though they revealed no severe acute or long-term
side effects, no significant clinical efficacy was observed
[69, 70]. The phase 1 clinical trial demonstrated that surgical
stereotactic administration of MSCs into the hippocampus
and precuneus is feasible, safe, and well-tolerated in patients
with mild-to-moderate AD dementia [67]. A meta-analysis
of MSCs clinical trials approved that MSCs therapy does
not increase the risk of acute infusional toxicity, arrhythmia,
cardiac dysfunction, gastrointestinal or renal dysfunction,
infection, death, or tumor development [71]. Several clini-
cal trials, which involve more sophisticated study designs
using different injection routes, well-established scales, and
biomarkers, are planned for mild to moderate AD patients
(Table 1; "Clinical trials.gov") [69-72]. Taken together,
MSCs based therapies will play a critical role in the treat-
ment of neurodegenerative diseases such as AD in the future.

Future researches about the pathogenesis of AD have
needed to fully disclose the association between multiple
pathogenesis at the same time. In sum, the novel regula-
tory mechanism and biological pathways about the micro-
glial function have been discovered, but prevention of the
disease is still a challenge ahead. Thereby we suggest that
continuation of the investigations of gene mutations and
the elucidation of the missing genetic etiology in patients
still have a vast potential to deliver novel crucial pieces
that will lead to a better understanding of the complex
puzzle of AD at large. An understanding of genetic mech-
anisms underlying AD pathogenesis and the potentially
implicated pathways will lead to the development of novel
treatment for this devastating disease.
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Fig. 1 Microglial activation is involved in the progression of Alzhei-
mer’s disease (AD). a AD pathogenesis is associated to Ap plaques
deposition in extracellular space due to an increased production and/
or lack of clearance of AP peptides derived from APP cleavage and
by abnormal intra-neuronal accumulation of hyper-phosphorylated
tau protein. In pathological conditions, intracellular accumulation
of hyper-phosphorylated tau disorganizes microtubules can impair-
ing the cytoskeleton. This has been linked to neurodegeneration and
cognitive impairment. Formation of AP plaques can triggers micro-
glial activation. Finally, a vicious cycle of inflammation can be
form between AP accumulation, activated microglia, and microglial
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inflammatory mediators, which enhance AP deposition and neuro-
inflammation. b Cell-based therapy using MSCs can induce immu-
nosuppressive effects in microglia result in control of CNS chronic
inflammation. Stem cell factor signalling can modulates microglial
functions and is involved in neuron-microglia interactions. Stem cell
factor mainly expressed in neurons. After brain injury, c-kit expres-
sion is up-regulate in microglia, and stem cell factor expression is ele-
vated in neuron. Stem cell factor can modulate microglial functions
and induces activation of the neuroprotective effects of microglia.
Also, MSCs can reduce Af accumulation is likely attributable to the
inhibition of BACE-1 expression via immunomodulation

Table 1 Clinical trials of the treatment of Alzheimer’s disease (AD) using stem cells

Status Interventions

Locations

Recruiting

Active, not recruiting Drug: MSCs

Recruiting
Other: placebo

Active, not recruiting Biological: Longeveron MSCs

Biological: placebo

Recruiting Procedure: intravenous bone marrow-MSCs fraction
Procedure: intranasal topical bone marrow-MSCs fraction
Procedure: near infrared light

Completed Biological: human umbilical cord blood-MSCs

Unknown Biological: human umbilical cord blood-MSCs

Other: normal saline 2 mL

Biological: 100 million cells allogeneic human MSCs

Drug: human MSCs and Lactated Riunger’s Solution

University of Miami
Miami, Florida, United States

Clinical Trial Network
Houston, Texas, United States

John Wayne Cancer Institute @ Providence St.
John’s Health Center
Santa Monica, California, United States

Brain Matters Research

Delray Beach, Florida, United States
University of Miami Miller School of Medicine
Miami, Florida, United States

Miami Jewish Health

Miami, Florida, United States

MD Stem Cells

Westport, Connecticut, United States

MD Stem Cells

Coral Springs, Florida, United States

Fakeeh University Hospital

Dubai Silicon Oasis, Dubai, United Arab Emirates

Samsung Medical Center
Seoul, Korea, Republic of
Samsung Medical Center
Seoul, Korea, Republic of
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Challenges and Future Directions for Stem
Cell Technology

Taken together, the experimental and preclinical effort per-
formed to date reveal that stem cell-based technology has
considerable potential to enhance cerebral function and
regenerate viable neural cells. It is clear that to unleash the
full potential of regenerative medicine, cellular therapy, and
proceed toward clinical translation, many major unresolved
issues will have to be resolved; for instance, what are the
optimal cell dose, the optimal cell type(s), the optimal route
of cell administration, and the optimal frequency of treat-
ment? These questions should be answered just by perform-
ing careful preclinical and clinical researches. Hence, due to
the uniqueness of regenerative medicine and cellular thera-
pies, regulatory agents are needed to develop new regulatory
policies to foster their appropriate development and success.

In conclusion, our review strongly suggest that cel-
lular therapy can provide the basis for a novel immune-
modulatory strategy for AD. In vivo transplantation of
MSCs has showed a beneficial effect through endogenous
microglia activation in the AD brains. Therefore, we pro-
posed MSCs are potent regulators of microglia activation
and brain homeostasis. But the safe and ethical future of
stem cell therapies, especially for AD, will likely be slow,
expensive, and tightly controlled.
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