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Abstract. Neurodegenerative diseases called tauopathies, such as Alzheimer’s disease (AD), frontotemporal dementia, pro-
gressive supranuclear palsy, and Parkinson’s disease, among others, are characterized by the pathological processing and
accumulation of tau protein. AD is the most prevalent neurodegenerative disease and is characterized by two lesions: neurofib-
rillary tangles (NFTs) and neuritic plaques. The presence of NFTs in the hippocampus and neocortex in early and advanced
stages, respectively, correlates with the patient’s cognitive deterioration. So far, no drugs can prevent, decrease, or limit
neuronal death due to abnormal pathological tau accumulation. Among potential non-pharmacological treatments, physical
exercise has been shown to stimulate the development of stem cells (SCs) and may be useful in early stages. However, this
does not prevent neuronal death from the massive accumulation of NFTs. In recent years, SCs therapies have emerged as
a promising tool to repopulate areas involved in cognition in neurodegenerative diseases. Unfortunately, protocols for SCs
therapy are still being developed and the mechanism of action of such therapy remains unclear. In this review, we show the
advances and limitations of SCs therapy. Finally, we provide a critical analysis of its clinical use for AD.
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INTRODUCTION

It has been estimated that over 50 million people
live with dementia globally, a number set to increase
to 152 million by 2050. Alzheimer’s disease (AD)
is the most common cause of dementia, representing
an estimated 50–60% of cases. It is most common in
individuals over 70 years, with prevalence increas-
ing with age [1]. In the majority of cases, AD is
sporadic, with no clear etiology. Less than 5% of
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Fig. 1. Neuropathological lesions in the brain from a case with AD. A) Neuritic plaque. Deposits of extracellular amyloid-� (A�), lined with
dystrophic neurites (arrows). B) Intracellular neurofibrillary tangle. Different processing stages of the tau protein are shown in the neuronal
soma (arrow). A and B were immunostained using two tau antibodies, one directed against the phosphorylated pT231 site (green channel)
and TG-3 (blue channel). Sections were counterstained with thiazine red dye. C) Blood vessel with fibrillar amyloid angiopathy stained by
the thiazine red dye (arrows). Thiazine red is a red fluorescent dye (560 nm) with an affinity for beta-amyloid peptide and fibrillar tau protein.

cases have a genetic origin, transmitting in an auto-
somal dominant way across multiple generations [2].
AD is a neurodegenerative disease marked by irre-
versible neuronal death resulting in progressive and
disabling impairment of cognitive functions, such as
memory, language, reasoning, behavior, and execu-
tive function, which interfere with the essential daily
activity of the person. AD brain neuropathology is
characterized classically by two hallmark lesions:
neuritic plaques (NPs, Fig. 1A) constituted by extra-
cellular deposits of the amyloid-� peptide (A�), and
neurofibrillary tangles (NFTs, Fig. 1B) composed of
paired helical filaments (PHFs), whose main con-
stituent is tau protein. Synaptic loss in AD brains
has been suggested to be best correlated with cog-
nitive decline [3]. The collapse of neural networks,
including the death of neurons and degeneration of
synapses, could be caused by the accumulation of
toxic soluble forms of A� and tau at the synapse [4].
A� protein is derived from the amyloid-� protein
precursor (A�PP). A�PP is cleaved by �-secretase
within the A� domain, avoiding the generation of
A� in the non-amyloidogenic pathway. On the other
hand, A�PP can be sequentially cleaved by the �-
and �-secretases at the N- and C-terminus of the
A� domain, respectively, generating A� in the amy-
loidogenic pathway [5]. The A� production, which
is thought to be produced primarily by neuronal
cells, is not inherently toxic and might even have a
physiological function [6, 7]. However, it has been
widely demonstrated that A� has a toxic role when

it accumulates in the neuronal parenchyma as NPs or
cerebral and leptomeningeal blood vessels as cere-
bral amyloid angiopathy (Fig. 1C) [8]. All forms
of amyloid plaques, including diffuse plaques, are
associated with neuropathology, mainly character-
ized by neuritic and synaptic dystrophies. NPs are
composed of a multitude of highly aggregated A�
fibrils. It has been seen that shortened/modified A�
forms are significantly more resistant to degrada-
tion and aggregate more rapidly. A�40 (with 40
amino acid residues) and A�42 (with 42 residues)
are the major variants involved in AD pathology
[6, 7]. A�N3 (pE), a peptide bearing amino-terminal
pyroglutamate at position 3, has been demonstrated
to be a significant N-truncated/modified constituent
of A� deposits [9–11]. A�N3 (pE) accumulates in
the brain at the earliest stages of AD, suggesting
that it may lead to pathological amyloid aggregates
[11]. The blood–brain barrier (BBB) is a complex
structure composed of endothelial cells, pericytes,
and astrocytic end-feet. Since the BBB is crucial
for the A� clearance from the brain, neurovascu-
lar dysfunction (Fig. 1C) may play a critical role
in AD development [12]. On the other hand, tau
is an intracellular microtubule-associated protein,
essential for structural support and axonal transport.
It becomes abnormally hyperphosphorylated and
truncated [13, 14], giving rise to the formation of
PHFs and NFTs within the cytoplasm of vulnerable
cells [15, 16]. The presence of astrocytes (Fig. 2A)
and reactive microglia (Fig. 2B) surrounding and
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Fig. 2. Neuritic plaques (NPs) in the brain from a case with AD. A) NPs surrounded by glial cells (anti GFAP-blue channel). A� was
revealed using Thiazine red (red channel) and tau with anti pT231 (green channel). Dystrophic neurites associated with amyloid plaque and
throughout the neuropil were observed. B) Microglial cells (anti-Iba-1; green channel) and fibrillar A� deposit (red channel; Thiazine red),
counterstained with To-Pro Iodide (blue channel; nuclei).

within A� plaques, respectively, suggest that the
neuroinflammatory response may increase cognitive
decline during AD progression [17, 18]. Astrocytes
may play an additional role in AD by secreting sig-
nificant quantities of A�, raising levels of A�PP, and
�- and �-secretases [19], and contributing to A�
clearance [20]. The currently approved AD treat-
ments are largely symptomatic, being unable to pre-
vent disease progression. These treatments include
cholinesterase inhibitors for patients with any stage
of AD dementia and N-methyl D-aspartate (NMDA)
antagonist, or memantine, to treat moderate to severe
AD, or a combination of both [21]. Anti-A� and tau
immunotherapies are being tested, but with limited
success to date. A� accumulation appears to be more
of a physiological compensatory mechanism than the
pathological initiator [22]. In the case of tau, the anti-
bodies should bind to the aggregated forms generated
intracellularly or prevent tau seeding and spreading
caused by aberrant tau without impacting its phys-
iological function of tau [23–25]. In recent years,
stem cell (SCs) therapies have emerged as a putative
biological tool to treat a range of diseases without
successful treatment. This review focuses on analyz-
ing SC therapy with a critical vision for its clinical
use in AD.

TYPES OF STEM CELLS:
CHARACTERISTICS, BENEFITS, AND
LIMITATIONS

SCs are undifferentiated cells that have the ability
of self–renewal to replicate rapidly and continuously,

as well as giving rise to new SCs and specialized cells
under appropriate conditions. Asymmetric mitosis is
the process that allows a SC to obtain two intrinsi-
cally different daughter cells. Cell fate-determining
factors are provided extrinsically or inherently to SCs
in a polarized manner. By coordinating the cell axis
polarity, the daughters of the SCs acquire distinct
fates: self-renew or commit to differentiation [26, 27].
The types of SCs vary according to their differentia-
tion potential [28], which reduces at each step. This
means that a unipotent SC cannot differentiate into as
many cell types as a pluripotent SC. The zygotes are
totipotent cells, the most developmentally expansive
cells. Yet they are rarely considered an SCs in mam-
mals because they cleave into blastomeres of equal
developmental potency for at most three cell divi-
sions, and therefore manifest minimal self-renewal
potential [29]. Below, we will describe and discuss
the characteristics and the advantages and disadvan-
tages of the three main types of SCs.

Embryonic stem cells

Embryonic SCs (ESCs) are pluripotent SCs de-
rived from the inner cell mass of a blastocyst [30].
They have the advantage of being pluripotent and the-
oretically can origin any type of cell (being exposed
to the appropriate stimuli). Therefore, they present a
greater therapeutic range. However, there are impor-
tant limitations to implement therapeutic strategies
from ESCs: a) difficulty in directing and differenti-
ating them in a particular cell type; b) possibility of
turning into cancerous tissue; c) once transplanted, an
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immune response may occur leading to their rejection
by the host; d) ethical considerations for collecting
cells from a viable embryo [31].

Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are a type
of pluripotent SCs that can be generated directly
from adult SCs (see adult stem cells, below). There-
fore, iPSCs have been reprogrammed back into
an embryonic-like pluripotent state. iPSCs can be
directed to differentiate into the most suitable cell
type and model the events of a specific disease,
having the benefit of presenting a diverse therapeu-
tic spectrum. For example, dermal fibroblasts have
differentiated directly into dopaminergic neurons
through viral co-transduction of forebrain transcrip-
tional regulators in media, which promote neuronal
survival [32]. iPSC-based technology has also been
beneficial for creating in vitro models of various neu-
rodegenerative diseases such as Parkinson’s disease,
Huntington’s disease, amyotrophic lateral sclerosis,
and AD [33, 34]. In addition, it can be useful to
study the underlying pathophysiological mechanisms
of these and more disorders.

Adult stem cells

Adult SCs are also called tissue-specific SCs,
because they are lineage-restricted cells and gener-
ally habit inside “niches” in their tissue of origin.
Adult SCs can only differentiate into a specific mature
cell of the organ in which they reside, with charac-
teristic morphologies and specialized functions [35].
Adult SCs are mainly found in bone marrow, skin,
muscles, and intestine [35–38]. These SCs are inac-
tive, but their replication and differentiation can be
induced after an injury and thus replace the dead
cells. The mechanisms for this event to occur are
unknown. Several therapies based on adult SCs have
been developed. Nevertheless, few of these have been
approved. The main types are: 1) Hematopoietic stem
cells (HSCs) that have been used to repopulate the
bone marrow in patients with hematological disor-
ders [39–41]. HSCs can also be collected at birth
from umbilical cord blood [42] and can only be used
to try to reconstitute the hematopoietic system [43,
44]. 2) Mesenchymal stem cells (MSCs), a subset of
adult SCs that have several therapeutic advantages:
a) they are abundant and readily available in a variety
of mesenchymal tissues [45–47]; b) they can dif-
ferentiate into several cell types such as adipocytes,

osteoblasts, and chondrocytes [48] and, for this rea-
son, they can have therapeutic implications in more
pathological entities compared to other SCs types;
c) they have potent paracrine effects [49, 50], which
implies that an injured tissue could have the ability to
repair itself. Both MSCs and HSCs do not necessarily
require reprogramming for their therapeutical appli-
cation. 3) Neural stem cells (NSCs), which are also
multipotent, are responsible for generating all neural
cell types during development: neurons, astrocytes,
and oligodendrocytes. Depending on the develop-
mental stage and location within the central nervous
system (CNS), NSCs may generate neurons, astro-
cytes, or oligodendrocytes. In the adult brain, NSCs
niche comprises the subventricular zone (SVZ) and
the subgranular zone (SGZ) of the dentate gyrus in
the hippocampus and the external germinal layer of
the cerebellum [51, 52] (Fig. 3). Under physiological
conditions, neurogenesis in the adult hippocampus
is related to cognitive processes such as memory
and learning. Therefore, its dysregulation could be
associated with cognitive impairment as occurs in
AD. However, the molecular mechanisms involved
in human neurogenesis are still unclear since most
studies have been carried out in rodent models and
postmortem human brain tissue [53]. Interestingly,
in addition to SVZ and SGZ, the hypothalamus has
been suggested as a neurogenic niche in the CNS.
�-Tanycytes have been proposed to give rise to the
hypothalamic SCs population. Hypothalamic neuro-
genesis plays a vital role in controlling and regulating
energy metabolism and feeding [54].

CONSIDERATIONS FOR STEM CELL
THERAPY

SCs therapy includes several critical stages, each
of which must be taken into account.

Collection of donor cells

There are two main methods for obtaining SCs:
a) pre-implanted embryos of 4 days after fertiliza-
tion occurs to extract ESCs or b) induce adult SCs
that have already been differentiated into a pluripo-
tent state [55, 56]. The latter can be obtained from
adult tissues or organs; and hence they are relatively
accessible but have limited capacity since they can
only differentiate into a particular type of cells. The
most used are bone marrow, muscle tissue, fat tis-
sue, periodontal ligament, peripheral blood, synovial
fluid, salivary gland, alveolar epithelium, umbilical
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Fig. 3. Left. Coronal section of human brain. Neural stem cells in the subgranular zone of the hippocampal dentate gyrus (arrows) and
subventricular zone (SVZ), lining the walls of the lateral ventricles (LV), have been reported. Right. Immunofluorescent staining of SVZ
in AD brain. Antibody against phospho-tau protein and counterstaining with To-Pro Iodide was used to reveal nuclei. Four layers in the
SVZ are observed: I) ependymal layer, II) hypocellular gap, III) astrocytic ribbon layer, and IV) transitional zone. Staining for phospho-tau
protein showed dense labeling of speckles associated with nuclei.

cord, and dental pulp [57]. To the iPSCs, viral trans-
fection of a group of crucial genes: oct4, sox2, xmyc,
and klf4, into somatic cells are usually used [57]. In a
recent systematic multi-database analysis regarding
pluripotent SCs, it was determined that most clinical
trials involved iPSCs (74.8%) versus ESCs (25.2%).
However, in interventional studies, the majority used
ESCs (73.3%).

Storage of stem cells

SCs banking is used to collect, store, and preserve
SCs for research. These cells are kept in cell cul-
tures, which need to be strictly controlled in terms
of pH, temperature, humidity, and gas composition.
Other factors, such as the authenticity of the lineage of
SCs, lack of cross-contamination, absence of micro-
biological contamination, and correct maintenance of
the stability and integrity in vitro, should be periodi-
cally monitored [58]. Each step has to be optimized
and scrutinized to ensure that cells are retained in
an undifferentiated stage. An excellent cryopreserva-
tion method depends on optimal freezing, controlled
frozen storage, and proper thawing techniques [59,
60]. An incorrect thawing process can affect the via-
bility and function of SCs, with rapid thawing in a
bath at 37◦C or a higher temperature being recom-
mended [59]. It is also necessary to have a washing
process to remove the cryopreservative, which can be
considered toxic [61].

Harvesting and differentiation of stem cells

The further an SC is differentiated, the more
specialized it becomes. It is believed that the dif-
ferentiation process is defined by internal signals
controlled by cellular genes and by external sig-
nals that include chemicals secreted by other cells,
physical contact with neighboring cells, and the spe-
cific molecular microenvironment. The interaction of
signals and cellular DNA makes the cell acquire epi-
genetic marks that restrict the DNA expression, and
these can be transmitted through cell division. Manip-
ulating the culture conditions, therefore, are essential
for the in vitro harvesting and differentiation of cells.
In general, inhibitory factors such as transcription
factors are used to block differentiation processes:
OCT3-4, NANOG, and SOX2. For differentiation to
a specific cell type, it is essential to understand the
signaling pathways to select the correct choice of dif-
ferentiation factors [55, 56]. A protein called nestin is
expressed in all precursor cells throughout the embry-
onic nervous system, giving rise to neurons or glia.
Nestin expression is turned off abruptly in the nervous
system when the cells become postmitotic and func-
tionally committed to becoming neurons or glia [62].
Nestin is expressed in cell cultures for a long time. For
example, Fraichard and colleagues induced mouse
ESCs to differentiate into precursors of neurons and
glial cells with retinoic acid. These cells were iden-
tified three days after the onset of differentiation
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[63]. In another study, placental-derived cells were
also driven to differentiate into neural cells with
human brain-derived neurotrophic factor (hBDNF)
and retinoic acid [45]. Fibroblast growth factor-2,
epidermal growth factor, Sonic hedgehog, fibroblast
growth factor-8, and bone morphogenetic protein-4
induce neuronal or glial differentiation in tissue cul-
ture [64]. The European Registry of Embryonic Stem
Cell Lines is one of the most potent registers that
gather information on cell lines and their form of
culture. However, changes in cell proliferation (den-
sity), variation in the concentration of factors present
in the environment, tight control over the confluence
of the culture, and generation of cell-cell and cell-
matrix junctions, should all be taken into account.
The efficacy of differentiation factors in culture media
depends on functional maturity, efficiency, and intro-
ducing cells into an environment equivalent to that
found in vivo. Topography, shear stress, and substrate
rigidity influence the phenotype of future cells [65].
In vivo, once the SCs have been transplanted, the
interrelationship between them and the microenvi-
ronment in which they have been placed is impossible
to control precisely. The possibility that the cell lin-
eage changes has to be considered. The “plasticity”
or ability of one type of SCs to undergo a transition
to a cell from other lineages has been reported [64,
66, 67]. For example, Jackson and colleagues dis-
covered that a group of muscle cells could become
blood cells and that they were later dealing with a
subpopulation of cells that typically reside in mus-
cle tissue [68]. Similarly, the SCs must integrate and
behave as a structural and functional unit with the rest
of the cells: within the brain, the SCs have to gen-
erate electrical impulses and release and respond to
chemicals. Allowing for all of these complex require-
ments, restoration of affected brain sites should still
be possible.

Stem cell viability and transplantation

Cell viability and growth status can be quantified
by counting cell doubling time, telomerase activity,
cell cycle, and cloning efficiency. The trypan blue
exclusion test is often used to determine the viabil-
ity of thawed SCs, a method in which viable cells
fail to take up blue dye because of their intact cell
membranes. There are many more viability assays
according to the characteristics of specific SCs, like
7-aminoactinomycin and propidium iodide, among
others. The World Health Organization (WHO) rec-
ommends that the viability of thawed SCs, from a

bank should be 80% or greater, depending on the
cell lineage, although 70% may still be acceptable
[58]. Meanwhile, for somatic cellular therapies, the
minimum acceptable viability specification recom-
mended by the U.S. Food and Drug Administration
(FDA) is generally set at 70% [69]. Stem cell trans-
plantation is a procedure in which a patient receives
healthy SCs to replace damaged SCs. The main types
of stem cell transplantation are (a) autologous trans-
plantation, where the patient’s own SCs are used to
avoid compatibility issues and (b) allogeneic trans-
plantation, where the SC comes from a donor who
may be a family member or someone unrelated to
the patient [55]. Whether the administration of SCs
should be peripheral or local, has yet to be defined.
At Kyoto University Hospital, Takayuki Kikuchi
deposited dopamine precursor cells into the brain of
a patient with Parkinson’s disease at 12 sites, known
to be centers of dopamine activity, after research
with a primate model of Parkinson’s disease [70].
Although researchers reported that the patient had
no adverse reactions to the cells in the short term,
no further details of its efficacy and long-term safety
have been disclosed. In the case of AD, most clini-
cal trials perform several stereotactic injections in the
hippocampus, precuneus, or other regions (see clini-
cal trials in the next section). How these cells migrate
from injection sites to other affected areas of the brain
remains elusive [71, 72].

Control of stem cell proliferation and
effectiveness

In vitro, to prevent the possibility that human SCs
might develop into embryogenic structures with the
potential to become a living organism, the Interna-
tional Society for Stem Cell Research (ISSCR) states
that these should be kept in culture just for the min-
imum period necessary for the study. The “14-day
rule” [73] restricts the cultivation of human embryos
to the 14th-day post-fertilization [74]. In vivo, one
of the main concerns is the ability to monitor
non-invasively the transplanted cells in the same indi-
viduals over time, from new localization to viability,
migration, and differentiation. There are two main
classes of cell-labeling methods: direct and indi-
rect. For direct, a labeling agent is introduced into
the cell before transplantation, mainly radiotracers,
nanoparticles, or quantum dots. The disadvantage of
this method is that it only allows short-term tracing
because of the decreasing imaging signal [75–78].
For the indirect labeling method, a reporter gene



M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease 923

transduced into the cell before transplantation is
visualized upon the injection of a specific probe.
This method offers the advantage of long-term imag-
ing for cell survival and longitudinal measurements.
Also, it generates signals dependent on cell viabil-
ity [79]. However, disadvantages include the cost,
cellular dysfunction, cell death, immunogenicity of
the gene product, and potential risk for uncontrolled
growth or malignancy [75]. Bioluminescence imag-
ing, fluorescence imaging, single-photon emission
computed tomography, magnetic resonance imaging,
or positron emission tomography are some of the
imaging systems used in conjunction with these tech-
nologies [79–81].

STEM CELL THERAPY IN ALZHEIMER’S
DISEASE

To date, the mechanism of action by which SCs
therapy may exert its effects remains unclear. Also,
it is necessary to conduct several studies that prove
the safety and efficacy of AD treatment. It is impor-
tant to emphasize that in addition to cell replacement
therapy, SCs therapy could have neuroprotective
effects through antioxidant, anti-inflammatory, anti-
apoptotic, angiogenic, and neurogenic mechanisms
[82, 83].

Several preclinical studies for AD have provided
promising results. It has been proposed that SC ther-
apy may have effects by reducing amyloid plaques,
hyperphosphorylation of tau [84], and a decrease
neuroinflammation environment, consistent with the
observations from murine AD models [85]. Likewise,
SC therapy could have immunomodulatory effect,
regulating the activity of pro-inflammatory cytokines
[86] and vascular endothelial growth factor [87].
Also, this therapy could favor the neurogenesis and
synaptogenesis process and improve the cognitive
deficits [86, 88, 89]. These effects can be obtained by
regulating metabolic activity, the anti-inflammatory
factors secretion, and various signaling pathways
associated with the BDNF and nerve growth factor
[90, 91].

In this sense, hundreds of experiments have been
carried out in animal models [90, 91]. Although some
studies have shown encouraging results, some aspects
have not been sufficiently demonstrated. Marsh and
colleagues analyzed the long-term effect of human
NSCs transplantation in an immune-deficient mouse
model of AD (Rag-5xFAD mice). Five months after
transplantation, they found no evidence of improved

learning and memory, no effect on amyloid levels,
no changes in brain-derived neurotrophic factor, no
glial or neuronal differentiation, and no increase in
synaptic density [92]. In the mice 3xTg-AD model,
in contrast with what occurs in AD patients, there is
no massive neuronal death in the hippocampus due
to the intracellular accumulation of NFTs. This is
because there is an expression of phosphorylated tau
protein [93] but not of truncated tau, which favors
polymerization into PHFs [15, 94–97]. Thus, after
repopulation with human NSCs of areas such as the
hippocampus and cortex, where there is no massive
neuronal death in this model, no changes in synap-
tic density or amyloid deposits would be expected.
Most likely, the unfavorable results in these types of
studies are due to the use of human SCs in mice. The
correct experimental design would imply the use of
SCs of the same species. Another important aspect is
that the time frame for the efficacy of the transplanted
SCs over time. The optimal time frame for AD is not
clear. In one study, NSCs were transplanted into the
brains of TG2576 mice at 12- and 15-months of age
brains. Although memory in the 12-month-old mice
improved, this was not the case for the 15-month-
old mice [98]. Importantly, these studies require that
the implanted SCs be labeled to monitor their migra-
tion to the affected brain areas. MSCs in young mice
were found in the lung, axillary lymph nodes, blood,
kidney, bone marrow, spleen, liver, heart, and brain
cortex. In contrast, young MSCs that were trans-
planted into aged mice were found only in the brain
cortex. In both young and aged mouse recipients,
transplantation of aged MSCs showed biodistribution
only in the blood and spleen [99].

The concentration of cells delivered also sig-
nificantly influences the distribution, viability, and
efficacy of the method. Kim et al. observed that,
at three different concentrations delivered intracere-
broventricularly, MSCs were more widespread and
viable using the lower concentration. This suggests
that a lower dose could have a therapeutic action by
releasing paracrine factors [100]. Aspects like the
mechanism of stimulation of the neurogenic niche,
or the relationship between transplanted MSCs in
the ventricular area and the cerebrospinal fluid, are
not clear. Another concern of the transplantation of
SCs is the appearance of adverse effects. In one
study, neural SCs (253G1-NSs) were transplanted
to treat spinal cord injury in mice, and the long-
term safety efficacy was assessed. Although the mice
experienced an improvement of motor function up
to 47 days after transplantation, there was a gradual
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deterioration in motor function, followed by the pro-
liferation of grafted cells and tumor development.
These findings suggest that cell proliferation and
induced tumor formation increase over time [101].
Despite the results with animal models, most reg-
istered clinical trials using SCs in humans are at an
early stage, where their safety and efficacy have yet to
be validated and any treatments approved by regula-
tory agencies. To date, there are only a few registered
clinical trials using cellular therapy for AD that have
been completed. The results of other studies have
yet to be reported or, in some cases, have been sus-
pended (Clinicaltrials.gov. https://clinicaltrials.gov
Accessed June 2021) (Table 1). Of the com-
pleted trials, NCT03117738 tested the efficacy of
autologous AdMSCs administrated intravenously.
The procedure was repeated nine times at 2-week
intervals. Although no study results have been
reported, a follow-up clinical study compares the
efficacy and safety of these SCs versus donepezil
(NCT04482413). In NCT01297218, the safety and
effectiveness of stereotactic brain injection of human
umbilical cord blood-derived mesenchymal stem
cells (hUCB-MSCs) were tested in mild to moderate
AD. Nine patients with AD received treatment and
were followed for 12 weeks and up to 24 months.
There was no dose-limiting toxicity. The adminis-
tration of hUCB-MSCs into the hippocampus and
precuneus by stereotactic injection did not produce
any serious adverse events, just some minor side
effects such as wound pain, headache, dizziness, and
delirium. It is difficult to understand how an older
adult can withstand surgery of this nature and the nee-
dle damage in the injection. Although hUCB-MSCs
administration for 40 days into the hippocampus
of 10-month-old APPswe/PS1dE9 mice decreased
A�42 levels and plaque formation [102], this effect
could not be replicated in AD patients [103]. We sug-
gest that applying the SCs inoculum in layer two of
the entorhinal cortex (EC), instead of the hippocam-
pus, would be more appropriate. This is because EC
is one of the first areas affected in AD and most
sensitive to neuronal death due to the accumulation
of NFTs [104–106]. How neuronal differentiation is
induced in these areas after transplantation needs to
be clarified. Besides, in this clinical trial, authors
reported that the rate of cognitive decline in the
patients was faster (nine-point drop in Mini-Mental
State Examination (MMSE) score within two years)
following this intervention, than typical AD pro-
gression (three-point drop in MMSE score per year)
[98]. The investigators argued that different brain

pathologic environments might explain the different
responses to MSCs treatment. Also, the early-onset
AD of most participants could justify the rapid pro-
gression in cognitive decline after the therapy. The
lack of healthy control participants and a small sam-
ple size precluded any conclusion drawn from the
study [98]. Other clinical trials completed in the first
phase, have initiated a second clinical trial consist-
ing of a long-term follow-up study to obtain safety
and efficacy data (for example, NCT02054208 and
NCT03172117).

There are several registered active clinical trials
(Clinicaltrials.gov. https://clinicaltrials.gov Acces-
sed June 2021) (Table 1). All these trials are using
MSCs, either isolated from adipose tissue (NCT0
4388982 and NCT04228666), placenta (NCT02
899091), umbilical cord blood (NCT02054208),
bone marrow (NCT03724136 and NCT02600130),
or are from an unspecified source (NCT02833792).
Due to their unique properties, such as rapid pro-
liferation, high differentiation capacity, and ability
to migrate into the site of damage, MSCs are
increasingly being used for cell therapy and tissue
regeneration [107]. However, it remains to be estab-
lished whether MSCs would differentiate only to
neurons or to other cell types in a tissue with cel-
lular heterogeneity. This is important because it is
often assumed that transplanted SCs will give rise
only to the cell lineage of interest. In these ongo-
ing trials, the delivery routes for MSCs are different:
intraventricular injection, intranasal, or intravenous
administration. Intranasal administration is a promis-
ing route of delivery of SCs to the CNS that has
emerged in recent years. Cells might cross the olfac-
tory epithelium, pass into a space adjacent to the
periosteum of the turbinate bones, and then enter
the subarachnoid space [108]. One of the biggest
obstacles in AD therapeutics is that most of the cur-
rent drugs are introduced too late, according to the
natural course of the disease. Therefore, new ther-
apeutic approaches should target earlier stages in
the AD progression before generalized neurodegen-
eration occurs and dementia has been established
[109]. According to this hypothesis, an essential
step in developing any SC therapy is to choose a
presymptomatic or early AD stage and thus limit neu-
rodegeneration and/or exert neuroprotective effects.
Since later AD stages, the strategies that use iPSC
should be more elaborate due to the generalized neu-
rodegeneration process [110, 111]. More research
and preclinical trials are still required to elucidate
the mechanisms of action of SCs.

https://clinicaltrials.gov
https://clinicaltrials.gov
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Table 1
Clinical trials with stem cells for the treatment of Alzheimer’s disease. The active and complete clinical trials are shown. Information obtained from http://clinicaltrials.gov, until May 27, 2020

Clinical trial no. Title Intervention Status Country Sponsor References

NCT03172117 Follow-up study of safety
and efficacy
NEUROSTEM clinical
trial (NCT02054208)

A long-term follow-up study to obtain safety and
efficacy data in subjects who completed phase 1/2a
clinical trial of NEUROSTEM (human umbilical cord
blood-derived mesenchymal stem cells)

Active (estimated study
completion date:
August 2022)

Korea Medipost Co Ltd. ClinicalTrials.Gov

NCT03724136 Alzheimer’s Autism and
Cognitive Impairment
Stem Cell Treatment Study
(ACIST)

Non-randomized, parallel assignment, and clinical trial
to evaluate the use of autologous Bone
Marrow-Derived Stem Cells (BMSC) to improve
cognitive impairment in AD. 100 patients will be
assigned to each of the 3 groups: Group 1: Intravenous
administration of 14 cc of BMSC fraction. Group 2:
Intravenous administration of 14 cc of BMSC fraction
combined with Near-Infrared Light exposure. Group
3: Intravenous administration of 14 cc of BMSC
fraction combined with Intranasal topical 1 cc of
BMSC fraction.

Active (estimated study
completion date:
October 2022)

United
States

MD Stem Cells ClinicalTrials.Gov

NCT04388982 Safety and Efficacy
Evaluation of exosomes
derived from Allogenic
Adipose Mesenchymal
stem cells (MSC-Exos) in
Patients With Alzheimer’s
Disease

Single-center, open-label, phase I/II clinical trial. To
explore the safety and efficacy of MSC-Exos in mild
to moderate AD. 9 subjects will be assigned to one of
the three study groups: low (5 �g), mild (10 �g), or
high (20 �g) dosage of MSC-Exos. Administrated for
nasal drip twice a week, for 12 weeks.

Active (estimated study
completion date: April
2022).

China Cellular
Biomedicine
Group Ltd

ClinicalTrials.Gov

NCT04040348 Safety, possible side effects,
effectiveness of
mesenchymal stem cell
infusions in mild to
moderate AD patients.

Single group assignment, open label, phase I. To
evaluate the safety, tolerability, and outcomes of
multiple allogeneic human MSC infusions in mild to
moderate AD patients. Participants in the treatment
group will receive a total of 4 doses. Each dose (100
million cells) will be administered (intravenously) one
about 13 weeks within a year period.

Active (estimated study
completion date:
September 2022)

United
States

Bernard (Barry)
Baumel

ClinicalTrials.Gov

(Continued)

http://clinicaltrials.gov
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Clinical trial no. Title Intervention Status Country Sponsor References

NCT02899091 Evaluation of the Safety and
Potential Therapeutic
Effects After Intravenous
Transplantation of
placenta-derived
mesenchymal stem cells
(CB-AC-02) in Patients
with Alzheimer’s Disease

Randomized, Double-blind, Placebo-controlled, Phase
I/IIa Clinical Trial to evaluate the safety and the
potential therapeutic effects of CB-AC-02 in AD. 24
patients will be randomized in the treatment cohorts:
intravenous transplantation of 2.0 × 10∧8 cells on day
0, and 4 weeks later, or placebo.

Active (estimated study
completion date:
December 2021)

Korea CHABiotech
CO., Ltd

ClinicalTrials.Gov

NCT04228666 A Clinical Trial to Determine
the Safety and Efficacy of
Hope Biosciences
autologous adipose-derived
mesenchymal Stem Cell
Therapy (HB-adMSCs) for
the Treatment of
Alzheimer’s Disease

Phase I/IIa, open-label, non-randomized study in 24
subjects with AD. Administration of four intravenous
infusions of autologous adipose-derived mesenchymal
stem cells (HB-adMSC) (2 × 10∧8 total HB-adMSC
cells), comparison between baseline data and
follow-up to evaluate the safety profile, will be
performed.

Active (estimated study
completion date:
February 2021)

United
States

Hope Biosciences ClinicalTrials.Gov

NCT02600130 Allogeneic Human
Mesenchymal Stem Cell
Infusion Versus Placebo in
Patients with Alzheimer’s
Disease

Phase I, prospective, randomized, placebo-controlled,
double-blinded study. To evaluate the safety and
efficacy of Longeveron Mesenchymal Stem Cells
(LMSCs) for the treatment of AD. 25 subjects will be
randomized to (2 : 2:1) to receive peripheral
intravenous infusions of low-dose LMSCs
(20 × 10∧6), high-dose LMSCs (100 × 10∧6) or
placebo (Plasmalyte A and 1% human serum albumin
(HSA)). Subjects will be followed up at 2, 4, 13, 26,
39, and 52-week post-study product infusion.

Active (estimated study
completion date:
September 2020).

United
States

Longeveron LLC ClinicalTrials.Gov

NCT02833792 Allogeneic Human
Mesenchymal Stem Cells
(hMSCs) for Alzheimer’s
Disease

Phase IIa multi-center, randomized, single-blind,
placebo-controlled, crossover study in subjects with
mild to moderate AD. 2 cohorts of subjects (20
subjects per group), randomized in a 1 : 1 allocation to
first receive active study drug (intravenous infusion of
1.5 × 10∧6 hMSCs per kg) or placebo (Lactate
ringer’s solution). After six months, each subject will
be switched to the other treatment. Efficacy and safety
by neurologic, functional, and psychiatric endpoints
will be evaluated.

Active (estimated study
completion date: June
2020).

United
States

Stemedica Cell
Technologies,
Inc.

ClinicalTrials.Gov
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Clinical trial no. Title Intervention Status Country Sponsor References
NCT04482413 A Study to Evaluate the

Safety and Efficacy of
AstroStem in Treatment of
Alzheimer’s Disease

Phase 2b, study with 2 treatment arms to compare
efficacy and safety of AstroStem (autologous adipose
tissue derived mesenchymal stem cells) vs. Donepezil
treatment.

Active (estimated study
completion date:
December 2023)

United
States

Nature Cell Co.
Ltd.

ClinicalTrials.Gov

NCT02054208 Safety and Exploratory
Efficacy Study of
NEUROSTEM® Versus
Placebo in Patients with
Alzheimer’s Disease

Double-blind, single-center, phase I/IIa. The study will
be divided into two stages: dose-escalation in stage 1
and randomized and multiple-dose cohort parallel
design in stage 2. 45 patients with mild to moderate
AD will be selected. The low-dose procedure will
consist of 3 repeated intraventricular administration of
1 × 10∧7 human umbilical cord blood-derived
mesenchymal stem cells (UCB-MSCs) cells/2 mL, via
an Ommaya Reservoir, at 4-week intervals. High-dose
procedure with 3 × 10∧7 UCB-MSCs cells/2 mL.
Safety, dose-limiting toxicity, and efficacy will be
accessed.

Completed (estimated
study completion date:
December 2019).

Korea Medipost Co Ltd. ClinicalTrials.Gov

NCT03117738 A Study to Evaluate the
Safety and Efficacy of
AstroStem in Treatment of
Alzheimer’s Disease

A randomized, double-blind, placebo-controlled,
parallel-group comparison study in subjects with AD
to evaluate the safety and efficacy of Autologous
adipose tissue-derived Mesenchymal Stem Cells
(AdMSC). 21 subjects were randomized to receive
either intravenous AdMSC or a placebo control (saline
with 30% auto-serum). The procedure repeated 9
times at a 2-week interval.

Completed (estimated
study completion date:
June 2019)

United
States

Nature Cell Co.
Ltd.

ClinicalTrials.Gov

NCT01297218 Stereotactic brain injection
of human umbilical cord
blood mesenchymal stem
cells in patients with
Alzheimer’s disease
dementia

Open-label, single-center, phase 1 clinical trial to
evaluate the safety and dose-limiting toxicity of
stereotactic brain injection of human umbilical cord
blood–derived mesenchymal stem cells
(hUCB-MSCs). The low-dose (n = 3) and high-dose
(n = 6) groups received a total of 3.0 × 10∧6
cells/60 �L and 6.0 × 10∧6 cells/60 �L, respectively,
into the bilateral hippocampus and right precuneus.

Completed (estimated
study completion date:
December 2011)

Korea Medipost Co Ltd. ClinicalTrials.Gov
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Cell-derived exosomes as a possible alternative
for stem cell therapy in AD

Notably, one of the ongoing studies (NCT04388
982) includes the use of exosomes derived from
adipose mesenchymal stem cells (MSC-Exos). Exo-
somes are produced by the endosomal network,
and can transfer functional molecules like proteins,
lipids, and RNA. It has been postulated that the
transfer of damaged neuronal cell-derived exosomes
could lead to the spread of AD. Besides, prion-like
mechanisms involved in AD would include altered
cell communication due to alterations of the endo-
somal/lysosomal secretion system. In that sense,
exosomes isolated from SCs could promote neu-
roplasticity and neural replacement in AD [112].
MSC-Exos therapy has been suggested to be a
potential alternative for AD treatment due to its
immunomodulatory properties and promoting the A�
degradation. Recently, in a study using AD trans-
genic mice, it was shown that MSC-exos could play
a fundamental role in the A� degradation through
regulating the activity of the enzymes neprilysin and
the insulin-degrading enzyme [113, 114]. Likewise,
in AD transgenic mice, it has been shown that MSC-
Exos could have neuroimmunomodulatory effects by
reducing neuroinflammation and improving memory
and learning processes [115, 116]. MSC-Exos could
have anti-inflammatory effects regulating the activa-
tion of microglia and astrocytes and the release of
cytokines [117]. Therefore, it has been suggested that
MSC-Exos-based therapy may have several benefits:
high safety profile, anti-inflammatory effects, low
immunogenicity, low risk of tumorigenesis, avoid-
ing mutations and DNA damage caused by cell
transplantation readily cross the BBB [118–122].
However, this therapy still has several limitations
and challenges: 1) MSC-Exos storage, isolation and
standardization studies are required for better com-
parability and reproducibility; 2) it is still difficult
to establish the specific source of MSC-Exos with
greater therapeutic potentials; 3) MSCs can secrete
harmful cytokines and have paracrine effects; 4) the
adverse effects, the optimal dose and route of admin-
istration are not yet clarified [123, 124].

The link between 3D printing technology and
stem cells

The techniques based on bioprinting and the imple-
mentation of 3D organoids are beneficial tools for
developing innovative cell cultures. They generate

3D models where cells can be eliminated systemat-
ically and control their growth in similar structures
to tissues [125]. In this way, the association of 3D
bioprinting technologies and those based on iPSCs
could develop more reliable and realistic cell cultures
and, above all, focus the investigation of organoids
derived from differentiated cells of patients. Gener-
ally, 3D human brain cultures are generated through
iPSC differentiation, either in neuronal cell aggre-
gates or even more complex brain organoids. The
first one was generated from human neuronal pro-
genitors cultured in a 3D suspension, while the latter
are generally obtained through serum-free floating
cultures of embryoid body-like aggregates [126].
Based on this last method, a new class of organoids
called “mini-brains” has been obtained, present-
ing different discrete but interdependent brain areas
[127]. Brain organoids have been used to study, ana-
lyze, and implement new therapeutic approaches for
neurodegenerative diseases [126, 128]. Recently, a
self-organizing 3D human array was developed from
iPSCs derived from AD patients with a duplication
in the APP gene. This model mimicked the main AD
hallmarks, such as pathological A� aggregates and
tau phosphorylation. It also allowed the implemen-
tation of a therapeutic strategy focused on �- and
�-secretase inhibitors [129]. However, the organoid-
based technology presents some limitations [130]: 1)
they present only an epithelial monolayer without a
tissue microenvironment, like the one present in the
CNS; 2) the proper maturation of the organs or tis-
sues has not yet been achieved; 3) the dependence of
the extracellular matrix “Matrigel”, which is derived
from mouse tumor lines and could facilitate tumor
formation and impede drug penetration; 4) Molecu-
lar inhibitors and/or growth factors in the cell culture
medium could generate effects on the responses of
organoids to drugs. Future research is required to
evaluate these limitations.

LIMITATIONS OF SCS THERAPY IN
ALZHEIMER’S DISEASE

In recent years, SCs therapies have offered the
potential to treat diseases with no current successful
therapies. Sometimes called “master cells”, SCs have
the potential to repair, restore, replace, and regenerate
cells. However, the molecular mechanism by which
SCs may rescue the disease has not been defined
[131]. Despite some early promise, there are very few
reports of completed registered trials involving SCs
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transplantation in AD patients. Furthermore, studies
conducted with animal models have failed to provide
evidence of either efficacy or safety.

There are social and ethical concerns about using
SC-based technology, which also limits federal funds
and therefore advances in research. FDA is concerned
that some clinics may be inappropriately conduct-
ing clinical SCs treatment without FDA review to
ensure that it is reasonably safe and effective [132].
The only SC-based products that are FDA-approved
for use in the United States consist of blood-forming
SCs (hematopoietic progenitor cells) derived from
cord blood. These products are approved for lim-
ited use in patients with disorders that affect the
body system involved in the production of blood
[133]. Despite not having conclusive results about the
safety and efficacy of SCs, many clinics are apply-
ing therapies to patients affected by AD. The type
of cells they use, dose, form, and duration of treat-
ment, among other variables, can vary. In the United
States, between 2009 and 2014, clinics with web-
sites that carried out SCs treatments overgrew, at
least doubling every year [134]. By 2017, there were
more than 700 companies [135]. To this number, we
must add other non-regulated clinics or laboratories,
which may operate without a well-defined regulatory
framework. The cost of SCs therapy can range from
USD $5,000–$50,000. This price can vary signifi-
cantly depending on the number and origin of the
SCs, viability, country, and whether the clinic or lab
is regulated [136]. Other costs, such as pre-surgical
lab work, medications, or hospital stay, should also
be considered. In the European Union, specific rules
(Regulation (EC) No 1394/2007) were introduced
in 2007 to ensure that SCs therapy is subject to
appropriate authorization and control, with quality
standards for the traceability of materials, treatment
protocols, and patient follow-up measures. On the
other hand, Japan, which has invested billions of yen
in PSCs, made by reprogramming an individual’s
adult cells and that can develop into any body tissue,
have created a fast-track system for SCs treatments
and regenerative medicine [137]. The use of SCs
also poses a source of ethical conflicts. The ESCs,
the most common pluripotent SCs, can be removed
from human embryos, potentially becoming a human.
Because of this, scientists have focused on isolating
SCs without endangering the embryo [55].

The use of SCs can lead to side effects observed in
clinical practice. One of the major concerns is tumori-
genicity. Self-renewal and plasticity are properties
that characterize cancer cells, and SCs transplantation

could prepare fertile ground for tumor development.
It has been hypothesized that SCs can even mimic
tumor development due to high diversity of cells
[138]. Also, isolating SCs from their original niche,
which provides them a specific molecular regulator
and a suitable physicochemical environment, could
have unexpected or undesirable outcomes once inte-
grated into different organs of the body [131].

Several cases of immune rejection or graft ver-
sus host disease have been reported. Although most
clinics claim to use SCs from the patient’s body
fat, bone marrow, and blood, on other occasions,
cells from amniotic fluid, placental tissue, umbili-
cal cord tissue, and even unknown sources of cells
from different donors are used. Due to the risk
of rejection and achieving graft survival, immuno-
suppressive therapy has been suggested, promoting
MHC class I-dependent NK cell-mediated elimina-
tion [139]. Nevertheless, immunosuppressive therapy
could favor opportunistic infections in patients.
Therefore, for the advancement in SCs-based thera-
pies, it becomes essential to establish the mechanisms
by which the host tolerance to the donor graft is
regulated. Interestingly, the use of gene editing has
been proposed to avoid immune rejection. Through
this technology, the SCs genome can be manipu-
lated ex vivo to correct the underlying genetic defect
before transplantation and prevent the host’s immune
response [140, 141].

Therefore, at present, it is probably best to use the
patient’s cells and devolve them into their pluripo-
tent stage of development. Genomic instability is
also recognized as one of the most critical hurdles
in the field of SCs based therapy [142]. In addition to
the above, the FDA includes many safety concerns:
administration site reactions, the ability of cells to
move from placement sites, and change into inappro-
priate cell types or multiply and failure of cells to
work as expected.

In the case of AD, the therapy with SCs generates
many unanswered questions. There are no data on
what type of SCs would be the most effective for this
treatment: differentiated or undifferentiated pluripo-
tent. Likewise, information about cell concentration,
number of effective doses, and duration of treatment
is missing. The type of transplantation that should be
carried out is not defined: localized (by stereotactic
injections) or peripheral; and how cell migration to
the affected brain area occurs. There is no evidence on
the effectiveness of SCs therapy in humans: how SCs
can eliminate the inflammatory and toxic environ-
ment generated by the A� peptide; how connections
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between the healthy cells would be originated; or how
the cell repopulation would affect other metabolic
pathways. Whether SCs transplantation would pre-
vent communication between damaged cells or the
spreading of pathological tau protein between neu-
rons [23, 24, 71, 72] remains elusive. Finally, since
it has not been possible to demonstrate the safety of
this type of therapy for AD, continuous monitoring
of the patient would be required to avoid both short
and long-term harmful side effects.

Alternatives to overcome the limitations of stem
cell-based therapy

As we have described, most of the current research
focuses on therapy based on the transplantation of
externally cultured cells. However, they have several
limitations, including rejection and post-transplant
immune response. Therefore, it has been proposed
that the use of in vivo reprogramming directly may
be an alternative to overcome these obstacles. In
vivo reprogramming consists of using internal cells
to regenerate specific cells and restore tissues. In this
sense, viral injections can be used, which ectopically
express transcription factors in a particular type of
cell, which would be reprogrammed in a different
kind of target cell. This technology has been used to
regenerate new neurons both at the brain and spinal
level.

The transcription factor called Neurogenin2
(Ngn2) has shown efficacy in the direct in vivo repro-
gramming of astrocytes into functional neurons in
adult mouse brains. However, the reprogramming
efficiency is low [143, 144]. Other studies have shown
that the reprogramming efficiency increases when
Ngn2 is co-expressed with Bcl2 [143]. Likewise, a
high reprogramming efficiency mediated by neuronal
differentiation 1 (NeuroD1) has been demonstrated.
Previous studies showed in brain slices that neu-
ron converted with NeuroD1 matured after 1 month
of treatment and also created new connections with
pre-existing neurons [145]. Interestingly, it has been
found that direct reprogramming in the mouse brain
can be achieved by combining the transcription fac-
tors Ascl1, Brn2, and Myt1l, converting fibroblast
cells into neurons astrocytes into neuron-like cells
[146].

The Neuron-glial antigen 2 (NG2), which is also
called “oligodendrocyte precursor cells”, can also
differentiate into neurons according to experiments
carried out in the adult mouse brain. These studies
showed that NeuroD1 also reprograms NG2 cells into

glutamatergic and GABAergic neurons [145]. Future
research is required to advance clinical trials. One of
the main challenges in SCs therapy and in vivo repro-
gramming therapy is neuronal viability, which could
be interfered with by a neurodegenerative disease,
such as AD. Since there is a neuroinflammatory envi-
ronment triggered by glial activation [147] in AD,
newly differentiated neurons may not survive and
may not create new synaptic connections. Therefore,
it is necessary to establish complementary therapeutic
strategies that favor the survival of newly differ-
entiated neurons. Besides, since most neurological
diseases preferentially damage specific neural sub-
types, it is required to advance in this technology
to generate these particular subtypes. To date, the
formation of new neuronal networks and functional
connectivity remains a challenge.

CONCLUSION

Many SCs therapies are still experimental.
Although SCs products may offer the enormous
potential to treat many medical diseases, there is not
enough scientific evidence to ensure that its use is
safe and provides some health benefits. AD is a com-
plex disease with devastating effects for both patients
and families, so finding an effective treatment has
become an urgent need. Although several studies
with SCs in animal models for AD have been car-
ried out, the difference in the molecular patterns of
these models to humans, together with the contradic-
tory findings obtained, have prevented the translation
of this technique to the treatment of AD. More pro-
found knowledge of the cellular mechanisms related
to the use of SCs, in both animal models and humans
is essential before the benefits of such therapy can be
established in the clinic.
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M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease 931

This work was supported by Fondo Nacional de
Ciencia y Tecnologia, FONDOCyT, from the Min-
istry of Higher Education, Science and Technology,
Dominican Republic (2015-3A2-127 to M.P-H and
2018-19-2A3-208 to MP-H and JL-M).

Authors’ disclosures available online (https://.j-
alz.com/manuscript-disclosures/20-0863r2).

REFERENCES

[1] Reitz C, Mayeux R (2014) Alzheimer disease: Epidemi-
ology, diagnostic criteria, risk factors and biomarkers.
Biochem Pharmacol 88, 640-651.

[2] Jiang T, Yu JT, Tian Y, Tan L (2013) Epidemiology and eti-
ology of Alzheimer’s disease: From genetic to non-genetic
factors. Curr Alzheimer Res 10, 852-867.

[3] Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R,
Hill R, Hansen LA, Katzman R (1991) Physical basis of
cognitive alterations in Alzheimer’s disease: Synapse loss
is the major correlate of cognitive impairment. Ann Neurol
30, 572-580.

[4] Spires-Jones TL, Hyman BT (2014) The intersection of
amyloid beta and tau at synapses in Alzheimer’s disease.
Neuron 82, 756-771.

[5] Haass C, Schlossmacher MG, Hung AY, Vigo-Pelfrey C,
Mellon A, Ostaszewski BL, Lieberburg I, Koo EH, Schenk
D, Teplow DB, Selkoe DJ (1992) Amyloid beta-peptide
is produced by cultured cells during normal metabolism.
Nature 359, 322-325.

[6] Gouras GK, Olsson TT, Hansson O (2015) beta-Amyloid
peptides and amyloid plaques in Alzheimer’s disease. Neu-
rotherapeutics 12, 3-11.

[7] Gouras GK, Tampellini D, Takahashi RH, Capetillo-
Zarate E (2010) Intraneuronal beta-amyloid accumulation
and synapse pathology in Alzheimer’s disease. Acta Neu-
ropathol 119, 523-541.

[8] Miyakawa T, Shimoji A, Kuramoto R, Higuchi Y (1982)
The relationship between senile plaques and cerebral
blood vessels in Alzheimer’s disease and senile dementia.
Morphological mechanism of senile plaque production.
Virchows Arch B Cell Pathol Incl Mol Pathol 40, 121-129.

[9] Harigaya Y, Saido, T.C., Eckman, C.B., Prada, C.M (2000)
Amyloid beta protein starting pyroglutamate at position
3 is a major component of the amyloid deposits in the
Alzheimer’s disease brain. Biochem Biophys Res Commun
276 (2), 422-427.

[10] Perez-Garmendia R, Hernandez-Zimbron LF, Morales
MA, Luna-Munoz J, Mena R, Nava-Catorce M, Acero G,
Vasilevko V, Viramontes-Pintos A, Cribbs DH, Gevorkian
G (2014) Identification of N-terminally truncated pyrog-
lutamate amyloid-beta in cholesterol-enriched diet-fed
rabbit and AD brain. J Alzheimers Dis 39, 441-455.

[11] Saido TC, Iwatsubo T, Mann DM, Shimada H, Ihara Y,
Kawashima S (1995) Dominant and differential deposition
of distinct beta-amyloid peptide species, A beta N3(pE),
in senile plaques. Neuron 14, 457-466.

[12] Boese AC, Hamblin MH, Lee JP (2019) Neural stem cell
therapy for neurovascular injury in Alzheimer’s disease.
Exp Neurol 324, 113112.

[13] Luna-Munoz J, Peralta-Ramirez J, Chavez-Macias L, Har-
rington CR, Wischik CM, Mena R (2008) Thiazin red
as a neuropathological tool for the rapid diagnosis of

Alzheimer’s disease in tissue imprints. Acta Neuropathol
116, 507-515.

[14] Mena R, Edwards P, Perez-Olvera O, Wischik CM (1995)
Monitoring pathological assembly of tau and beta-amyloid
proteins in Alzheimer’s disease. Acta Neuropathol 89,
50-56.

[15] Flores-Rodriguez P, Ontiveros-Torres MA, Cardenas-
Aguayo MC, Luna-Arias JP, Meraz-Rios MA, Vira-
montes-Pintos A, Harrington CR, Wischik CM, Mena R,
Floran-Garduno B, Luna-Munoz J (2015) The relationship
between truncation and phosphorylation at the C-terminus
of tau protein in the paired helical filaments of Alzheimer’s
disease. Front Neurosci 9, 33.

[16] Luna-Viramontes NI, Campa-Cordoba BB, Ontiveros-
Torres MA, Harrington CR, Villanueva-Fierro I, Guadar-
rama-Ortiz P, Garces-Ramirez L, de la Cruz F, Hernandes-
Alejandro M, Martinez-Robles S, Gonzalez-Ballesteros
E, Pacheco-Herrero M, Luna-Munoz J (2020) PHF-core
tau as the potential initiating event for tau pathology in
Alzheimer’s disease. Front Cell Neurosci 14, 247.

[17] Apatiga-Perez R, Soto-Rojas LO, Campa-Cordoba BB,
Luna-Viramontes NI, Cuevas E, Villanueva-Fierro I,
Ontiveros-Torres MA, Bravo-Munoz M, Flores-Rodri-
guez P, Garces-Ramirez L, de la Cruz F, Montiel-Sosa
JF, Pacheco-Herrero M, Luna-Munoz J (2021) Neurovas-
cular dysfunction and vascular amyloid accumulation as
early events in Alzheimer’s disease. Metab Brain Dis, doi:
10.1007/s11011-021-00814-4.

[18] Nagele RG, D’Andrea MR, Lee H, Venkataraman V, Wang
HY (2003) Astrocytes accumulate A beta 42 and give rise
to astrocytic amyloid plaques in Alzheimer disease brains.
Brain Res 971, 197-209.

[19] Frost GR, Li YM (2017) The role of astrocytes in amyloid
production and Alzheimer’s disease. Open Biol 7, 170228.

[20] Birch AM (2014) The contribution of astrocytes to
Alzheimer’s disease. Biochem Soc Trans 42, 1316-1320.

[21] Weller J, Budson A (2018) Current understanding of
Alzheimer’s disease diagnosis and treatment. F1000Res
7, F1000 Faculty Rev-1161.

[22] Panza F, Lozupone M, Seripa D, Imbimbo BP (2019)
Amyloid-beta immunotherapy for alzheimer disease: Is
it now a long shot? Ann Neurol 85, 303-315.

[23] Jucker M, Walker LC (2013) Self-propagation of patho-
genic protein aggregates in neurodegenerative diseases.
Nature 501, 45-51.

[24] Mudher A, Colin M, Dujardin S, Medina M, Dewachter I,
Alavi Naini SM, Mandelkow EM, Mandelkow E, Buee L,
Goedert M, Brion JP (2017) What is the evidence that tau
pathology spreads through prion-like propagation? Acta
Neuropathol Commun 5, 99.

[25] Novak P, Kontsekova E, Zilka N, Novak M (2018) Ten
years of tau-targeted immunotherapy: The path walked
and the roads ahead. Front Neurosci 12, 798.

[26] Knoblich JA (2008) Mechanisms of asymmetric stem cell
division. Cell 132, 583-597.

[27] Zhong W, Chia W (2008) Neurogenesis and asymmetric
cell division. Curr Opin Neurobiol 18, 4-11.

[28] Dulak J, Szade K, Szade A, Nowak W, Jozkowicz A
(2015) Adult stem cells: Hopes and hypes of regenerative
medicine. Acta Biochim Pol 62, 329-337.

[29] Daley GQ (2015) Stem cells and the evolving notion of
cellular identity. Philos Trans R Soc Lond B Biol Sci 370,
20140376.

[30] Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA,
Swiergiel JJ, Marshall VS, Jones JM (1998) Embryonic

https://.j-alz.com/manuscript-disclosures/20-0863r2


932 M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease

stem cell lines derived from human blastocysts. Science
282, 1145-1147.

[31] Leventhal A, Chen G, Negro A, Boehm M (2012) The
benefits and risks of stem cell technology. Oral Dis 18,
217-222.

[32] Qiang L, Fujita R, Yamashita T, Angulo S, Rhinn H, Rhee
D, Doege C, Chau L, Aubry L, Vanti WB, Moreno H,
Abeliovich A (2011) Directed conversion of Alzheimer’s
disease patient skin fibroblasts into functional neurons.
Cell 146, 359-371.

[33] Penney J, Ralvenius WT, Tsai LH (2020) Modeling
Alzheimer’s disease with iPSC-derived brain cells. Mol
Psychiatry 25, 148-167.

[34] Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shi-
mamura A, Lensch MW, Cowan C, Hochedlinger K,
Daley GQ (2008) Disease-specific induced pluripotent
stem cells. Cell 134, 877-886.

[35] Rinkevich Y, Lindau P, Ueno H, Longaker MT, Weiss-
man IL (2011) Germ-layer and lineage-restricted stem/
progenitors regenerate the mouse digit tip. Nature 476,
409-413.

[36] Humphries A, Graham TA, McDonald SA (2011) Stem
cells and inflammation in the intestine. Recent Results
Cancer Res 185, 51-63.

[37] Coulombel L (2004) Identification of hematopoietic
stem/progenitor cells: Strength and drawbacks of func-
tional assays. Oncogene 23, 7210-7222.

[38] Artlett CM, Smith JB, Jimenez SA (1998) Identifica-
tion of fetal DNA and cells in skin lesions from women
with systemic sclerosis. N Engl J Med 338, 1186-
1191.

[39] Terwey TH, Kim TD, Arnold R (2009) Allogeneic hema-
topoietic stem cell transplantation for adult acute lympho-
cytic leukemia. Curr Hematol Malig Rep 4, 139-147.

[40] Meletis J, Terpos E (2009) Transplantation strategies for
the management of patients with myelodysplastic syn-
dromes. J BUON 14, 551-564.

[41] de Witte T, Hagemeijer A, Suciu S, Belhabri A,
Delforge M, Kobbe G, Selleslag D, Schouten HC,
Ferrant A, Biersack H, Amadori S, Muus P, Jansen
JH, Hellstrom-Lindberg E, Kovacsovics T, Wijermans
P, Ossenkoppele G, Gratwohl A, Marie JP, Willemze
R (2010) Value of allogeneic versus autologous stem
cell transplantation and chemotherapy in patients with
myelodysplastic syndromes and secondary acute myeloid
leukemia. Final results of a prospective randomized
European Intergroup Trial. Haematologica 95, 1754-
1761.

[42] Broxmeyer HE, Douglas GW, Hangoc G, Cooper S, Bard
J, English D, Arny M, Thomas L, Boyse EA (1989) Human
umbilical cord blood as a potential source of transplantable
hematopoietic stem/progenitor cells. Proc Natl Acad Sci
U S A 86, 3828-3832.

[43] McGuckin CP, Forraz N (2008) Umbilical cord blood stem
cells–an ethical source for regenerative medicine. Med
Law 27, 147-165.

[44] Forraz N, Pettengell R, Deglesne PA, McGuckin CP
(2002) AC133+umbilical cord blood progenitors demon-
strate rapid self-renewal and low apoptosis. Br J Haematol
119, 516-524.

[45] Portmann-Lanz CB, Schoeberlein A, Portmann R, Mohr
S, Rollini P, Sager R, Surbek DV (2010) Turning placenta
into brain: Placental mesenchymal stem cells differentiate
into neurons and oligodendrocytes. Am J Obstet Gynecol
202, 294 e291-294 e211.

[46] Love JE, Hayden EJ, Rohn TT (2015) Alternative splicing
in Alzheimer’s disease. J Parkinsons Dis Alzheimers Dis
2, 6.

[47] Deans RJ, Moseley AB (2000) Mesenchymal stem cells:
Biology and potential clinical uses. Exp Hematol 28, 875-
884.

[48] Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Dou-
glas R, Mosca JD, Moorman MA, Simonetti DW, Craig S,
Marshak DR (1999) Multilineage potential of adult human
mesenchymal stem cells. Science 284, 143-147.

[49] Tse HF, Siu CW, Zhu SG, Songyan L, Zhang QY, Lai
WH, Kwong YL, Nicholls J, Lau CP (2007) Paracrine
effects of direct intramyocardial implantation of bone
marrow derived cells to enhance neovascularization in
chronic ischaemic myocardium. Eur J Heart Fail 9,
747-753.

[50] Nagaya N, Kangawa K, Itoh T, Iwase T, Murakami S,
Miyahara Y, Fujii T, Uematsu M, Ohgushi H, Yamagishi
M, Tokudome T, Mori H, Miyatake K, Kitamura S (2005)
Transplantation of mesenchymal stem cells improves car-
diac function in a rat model of dilated cardiomyopathy.
Circulation 112, 1128-1135.

[51] Hatten ME, Heintz N (1995) Mechanisms of neural pat-
terning and specification in the developing cerebellum.
Annu Rev Neurosci 18, 385-408.

[52] Duncan T, Valenzuela M (2017) Alzheimer’s disease,
dementia, and stem cell therapy. Stem Cell Res Ther
8, 111.

[53] Toda T, Parylak SL, Linker SB, Gage FH (2019) The role
of adult hippocampal neurogenesis in brain health and
disease. Mol Psychiatry 24, 67-87.

[54] Rizzoti K, Lovell-Badge R (2017) Pivotal role of median
eminence tanycytes for hypothalamic function and neuro-
genesis. Mol Cell Endocrinol 445, 7-13.

[55] Zakrzewski W, Dobrzynski M, Szymonowicz M, Rybak
Z (2019) Stem cells: Past, present, and future. Stem Cell
Res Ther 10, 68.

[56] McMurray RJ, Dalby MJ, Tsimbouri PM (2015) Using
biomaterials to study stem cell mechanotransduction,
growth and differentiation. J Tissue Eng Regen Med 9,
528-539.

[57] Abdal Dayem A, Lee SB, Kim K, Lim KM, Jeon TI, Seok
J, Cho AS (2019) Production of mesenchymal stem cells
through stem cell reprogramming. Int J Mol Sci 20, 1922.

[58] Sun C, Yue J, He N, Liu Y, Zhang X, Zhang Y (2016)
Fundamental principles of stem cell banking. Adv Exp Med
Biol 951, 31-45.

[59] Thompson ML, Kunkel EJ, Ehrhardt RO (2017) Stan-
dardized cryopreservation of stem cells. In Stem Cell
Technologies in Neuroscience. Neuromethods, Srivastava
AK, Snyder EY, Teng YD, eds. Humana Press, New York,
pp. 193-203.

[60] Pavon A, Beloqui I, Salcedo JM, Martin AG (2017) Cry-
obanking mesenchymal stem cells. Methods Mol Biol
1590, 191-196.

[61] Berz D, McCormack EM, Winer ES, Colvin GA, Quesen-
berry PJ (2007) Cryopreservation of hematopoietic stem
cells. Am J Hematol 82, 463-472.

[62] McKay R (1994) Stem-cell transplantation in human brain
disease. In Fetal Research and Applications: A Confer-
ence Summary. Institute of Medicine (US) Conference
Committee on Fetal Research and Applications, National
Academies Press, Washington, DC.

[63] Fraichard A, Chassande O, Bilbaut G, Dehay C, Savatier
P, Samarut J (1995) In vitro differentiation of embryonic



M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease 933

stem cells into glial cells and functional neurons. J Cell
Sci 108 (Pt 10), 3181-3188.

[64] Blau HM, Brazelton TR, Weimann JM (2001) The evolv-
ing concept of a stem cell: Entity or function? Cell 105,
829-841.

[65] Kshitiz, Park J, Kim P, Helen W, Engler AJ, Levchenko
A, Kim DH (2012) Control of stem cell fate and function
by engineering physical microenvironments. Integr Biol
(Camb) 4, 1008-1018.

[66] Towns CR, Jones DG (2004) Stem cells, embryos, and the
environment: A context for both science and ethics. J Med
Ethics 30, 410-413.

[67] Anderson DJ, Gage FH, Weissman IL (2001) Can stem
cells cross lineage boundaries? Nat Med 7, 393-395.

[68] Jackson KA, Mi T, Goodell MA (1999) Hematopoietic
potential of stem cells isolated from murine skeletal mus-
cle. Proc Natl Acad Sci U S A 96, 14482-14486.

[69] Bauer SR (2004) Stem cell-based products in medicine:
FDA Regulatory Considerations. Handbook of Stem Cells,
pp. 805-814.

[70] Kikuchi T, Morizane A, Doi D, Magotani H, Onoe H,
Hayashi T, Mizuma H, Takara S, Takahashi R, Inoue H,
Morita S, Yamamoto M, Okita K, Nakagawa M, Parmar M,
Takahashi J (2017) Human iPS cell-derived dopaminergic
neurons function in a primate Parkinson’s disease model.
Nature 548, 592-596.

[71] Gavin R, Lidon, L., Ferrer, I., Rio, JAD (2020) The quest
for cellular prion protein functions’ in the aged and neu-
rodegenerating brain. Cells 2, E591.

[72] Dujardin S, Hyman BT (2019) Tau prion-like propagation:
State of the art and current challenges. Adv Exp Med Biol
1184, 305-325.

[73] (1985) The Warnock report on human fertilization and
embryology. J Adv Nurs 10, 375-384.

[74] Daley GQ, Hyun I, Apperley JF, Barker RA, Benvenisty
N, Bredenoord AL, Breuer CK, Caulfield T, Cedars MI,
Frey-Vasconcells J, Heslop HE, Jin Y, Lee RT, McCabe
C, Munsie M, Murry CE, Piantadosi S, Rao M, Rooke
HM, Sipp D, Studer L, Sugarman J, Takahashi M, Zim-
merman M, Kimmelman J (2016) Setting global standards
for stem cell research and clinical translation: The 2016
ISSCR Guidelines. Stem Cell Rep 6, 787-797.

[75] Kim MH, Lee YJ, Kang JH (2016) Stem cell monitoring
with a direct or indirect labeling method. Nucl Med Mol
Imaging 50, 275-283.

[76] Choi HS, Frangioni JV (2010) Nanoparticles for biomed-
ical imaging: Fundamentals of clinical translation. Mol
Imaging 9, 291-310.

[77] Barroso MM (2011) Quantum dots in cell biology. J His-
tochem Cytochem 59, 237-251.

[78] Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi
S, Assmus B, Eckey T, Henze E, Zeiher AM, Dimmeler
S (2003) Assessment of the tissue distribution of trans-
planted human endothelial progenitor cells by radioactive
labeling. Circulation 107, 2134-2139.

[79] Nguyen PK, Riegler J, Wu JC (2014) Stem cell imaging:
From bench to bedside. Cell Stem Cell 14, 431-444.

[80] Nguyen PK, Lan F, Wang Y, Wu JC (2011) Imaging: Guid-
ing the clinical translation of cardiac stem cell therapy.
Circ Res 109, 962-979.

[81] Chen IY, Wu JC (2011) Cardiovascular molecular imag-
ing: Focus on clinical translation. Circulation 123,
425-443.

[82] Wei L, Fraser JL, Lu ZY, Hu X, Yu SP (2012)
Transplantation of hypoxia preconditioned bone marrow

mesenchymal stem cells enhances angiogenesis and neu-
rogenesis after cerebral ischemia in rats. Neurobiol Dis 46,
635-645.

[83] Gu N, Rao C, Tian Y, Di Z, Liu Z, Chang M, Lei H (2014)
Anti-inflammatory and antiapoptotic effects of mesenchy-
mal stem cells transplantation in rat brain with cerebral
ischemia. J Stroke Cerebrovasc Dis 23, 2598-2606.

[84] Lee IS, Jung K, Kim IS, Lee H, Kim M, Yun S, Hwang
K, Shin JE, Park KI (2015) Human neural stem cells alle-
viate Alzheimer-like pathology in a mouse model. Mol
Neurodegener 10, 38.

[85] Lee HJ, Lee JK, Lee H, Carter JE, Chang JW, Oh W, Yang
YS, Suh JG, Lee BH, Jin HK, Bae JS (2012) Human
umbilical cord blood-derived mesenchymal stem cells
improve neuropathology and cognitive impairment in an
Alzheimer’s disease mouse model through modulation of
neuroinflammation. Neurobiol Aging 33, 588-602.

[86] Zhang Q, Wu HH, Wang Y, Gu GJ, Zhang W, Xia R
(2016) Neural stem cell transplantation decreases neuroin-
flammation in a transgenic mouse model of Alzheimer’s
disease. J Neurochem 136, 815-825.

[87] Garcia KO, Ornellas FL, Martin PK, Patti CL, Mello LE,
Frussa-Filho R, Han SW, Longo BM (2014) Therapeu-
tic effects of the transplantation of VEGF overexpressing
bone marrow mesenchymal stem cells in the hippocam-
pus of murine model of Alzheimer’s disease. Front Aging
Neurosci 6, 30.

[88] Ager RR, Davis JL, Agazaryan A, Benavente F, Poon
WW, LaFerla FM, Blurton-Jones M (2015) Human neural
stem cells improve cognition and promote synaptic growth
in two complementary transgenic models of Alzheimer’s
disease and neuronal loss. Hippocampus 25, 813-826.

[89] Lilja AM, Malmsten L, Rojdner J, Voytenko L,
Verkhratsky A, Ogren SO, Nordberg A, Marutle A (2015)
Neural stem cell transplant-induced effect on neurogenesis
and cognition in Alzheimer Tg2576 mice is inhibited by
concomitant treatment with amyloid-lowering or cholin-
ergic alpha7 nicotinic receptor drugs. Neural Plast 2015,
370432.

[90] Liu XY, Yang LP, Zhao L (2020) Stem cell therapy for
Alzheimer’s disease. World J Stem Cells 12, 787-802.

[91] Park D, Yang G, Bae DK, Lee SH, Yang YH, Kyung J, Kim
D, Choi EK, Choi KC, Kim SU, Kang SK, Ra JC, Kim YB
(2013) Human adipose tissue-derived mesenchymal stem
cells improve cognitive function and physical activity in
ageing mice. J Neurosci Res 91, 660-670.

[92] Marsh SE, Yeung ST, Torres M, Lau L, Davis JL, Monuki
ES, Poon WW, Blurton-Jones M (2017) HuCNS-SC
human NSCs fail to differentiate, form ectopic clusters,
and provide no cognitive benefits in a transgenic model of
Alzheimer’s disease. Stem Cell Rep 8, 235-248.

[93] Ontiveros-Torres MA, Labra-Barrios ML, Diaz-Cintra
S, Aguilar-Vazquez AR, Moreno-Campuzano S, Flores-
Rodriguez P, Luna-Herrera C, Mena R, Perry G,
Floran-Garduno B, Luna-Munoz J, Luna-Arias JP (2016)
Fibrillar amyloid-beta accumulation triggers an inflam-
matory mechanism leading to hyperphosphorylation of
the carboxyl-terminal end of tau polypeptide in the hip-
pocampal formation of the 3xTg-AD transgenic mouse. J
Alzheimers Dis 52, 243-269.

[94] Flores-Rodriguez P, Harrington CR, Wischik CM,
Ibarra-Bracamontes V, Zarco N, Navarrete A, Martinez-
Maldonado A, Guadarrama-Ortiz P, Villanueva-Fierro
I, Ontiveros-Torres MA, Perry G, Alonso AD, Floran-
Garduno B, Segovia J, Luna-Munoz J (2019) Phospho-tau



934 M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease

protein expression in the cell cycle of SH-SY5Y neurob-
lastoma cells: A morphological study. J Alzheimers Dis
71, 631-645.

[95] Gamblin TC, Chen F, Zambrano A, Abraha A, Lagalwar
S, Guillozet AL (2003) Caspase cleavage of tau: Link-
ing amyloid and neurofibrillary tangles in Alzheimer’s
disease. Proc Natl Acad Sci U S A 100, 10032-10037.

[96] Gamblin TC, Berry RW, Binder LI (2003) Tau polymer-
ization: Role of the amino terminus. Biochemistry 42,
2252-2257.

[97] Wischik CM, Novak M, Edwards PC, Klug A, Tichelaar
W, Crowther RA (1988) Structural characterization of the
core of the paired helical filament of Alzheimer disease.
Proc Natl Acad Sci U S A 85, 4884-4888.

[98] Kim HJ, Seo SW, Chang JW, Lee JI, Kim CH, Chin J, Choi
SJ, Kwon H, Yun HJ, Lee JM, Kim ST, Choe YS, Lee KH,
Na DL (2015) Stereotactic brain injection of human umbil-
ical cord blood mesenchymal stem cells in patients with
Alzheimer’s disease dementia: A phase 1 clinical trial.
Alzheimers Dement (N Y) 1, 95-102.

[99] Fabian C, Naaldijk Y, Leovsky C, Johnson AA, Rudolph
L, Jaeger C, Arnold K, Stolzing A (2017) Distribution pat-
tern following systemic mesenchymal stem cell injection
depends on the age of the recipient and neuronal health.
Stem Cell Res Ther 8, 85.

[100] Kim HS, Lee NK, Yoo D, Lee J, Choi SJ, Oh W, Chang
JW, Na DL (2017) Lowering the concentration affects
the migration and viability of intracerebroventricular-
delivered human mesenchymal stem cells. Biochem
Biophys Res Commun 493, 751-757.

[101] Nori S, Okada Y, Nishimura S, Sasaki T, Itakura G,
Kobayashi Y, Renault-Mihara F, Shimizu A, Koya I,
Yoshida R, Kudoh J, Koike M, Uchiyama Y, Ikeda E,
Toyama Y, Nakamura M, Okano H (2015) Long-term
safety issues of iPSC-based cell therapy in a spinal cord
injury model: Oncogenic transformation with epithelial-
mesenchymal transition. Stem Cell Rep 4, 360-373.

[102] Kim JY, Kim DH, Kim JH, Lee D, Jeon HB, Kwon SJ, Kim
SM, Yoo YJ, Lee EH, Choi SJ, Seo SW, Lee JI, Na DL,
Yang YS, Oh W, Chang JW (2012) Soluble intracellular
adhesion molecule-1 secreted by human umbilical cord
blood-derived mesenchymal stem cell reduces amyloid-
beta plaques. Cell Death Differ 19, 680-691.

[103] Kim JA, Ha S, Shin KY, Kim S, Lee KJ, Chong YH,
Chang KA, Suh YH (2015) Neural stem cell transplan-
tation at critical period improves learning and memory
through restoring synaptic impairment in Alzheimer’s dis-
ease mouse model. Cell Death Dis 6, e1789.

[104] Braak E, Braak H, Mandelkow EM (1994) A sequence of
cytoskeleton changes related to the formation of neurofib-
rillary tangles and neuropil threads. Acta Neuropathol 87,
554-567.

[105] Braak H, Alafuzoff I, Arzberger T, Kretzschmar H,
Del Tredici K (2006) Staging of Alzheimer disease-
associated neurofibrillary pathology using paraffin sec-
tions and immunocytochemistry. Acta Neuropathol 112,
389-404.

[106] Braak H, Braak E (1991) Neuropathological stageing
of Alzheimer-related changes. Acta Neuropathol 82,
239-259.

[107] Musial-Wysocka A, Kot M, Majka M (2019) The pros
and cons of mesenchymal stem cell-based therapies. Cell
Transplant 28, 801-812.

[108] Galeano C, Qiu Z, Mishra A, Farnsworth SL, Hemmi JJ,
Moreira A, Edenhoffer P, Hornsby PJ (2018) The route by

which intranasally delivered stem cells enter the central
nervous system. Cell Transplant 27, 501-514.

[109] Tong LM, Fong H, Huang Y (2015) Stem cell therapy for
Alzheimer’s disease and related disorders: Current status
and future perspectives. Exp Mol Med 47, e151.

[110] Pen AE, Jensen UB (2017) Current status of treating
neurodegenerative disease with induced pluripotent stem
cells. Acta Neurol Scand 135, 57-72.

[111] Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure.
Science 298, 789-791.

[112] Reza-Zaldivar EE, Hernandez-Sapiens MA, Minjarez B,
Gutierrez-Mercado YK, Marquez-Aguirre AL, Canales-
Aguirre AA (2018) Potential effects of MSC-derived
exosomes in neuroplasticity in Alzheimer’s disease. Front
Cell Neurosci 12, 317.

[113] Ding M, Shen Y, Wang P, Xie Z, Xu S, Zhu Z, Wang Y,
Lyu Y, Wang D, Xu L, Bi J, Yang H (2018) Exosomes
isolated from human umbilical cord mesenchymal stem
cells alleviate neuroinflammation and reduce amyloid-
beta deposition by modulating microglial activation in
Alzheimer’s disease. Neurochem Res 43, 2165-2177.

[114] Katsuda T, Tsuchiya R, Kosaka N, Yoshioka Y, Takagaki
K, Oki K, Takeshita F, Sakai Y, Kuroda M, Ochiya T
(2013) Human adipose tissue-derived mesenchymal stem
cells secrete functional neprilysin-bound exosomes. Sci
Rep 3, 1197.

[115] Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood
MJ (2011) Delivery of siRNA to the mouse brain by sys-
temic injection of targeted exosomes. Nat Biotechnol 29,
341-345.

[116] Chen W, Huang Y, Han J, Yu L, Li Y, Lu Z, Li H, Liu Z,
Shi C, Duan F, Xiao Y (2016) Immunomodulatory effects
of mesenchymal stromal cells-derived exosome. Immunol
Res 64, 831-840.

[117] Wu H, Fan H, Shou Z, Xu M, Chen Q, Ai C, Dong Y, Liu
Y, Nan Z, Wang Y, Yu T, Liu X (2019) Extracellular vesi-
cles containing miR-146a attenuate experimental colitis
by targeting TRAF6 and IRAK1. Int Immunopharmacol
68, 204-212.

[118] Fan B, Li C, Szalad A, Wang L, Pan W, Zhang R, Chopp
M, Zhang ZG, Liu XS (2020) Mesenchymal stromal cell-
derived exosomes ameliorate peripheral neuropathy in a
mouse model of diabetes. Diabetologia 63, 431-443.

[119] Gorabi AM, Kiaie N, Barreto GE, Read MI, Tafti HA,
Sahebkar A (2019) The therapeutic potential of mes-
enchymal stem cell-derived exosomes in treatment of
neurodegenerative diseases. Mol Neurobiol 56, 8157-
8167.

[120] Jeong JO, Han JW, Kim JM, Cho HJ, Park C, Lee N, Kim
DW, Yoon YS (2011) Malignant tumor formation after
transplantation of short-term cultured bone marrow mes-
enchymal stem cells in experimental myocardial infarction
and diabetic neuropathy. Circ Res 108, 1340-1347.

[121] Phinney DG, Pittenger MF (2017) Concise review: MSC-
derived exosomes for cell-free therapy. Stem Cells 35,
851-858.

[122] Xian P, Hei Y, Wang R, Wang T, Yang J, Li J, Di Z, Liu
Z, Baskys A, Liu W, Wu S, Long Q (2019) Mesenchy-
mal stem cell-derived exosomes as a nanotherapeutic agent
for amelioration of inflammation-induced astrocyte alter-
ations in mice. Theranostics 9, 5956-5975.

[123] Guo M, Yin Z, Chen F, Lei P (2020) Mesenchymal
stem cell-derived exosome: A promising alternative in
the therapy of Alzheimer’s disease. Alzheimers Res Ther
12, 109.



M. Pacheco-Herrero et al. / Current Status and Challenges of Stem Cell Treatment for Alzheimer’s Disease 935

[124] Kawikova I, Askenase PW (2015) Diagnostic and thera-
peutic potentials of exosomes in CNS diseases. Brain Res
1617, 63-71.

[125] Moroni L, Boland T, Burdick JA, De Maria C, Derby B,
Forgacs G, Groll J, Li Q, Malda J, Mironov VA, Mota C,
Nakamura M, Shu W, Takeuchi S, Woodfield TBF, Xu T,
Yoo JJ, Vozzi G (2018) Biofabrication: A guide to tech-
nology and terminology. Trends Biotechnol 36, 384-402.

[126] Lee CT, Bendriem RM, Wu WW, Shen RF (2017) 3D brain
Organoids derived from pluripotent stem cells: Promising
experimental models for brain development and neurode-
generative disorders. J Biomed Sci 24, 59.

[127] Lancaster MA, Renner M, Martin CA, Wenzel D,
Bicknell LS, Hurles ME, Homfray T, Penninger JM, Jack-
son AP, Knoblich JA (2013) Cerebral organoids model
human brain development and microcephaly. Nature 501,
373-379.

[128] Taoufik E, Kouroupi G, Zygogianni O, Matsas R (2018)
Synaptic dysfunction in neurodegenerative and neurode-
velopmental diseases: An overview of induced pluripotent
stem-cell-based disease models. Open Biol 8, 180138.

[129] Raja WK, Mungenast AE, Lin YT, Ko T, Abdurrob F, Seo
J, Tsai LH (2016) Self-organizing 3D human neural tissue
derived from induced pluripotent stem cells recapitulate
Alzheimer’s disease phenotypes. PLoS One 11, e0161969.

[130] Xu H, Jiao Y, Qin S, Zhao W, Chu Q, Wu K (2018)
Organoid technology in disease modelling, drug develop-
ment, personalized treatment and regeneration medicine.
Exp Hematol Oncol 7, 30.

[131] Bali P, Lahiri DK, Banik A, Nehru B, Anand A (2017)
Potential for stem cells therapy in Alzheimer’s disease:
Do neurotrophic factors play critical role? Curr Alzheimer
Res 14, 208-220.

[132] Jin J (2017) Stem cell treatments. JAMA 317, 330.
[133] U.S. Food and Drug Administration (2020) FDA warns

about SCs therapies. https://www.fda.gov/consumers/
consumer-updates/fda-warns-about-stem-cell-therapies,
Accessed June 2021.

[134] Knoepfler PS, Turner LG (2018) The FDA and the US
direct-to-consumer marketplace for stem cell interven-
tions: A temporal analysis. Regen Med 13, 19-27.

[135] Pearce DA (2020) We need better regulation of stem cell
therapies, especially rogue clinics. https://www.statnews.
com/2020/02/06/rogue-stem-cell-clinics-better-
regulation/, Accessed June 2021.

[136] DVCSTEM (2021) The cost of stem cell therapy in
2021. https://www.dvcstem.com/post/stem-cell-therapy-
cost-2020, Accessed June 2021.

[137] (2015) Stem the tide. Nature 528, 163-164.
[138] Filip S, Mokry J, Horacek J, English D (2008) Stem cells

and the phenomena of plasticity and diversity: A limiting
property of carcinogenesis. Stem Cells Dev 17, 1031-1038.

[139] Ma M, Ding S, Lundqvist A, San H, Fang F, Kono-
plyannikov M, Berry C, Beltran LE, Chen G, Kovacic
JC, Boehm M (2010) Major histocompatibility complex-I
expression on embryonic stem cell-derived vascular pro-
genitor cells is critical for syngeneic transplant survival.
Stem Cells 28, 1465-1475.

[140] Liu GH, Suzuki K, Qu J, Sancho-Martinez I, Yi F, Li M,
Kumar S, Nivet E, Kim J, Soligalla RD, Dubova I, Goebl A,
Plongthongkum N, Fung HL, Zhang K, Loring JF, Laurent
LC, Izpisua Belmonte JC (2011) Targeted gene correction
of laminopathy-associated LMNA mutations in patient-
specific iPSCs. Cell Stem Cell 8, 688-694.

[141] Soldner F, Laganiere J, Cheng AW, Hockemeyer D, Gao Q,
Alagappan R, Khurana V, Golbe LI, Myers RH, Lindquist
S, Zhang L, Guschin D, Fong LK, Vu BJ, Meng X, Urnov
FD, Rebar EJ, Gregory PD, Zhang HS, Jaenisch R (2011)
Generation of isogenic pluripotent stem cells differing
exclusively at two early onset Parkinson point mutations.
Cell 146, 318-331.

[142] Oliveira PH, da Silva CL, Cabral JM (2014) Concise
review: Genomic instability in human stem cells: Current
status and future challenges. Stem Cells 32, 2824-2832.

[143] Gascon S, Murenu E, Masserdotti G, Ortega F, Russo GL,
Petrik D, Deshpande A, Heinrich C, Karow M, Robertson
SP, Schroeder T, Beckers J, Irmler M, Berndt C, Angeli JP,
Conrad M, Berninger B, Gotz M (2016) Identification and
successful negotiation of a metabolic checkpoint in direct
neuronal reprogramming. Cell Stem Cell 18, 396-409.

[144] Grande A, Sumiyoshi K, Lopez-Juarez A, Howard J, Sak-
thivel B, Aronow B, Campbell K, Nakafuku M (2013)
Environmental impact on direct neuronal reprogramming
in vivo in the adult brain. Nat Commun 4, 2373.

[145] Guo Z, Zhang L, Wu Z, Chen Y, Wang F, Chen G (2014)
In vivo direct reprogramming of reactive glial cells into
functional neurons after brain injury and in an Alzheimer’s
disease model. Cell Stem Cell 14, 188-202.

[146] Torper O, Pfisterer U, Wolf DA, Pereira M, Lau S,
Jakobsson J, Bjorklund A, Grealish S, Parmar M (2013)
Generation of induced neurons via direct conversion in
vivo. Proc Natl Acad Sci U S A 110, 7038-7043.

[147] Heneka MT, Carson MJ, El Khoury J, Landreth GE,
Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T,
Vitorica J, Ransohoff RM, Herrup K, Frautschy SA, Finsen
B, Brown GC, Verkhratsky A, Yamanaka K, Koistinaho J,
Latz E, Halle A, Petzold GC, Town T, Morgan D, Shi-
nohara ML, Perry VH, Holmes C, Bazan NG, Brooks
DJ, Hunot S, Joseph B, Deigendesch N, Garaschuk O,
Boddeke E, Dinarello CA, Breitner JC, Cole GM, Golen-
bock DT, Kummer MP (2015) Neuroinflammation in
Alzheimer’s disease. Lancet Neurol 14, 388-405.

https://www.fda.gov/consumers/consumer-updates/fda-warns-about-stem-cell-therapies
https://www.statnews.com/2020/02/06/rogue-stem-cell-clinics-better-regulation/
https://www.dvcstem.com/post/stem-cell-therapy-cost-2020

