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Abstract

Alzheimer disease (AD) is the leading cause of age-related dementia, affecting over 5 million
people in the United States alone. AD patients suffer from progressive neurodegeneration that
gradually impairs their memory, ability to learn, and carry out daily activities. Unfortunately,
current therapies for AD are largely palliative and several promising drug candidates have failed
in recent clinical trials. There is therefore an urgent need to improve our understanding of AD
pathogenesis, create innovative and predictive models, and develop new and effective therapies. In
this review we will discuss the potential of stem cells to aid in these challenging endeavors.

Because of the widespread nature of AD pathology, cell replacement strategies have been viewed
as an incredibly challenging and unlikely treatment approach. Yet, recent work shows that
transplantation of neural stem cells (NSCs) can improve cognition, reduce neuronal loss, and
enhance synaptic plasticity in animal models of AD. Interestingly, the mechanisms that mediate
these effects appear to involve neuroprotection and trophic support rather than neuronal
replacement.

Stem cells may also offer a powerful new approach to model and study AD. Patient-derived
induced pluriptotent stem cells (iPSCs), for example, may help to advance our understanding of
disease mechanisms. Likewise, studies of human embryonic and neural stem cells are helping to
decipher the normal functions of AD-related genes; revealing intriguing roles in neural
development.
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Introduction

Alzheimer disease (AD), the most common form of age-related dementia, gradually destroys
a person’s memory and ability to learn and reason. As our population ages, the incidence of
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this disease is expected to grow dramatically such that by 2050 as many as 115 million
people worldwide will have developed dementia 1. Despite the prevalence of AD and
extensive research, current therapies provide no long-term benefits. There is therefore a
critical need to explore new approaches to treat and understand this disorder. In this review,
we will first examine the potential use of stem cells to treat Alzheimer disease and discuss
key hurdles in the development of a viable therapeutic approach. We will then review the
growing use of pluripotent and reprogrammed stem cells to model and investigate this
disorder.

The widespread loss of neurons and synaptic connectivity that occurs in AD appears to be
driven by the accumulation of toxic species of the beta-amyloid (AB) peptide. Studies of
both familial AD patients and animal models have provided a great deal of support for the
notion that AR accumulation drives many of the downstream components of the disease
including the development of neurofibrillary tangles, neuronal and synaptic loss, and
cognitive dysfunction (Figure 1) 2. As a result, AD drug development has focused
primarily on targeting Ap production or enhancing its clearance. Unfortunately, such
approaches have thus far failed in late stage clinical trials 7.

Stem cell transplantation for AD?

Research on the potential use of stem cell transplantation for AD has lagged far behind that
of many other neurodegenerative disorders, likely as a result of the widespread nature of AD
pathology. For many disorders, stem cell-based therapies have aimed to replace missing or
defective cells. Transplantation of mesencephalic fetal tissue and neural stem cells for
Parkinson’s disease (PD) for example, has aimed to replace dopaminergic neurons of the
substantia nigra that degenerate in this disorder 8 9. Unfortunately, in AD multiple neuronal
systems and neurotransmitter phenotypes are affected, making cell-replacement strategies an
extremely challenging approach. For effective cell replacement strategies for AD, neural
stem cells would first need to migrate to multiple areas of the brain and then differentiate
and mature into multiple neuronal subtypes. These neurons would then also need to re-
innervate appropriate targets and establish physiologically relevant afferent connectivity, in
essence recapitulating much of the complex brain circuitry that develops in utero. Thus, cell-
replacement approaches seem unlikely to succeed for a diffuse disorder such as AD. Despite
this, recent studies have shown that neural stem cell transplantation can indeed provide
meaningful functional benefits in mouse models of AD. In this review we will examine
these studies and discuss several key mechanisms by which stem cell transplantation appear
to influence AD.

Neurotrophic and neuroprotective activity

Despite the pathognomonic accumulation of plaques and tangles in AD, it is the loss of
synapses that correlates most closely with dementia 10. Synapse loss also appears to precede
neuronal loss in AD (Braak et al., 1997; Terry et al., 1991). One of the principle mechanisms
by which synaptic strength and number is regulated is via the activity-dependent release of
target-derived neurotrophins. Likely contributing to the loss of synapses in AD, production
of several key neurotrophins is dramatically reduced early in the disease course 11, Among
these, brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) in
particular play critical functions in synaptic plasticity. BDNF expression and activity is
especially important within the entorhinal cortex and hippocampus, two areas critically
involved in learning and memory that are dramatically affected in AD. Likewise NGF
produced in the cortex and hippocampus influences the survival and function of cholinergic
basal forebrain neurons, another important population that influences learning and memory
and undergoes dramatic degeneration in AD 12,

Stem Cells. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Chen and Blurton-Jones Page 3

Interestingly, neural stem cells (NSCs) can express high levels of neurotrophins including
both BDNF and NGF 13-15, Other stem cell populations including mesenchymal stem cells
and embryonic stem cells can also produce several neurotrophins 16: 17, Thus, stem cells
could provide a means to deliver neurotrophins to the diseased brain, potentially modulating
endogenous synaptic plasticity and enhancing neuronal survival (Figure 1). Indeed a
growing number of studies support this notion. We, for example previously found that NSC
transplantation increases hippocampal synaptic density and improves learning and memory
in transgenic models of both AD and neuronal loss 13 18, This enhancement of synaptic
growth was coupled with elevated brain levels of BDNF. In a similar study, Hampton et. al.
examined NSC transplantation in a transgenic model of neurofibrillary tangle formation,
finding that NSCs could reduce neuronal loss and elevate levels of glial-derived
neurotrophic factor (GDNF) within the brain 1°. Related to these findings, ex vivo-mediated
delivery of NGF has also been shown to improve cognition both in animal models with
cholinergic lesions and in a phase 1 trial in AD patients 20 21, Delivery of NGF via NGF -
secreting NSCs has also been shown to be effective at reducing cell loss in models of stroke
and excitotoxicity, suggesting that stem cell-derived trophic support could be effective for a
variety of conditions 22 23,

Despite these promising data, it remains possible that stem cell-mediated effects on
neurotrophin expression and neuroprotection may simply represent epiphenomena. There is
considerable evidence for example that injury alone can trigger the endogenous production
of neurotrophins and axonal sprouting 24 25, Most studies include the injection of vehicle
controls to account for this fact, but the use of additional cellular controls and more
mechanistic examinations are clearly needed to confirm whether stem cell-mediated delivery
of neurotrophins truly drives functional recovery. This problem becomes even more
apparent in clinical trials, where the proposed use of control brain injections has led to
considerable debate 26, To better understand the potential role of BDNF in NSC-mediated
functional improvements, we have used both gain-of-function and loss-of-function
approaches in our AD transgenic experiments 13, For example, we found that delivery of
recombinant BDNF alone could mimic many of the effects of NSC transplantation. More
importantly, when NSC BDNF expression was silenced by shRNAs, these BDNF-depleted
NSCs no longer improved cognitive function in AD transgenic mice and showed diminished
effects on synaptic plasticity 13. Thus, NSC-mediated delivery of neurotrophins can indeed
play an important role in modulating cognition and synaptic plasticity in AD models
although additional mechanistic studies are clearly needed.

Anti-inflammatory activity

Chronic inflammation plays an important role in many neurodegenerative diseases including
AD 27 Interestingly, certain stem cell populations can exhibit robust anti-inflammatory
properties. Mesenchymal stem cells (MSCs) in particular, have been shown to induce
expression of anti-inflammatory factors such as interleukin-10 and prostaglandin E2 28 29,
In one study, MSC transplantation was found to attenuate neuroinflammation in transgenic
AD mice, improving both pathology and cognitive function 39. Cord-blood derived MSCs
have also recently been shown to stimulate microglial production of the Ap-degrading
enzyme neprilysin 31, Even peripheral administration of human cord blood cells has been
shown to reduce AD pathology by a mechanism that appears to involve modulation of CD40
signaling 32. While there is growing evidence that MSCs can modulate the immune system,
the effects of NSC transplantation on inflammation remains far less clear. Thus far one study
has examined the effect of NSCs on AD-associated inflammation, finding that NSCs could
reduce migrogliosis and expression of the proinflammatorry cytokine TNFa.33. NSCs have
also been shown to suppress inflammation in models of multiple sclerosis, although the
mechanisms by which this occurs remains unknown 34 35,
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Although stem cell transplantation could potentially modulate AD by altering inflammation
(Figure 1), it remains unclear whether suppression of the immune system represents a viable
therapeutic target for this disease. Clinical trials of anti-inflammatory drugs in AD patients
have for example shown no benefit 36: 37, While a few studies suggest that NSCs and MSCs
can positively influence inflammation and pathogenesis in AD models, it is will be
important to determine the mechanism by which this occurs and whether stem cell
transplantation alters inflammation directly or simply as a result of tissue injury or
xenotransplantation-associated artifacts. One approach that could help to resolve these
important questions is to begin to study stem cell transplantation in immune-incompetent
AD models.

Using NSCs to deliver therapeutic proteins

Although NSCs can improve cognition and modulate synaptic connectivity, they appear to
have no effect on the underlying Ap or neurofibrillary tangle pathology 13 9. NSCs may
therefore loose efficacy as pathology continues to develop unabated. To address this,
combinatorial approaches may be needed. For example, supplementing NSC transplantation
with AB-targeting therapies such as passive AB immunization could provide additional long-
term benefit. Alternatively, NSCs could themselves be used to provide a powerful approach
to deliver therapeutic AB-targeting proteins to the brain (Figure 1). It has been well-
established that NSCs can migrate throughout the adult brain and localize to areas of injury
and inflammation 18: 38, NSCs may therefore represent a promising approach to deliver
therapeutic proteins specifically to those brain regions most affected by disease. NSC-
mediated delivery of enzymes that degrade A, such as neprilysin, would therefore likely
provide considerable additional benefit (Figure 1). Such an approach would likely also prove
more effective than viral gene therapy as viral vectors typically infect only a very small
region (<0.5mm) of the brain 39, Similar ex vivo gene therapy approaches have been used to
enhance the production of neurotrophins by NSCs. For example, NSCs modified to
overexpress GDNF improve motor function and prevent neuronal loss in models of both
Huntington’s disease (HD) and PD 40: 41, Thus, neural stem cells could provide a powerful
tool to deliver therapeutic proteins to those damaged regions of the brain that most need
them. One important caveat to this approach is the need to achieve sufficient and long-
lasting NSC engraftment. In stroke models for example, the majority of newly grafted cells
die, limiting potential efficacy 42. Both the survival and differentiation of NSCs appears to
be influenced by the immune response and the underlying disease pathology. Survival rates
in xenotransplantation models of spinal cord injury are for example dramatically higher in
immune-incompetent models than immune-suppressed rodents 43. Thus far, it remains
unclear whether AD-associated pathology influences NSC survival and differentiation.
While we detected no difference in murine NSC differentiation rates between wild-type
control and AD transgenic transplanted mice 13, transplantation of human NSCs in a
different AD transgenic led to increased glial differentiation 44. Such findings are likely
influenced by not only the severity of pathology but also the duration of engraftment, host
immune response, and the source of NSCs examined.

Endogenous Neurogenesis and Axonal Transport

Growing evidence suggests that adult neurogenesis contributes to learning and memory 4°.
The generation of new-born neurons within the hippocampus is also dramatically reduced
with age and appears further influenced by AD pathogenesis 46 47. Interestingly, a variety of
extrinsic factors can influence adult neurogenesis. Peripheral levels of the chemokine
CCL11/eotaxin, for example, can modulate neurogenesis in an age-dependent manner 48,
Transplantation of NSCs can also influence endogenous host neurogenesis. In some cases,
NSC transplantation has been shown to enhance endogenous neurogenesis following

stroke 49, whereas in others, neurogenesis is reduced as a result of increased microglia
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activation %0, It also appears that the interaction between host neurogenesis and NSC
transplants can be reciprocal as changes in neurogenesis can in turn influence NSC graft
survival and differentiation 51. To date, no studies have examined the effect of NSC
transplantation on endogenous neurogenesis in AD models. However, findings from the
stroke field suggest that such mechanisms are likely involved.

Recent data from the stroke field also implicates another mechanism by which NSC
transplantation may modulate AD pathogenesis. Following a stroke, NSC transplantation
can improve ischemia-induced axonal transport deficits °2. Although a similar analysis in
AD models has not yet been performed, there is clear evidence of axonal transport deficits in
AD 53, Thus, similar mechanisms could potentially influence AD pathogenesis and
cognitive function, although additional studies in AD models are clearly needed.

Hurdles in the development of a stem cell-based approach to treat AD

The preclinical studies discussed above suggest that stem cell based therapies could possibly
be developed to treat AD. However, considerable work and appropriate caution is needed
before these findings can be translated to clinical trials. Identification of appropriate good
manufacturing process (GMP)-compliant human NSC lines that exhibit similar efficacy and
safety profiles is clearly needed. Validation of findings using such GMP-compatible lines is
also a prerequisite to clinical testing. As AD represents a protracted and progressive disease,
examination of efficacy and safety at longer timepoints is also critically needed. It may also
be important to further assess the impact of NSC transplantation on AD-associated neuronal
loss. Unfortunately, most AD models show very limited neuronal loss 4. Alternative
approaches such as neuronal ablation or aggressive AD models such as 5xfAD transgenic
mice may therefore need to be used 18- 55,

A major hurdle in achieving these important preclinical studies is the need to establish AD
models that allow prolonged human NSC xenotransplantation. Long-term use of common
immunosuppressants such as Cyclosporin A of FK506 cause toxicity, especially in aged
mice, and can also alter AD-related pathology, complicating interpretation 96: 57 An
alternative approach is to utilize AD transgenic models with immune incompetent
backgrounds. Unfortunately, no such model has been published to date and thus important
questions remain as to whether altering the adaptive immune response will influence AD-
associated pathology or cognitive dysfunction.

Investigating AD with human stem cells

The role of AD-associated genes in neural development

The idea of studying AD with pluripotent stem cells initially seems counterintuitive. Taking
a cell type that mimics the earliest stages of human development and expecting these cells to
inform one about a disease that typically afflicts people over the age of 65, does initially
seem at odds with our basic understanding of AD. However, a growing number of studies
have shown that many of the genes implicated in AD play critical roles in neural
development. Among these, considerable data suggests that amyloid precursor protein
(APP), the protein that gives rise to AB, is involved in both neurogenesis and neural
migration. Combined knockout of APP and its homologue APLP2, for example cause
perinatal lethality and cortical dysplasia that closely resembles human lissencephaly 8.
Aurray studies have also shown that both APP and APLP2 single knockouts exhibit
significant dysregulation of neurogenenic transcriptional pathways . Roles for APP and its
derivatives in neurite outgrowth, adult neurogenesis, NSC differentiation, and human ESC
differentiation have also recently been shown (Figure 2) 47-60-62 Thus, APP appears to play
important roles in neural development and neurogenesis that can be modeled and examined
using human stem cells.
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As the catalytic component of the gamma-secretase complex, the AD-associated proteins
presenilin-1 and -2 also play a critical role in development by cleaving Notch. It follows that
mutations or deletion of presenilins dramatically alter neurogenesis. PS1~/~ knockout mice
for example, have diminished progenitor populations, a thinning of the ventricular zone, and
impaired embryonic neurogenesis 3. Adult neurogenesis is also reduced in PS-1 mutant
mice %4. A fourth gene implicated in AD, Apoliprotein E (APOE), also plays a role in
neurogenesis, influencing the maintenance of the dentate gyrus neuroprogenitor pool 65,
Whereas APOE knockout or knockin of the more pathogenic ApoE4 allele impairs
neurogenesis, the human ApoE3 allele does not 66, Thus, it appears that many of the genes
implicated in AD play important roles in neural development. Whether these functions
contribute to the development or pathogenesis of AD remains unknown but it is intriguing to
speculate that altered neurogenesis may influence the development or progression of AD.

Studying APP with human ESCs

APP, presenilin, and ApoE transgenic and knockout mouse models have clearly taught us a
great deal about the function of these genes and their role in AD pathogenesis. However, it
is reasonable to conclude that genetic differences between humans and mice have also
contributed to our difficulties in accurately modeling AD and generating clinically
predictive data. Human stem cell based models may therefore provide an alternative
approach to clarify both the normal and pathogenic roles of AD-associated genes. Along
those lines, we recently generated hESC clones that overexpress wild-type or mutant forms
of human APP 0. Surprisingly, we found that all of the resulting APP hES clones rapidly
and spontaneously differentiated toward a neural lineage (Figure 2). Despite maintenance in
standard hESC media, up to 80% of cells expressed the neural stem cell marker nestin and
65% exhibited the more mature neural marker TUJ1 within just 5 days of manual passaging.
In comparison, standard protocols typically require > 3 weeks to achieve similar amounts of
neural differentiation. To understand the mechanism by which this occurred we examined
the various cleavage products that result from APP proteolysis, revealing that soluble
secreted N-terminal fragments of APP (sAPPa and sAPP) were critical for this effect 60,
Thus, our findings further support the notion that AD associated genes may play important
roles in neural development.

Modeling AD with induced pluripotent stem cells (iPSCs)

Genetic studies of early-onset AD identified mutations in APP, Presenilin 1, and Presenilin 2
as driving the development of familial AD. In contrast, sporadic AD does not result from a
single highly penetrant genetic cause. Nevertheless, twin studies reveal that the heritability
of sporadic AD is as high as 79% 7. Polymorphisms in the Apolipoprotein E gene clearly
provide the greatest single genetic influence on sporadic AD risk 8- 69, However, recent
genome-wide association studies (GWAS) have identified several other genes that can
influence the development of sporadic AD 70 71, Thus, genetics clearly plays an important
albeit complex role in sporadic AD that could potentially be modeled with induced
pluripotent stem cells (iPSCs).

Patient-derived iPSCs have been used to model a growing list of human genetic disorders 72.
Most recently, two groups have reported the establishment and investigation of AD

iPSCs 73: 74 In one study, Yagi et. al., generated iPSCs from patients carrying familial
mutations in PS1 or PS2 74, The patient-derived iPSCs recapitulated an important aspect of
familial AD; altered generation of AB42 versus AP40. This report also gave an example of
the potential use of AD iPSCs for testing drug efficacy. In a second study, Israel et al.,
generated iPSCs from not only fAD patients but also 2 cases of sporadic AD and 2
unaffected controls 73. Interestingly, neurons derived from one of the sporadic AD cases
mimicked some of the findings from fAD cases; showing increased AB40 generation and tau
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phosphorylation, activation of glycogen synthase kinase-3p, and accumulation of enlarged
early endosomes. Importantly, these disease-associated phenotypes were not detected in
fibroblast cultures from this case, demonstrating the importance of studying these
phenotypes in iPSC-derived neurons. Taken together these studies represent critical first
steps in assessing the potential of AD iPSCs to model AD. As Israel and colleagues point
out, generation of many additional sporadic AD iPSC lines will of course be needed to fully
establish the ability of this approach to guide drug development and enhance our
understanding of AD. The generation of directly reprogrammed induced NSCs (iNSCs)
from AD patients may also help to accelerate such research.

Conclusions

In this review, we have discussed many of the current studies that examine the use of stem
cells to treat and model AD. A growing amount of evidence suggests that stem cell based-
therapies could prove beneficial in AD, albeit via indirect mechanisms rather than cellular
replacement (Figure 1). Studies of embryonic, neural, and iPSCs are also beginning to
unravel the normal and pathogenic function of AD-associated genes and may provide
powerful new approaches to model this disorder (Figure 2). Future work will hopefully
clarify the potential of stem cells to treat AD and decipher the complex genetic differences
that predispose a person to developing this devastating disease.
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Figure 1. Stem cell-based therapies could potentially treat AD by targeting several different
stages of disease pathogenesis

The amyloid cascade hypothesis 2 argues that overproduction and/or decreased clearance of
beta-amyloid (Ap) drives all other downstream components of AD including neurofibrillary
tangles, neuronal and synaptic loss, and cognitive dysfunction (blue arrows). While many
drugs in development only target the initial accumulation of Ap, stem cell-based therapies
could intervene at multiple stages of this cascade. Neural stem cells in particular (green), can
modulate synaptic plasticity and provide robust neuroprotective and neurotrophic activity.
Likewise, various stem cell populations can promote anti-inflammatory signals, slowing
disease progression. Capitalizing on the unique migratory capacity of NSCs, genetic-
modification of stem cells (purple) could also be used to concurrently target AB and tangle
pathology or enhance neurotrophic and neuroprotective capacity. Given the complex nature
of AD, these kind of combinatorial strategies will likely be needed.
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Figure 2. Several key genesimplicated in AD play important rolesin neural development and
neurogenesis

We previously showed that 2-fold overexpression of APP or treatment with recombinant
SAPPa/ drives rapid neural differentiation of human ESCs 80, As shown, APP-transgenic
human ESCs rapidly differentiate into nestin-positive neural progenitors (green) within just
5 days of manual passaging. Co-labeling for the gap-junction marker zonula occludens-1
(ZO-1, red) and nestin reveals the characteristic formation of neural rosette-like structures.
Scale Bar = 120pm. Other studies of embryonic and neural stem cells also show that AD-
associated genes mediate important development functions. By studying human stem cells
and patient-derived induced pluripotent stem cells we will likely enhance our understanding
of not only the pathogenesis of AD but also the development of the human nervous system.
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