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ABSTRACT

Alzheimer’s disease (AD) is the most common progressive age related dementia and the
fourth major cause of mortality in the elderly in the United States. AD is pathologically
characterized by deposition of amyloid beta (AP) plaques in the brain parenchyma and
neurofibrillary tangles (NFTs) within the neuronal soma. While pharmacological targets have
been discovered, current strategies for the symptomatic or disease-modifying treatment of AD do
not significantly slow or halt the underlying pathological progression of the disease.
Consequently, more effective treatment is needed. One possibility for amelioration is using
human umbilical cord blood cell (HUCBC) therapy. HUCBCs comprise a population of
hematopoietic stem and progenitor cells. During recent years, functional recovery has been
observed from the use of HUCBCs in pre-clinical animal models of brain and spinal cord
injuries. Thus, modulation by cell therapy, specifically HUCBCs, may be a suitable treatment
for AD and other models because of the observed cognitive and behavioral improvements. The
studies presented in this dissertation centers on the suitability of using HUBCs as a potential
treatment for AD. Expanding on this, the aims of the study sought to: (I) Investigate bio-
distribution of HUCBC transplantation in PSAPP mice, (Il) Characterize efficacy and determine
therapeutic outcome of HUCBC following short and long term multi injections at early and late
disease stages in PSAPP mice and (111) Determine AD-like pathological and cognitive changes
associated with multiple HUCBC-derived monocyte (CD14) injections in PSAPP mice. Thus the
findings of this work evolved from experiments that characterized the effects of low-dose

infusions of HUCBC and HUCBC-derived monocytes into 6 month old Presenilin 1/Amyloid
iX



Precursor Protein (PSAPP) plaque-developing transgenic AD mice. Treated mice were studied
using standard behavioral tests to determine the effects of infusion on the multiple cognitive
domains affected by AD, followed by biochemical and histological analyses that included A
load and amyloid precursor protein (APP) processing. Specifically, PSAPP mice and their wild-
type (WT) littermates were treated monthly with a peripheral HUCBC infusion over a period of
6 and 10 months, followed by cognitive and motor evaluation. Additionally, based on reports
that tumor cells can originate from stem cells present in HUCB, we further examined whether
monocytes purified from HUCBCs would have a similar significant effect on the reduction of
AD-like pathology in PSAPP mice. HUCB cells homed into tissues including the brain. The
principal finding was significant reduction in AP levels and f-amyloid plaques following low-
dose infusions of both HUCBC-derived mononuclear cells as well as HUCBC-derived
monocytes, with the monocytes providing a stronger effect. Results further demonstrated that
HUCBC and HUCBC-derived monocyte infusion could improve memory function and
locomotor ability in treated PSAPP mice. A possible reason for behavioral improvements in
these animals may be the significant reduction in both AP levels and plaque load. This study
also identified significant reduction in microglial activation and astrocytosis, both of which can
contribute to AD pathology. In conclusion, our data suggest that it might be the HUCBC-
derived monocytic population rather than stem cells that are responsible for the reduction in AD

pathology.



CHAPTER ONE

Introduction

The impact of Alzheimer’s disease

Alzheimer’s disease (AD), the most common age-related dementia (Ferri et al., 2005), is
a neurodegenerative disorder clinically characterized by progressive cognitive impairments,
memory deficits and modifications in personality. While these basic characteristics of the
disease still hold true today as they did back in 1906 when Dr. Alois Alzheimer first described
the clinicopathological syndrome now known as AD (Selkoe et al., 2001; Hardy et al., 2002;
Walsh et al 2005; Shankar et al 2008; Montine et al., 2012; Maurer 1997), there has been an
unprecedented proliferation in numbers of those affected, hardly imagined by Dr. Alzheimer
(McGeer et al., 2013). This is due in part to increased longevity seen worldwide (Selkoe 2001).
The Alzheimer's Association (2013 Alzheimer's disease Facts and Figures) report AD is the sixth
leading cause of death in the United States. Moreover, the greying of America’s “baby boomer”
generation will undoubtedly result in a large increase in the number of AD patients. This will
result in a subsequent burden on the affected, their caretakers and society at large (Hebert et al.,
2013). According to the World Alzheimer Report 2010 and Alzheimer’s disease International
Statistics 2011, it is the most common form of dementia, affecting 35.6 million globally, and it is
expected to increase to 65.7 million by 2030 and 115.4 million by 2050 if no effective treatments
are discovered. Currently AD accounts for around 1% of the world’s gross domestic product.

The total estimated worldwide cost of dementia is US$604 billion (World Alzheimer Report



2010) and this is expected to soar based on predicted increases in the numbers of people who
will develop dementia. Consequently, these escalating figures both in disease prevalence and
treatment cost, should sound an alarm that rings out with an urgent plea for the need to
understand the fundamental pathophysiology of AD, and to develop novel and effective

therapeutic interventions.

The pathology of Alzheimer’s disease

The earliest damage occurs in the entorhinal cortex, hippocampus and basal forebrain,
structures in the brain that play a critical role in memory (Price et al., 2001). Both postmortem
and MRI studies on human brains have shown consistent findings that damage in these regions
result in decreased brain volume (Convit et al., 2000, Chetelat et al., 2003, Bobinski et al., 1996,
Juottonen et al., 1998) in AD patients as compared to age-matched controls. As a result of the
atrophy that occurs in both cortical and subcortical regions, patients suffer cognitive and
emotional dysregulation eventually leading to an inability to perform activities of daily living
(ADL) (Tanaka et al., 2013). More specifically, while AD patient symptoms can be
heterogeneous, the cardinal features of the disease includes a progressive diminished language
function, slow global development of disordered cognitive functions, progressive memory
impairment, distorted behavior inclusive of delusions, declined social appropriateness and
paranoia (Igbal et al., 2013, Selkoe 2001, Kivipelto et al 2005; Scarmeas et al 2009; Rusanen et
al 2010). Though the exact etiology of AD is elusive, clinicians and scientists have agreed that
the principal risk factor that affects the likelihood of an individual developing the most common
form of the disease (sporadic AD) is age (Hennebelle et al., 2013, Polyakova et al., 2013). The

incidence of the disease doubles every 5 years after 65 years of age, with the diagnosis of 1275



new cases per year per 100,000 persons older than 65 years of age (Hirtz et al., 2007). Aside
from age, other risk factors include family history of dementia, head trauma, genetic factors (e.g.,
apolipoprotein E [APOE] &4 allele), female gender (Duara et al., 1993), low education level
(Stern et al.,, 1994; Ngandu et al., 2007) , vascular disease (Kivipelto et al., 2005), and
environmental factors (Rusanen et al., 2013; Scarmeas et al., 2009).

It used to be that historically, the diagnosis of AD could only be definitively made
following an autopsy and neuropathological examination of the brain. Along with a clinical
history of dementia, definitive diagnosis depends on the presence of characteristic AD hallmarks.
These are an abundance of amyloid plaques in the brain neocortical parenchyma, which are
primarily made up of deposits of the 4 kD amyloid beta (AB) peptide and an abundance of
intracellular  neurofibrillary  tangles (NFT), which are primarily composed of
hyperphosphorylated forms of the microtubule associated protein tau, that develop into paired
helical filaments (Selkoe, 1996; Haroutunian et al., 20087; Mohaned et al., 2011; Serrano-Pozo
et al., 2011; Kern and Behl, 2009; Mohajeri and Leuba, 2009). What is more, apart from
memory loss and the overarching pathological hallmark lesions, AD diagnosis also requires
symptoms such as changes in mood or behavior and in personality (Lykou et al., 2013).
Additionally, in some cases, there have been reports of ataxia and apraxia (Chainay et al., 2006;
Derouesné et al., 2000; Della et al., 2004; Herbert et al., 2010), but not as major symptoms
(Buchman et al., 2011; Anheim et al., 2007). While this has been the standard for years, clinical
intervention has been mainly confined to treating patients when pathology has reached an
advanced stage. On the contrary, technology has developed new diagnostic tools. Positron
emission tomography (PET) using Pittsburgh compound (PIB-PET), as well as CSF levels of

APgp, total tau (t-tau), phosphorylated tau (p-tau), p-tau/ABap, t-tau/ ABs; and plasma levels of
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proteins such as ap-Macroglobulin, Complement factor H, AB4,; can be used to predict AD
pathophysiological processes in vivo, thus facilitating a more definitive diagnosis while patients
are still living (Fraller et al., 2013).

The classification of amyloid plaques in the human brain has evolved over the years to
include subtypes of diffuse, primitive, neuritic, compact, cored, and cotton-wool (Mirra et al.,
1991; Braak et al., 1991; Castellani et al., 2010) plaques. Neuritic plaques are the most
pathogenically relevant and are often highlighted as the plaque type of significance in the major
consensus criteria for the diagnosis of AD at autopsy (Mirra et al., 1991; Castellani et al., 2010;
Thal et al.,, 2013). Brain regions affected early by plaques include the entorhinal cortex,
hippocampus, and basal forebrain. Within recent times, AP deposition has been identified in the
vascular wall; manifesting as cerebral amyloid angiopathy (CAA), a pathology frequently
observed in as many as 83 percent of AD patients (Ellis et al., 1996). Tau tangle may be
described as being “globose,” and “pre-tangles,” and are assigned significance based on location
within the brain (Braak et al., 1991; Igbal et al., 2008; Franko et al., 2013). It has been
postulated that the observed accumulation of AP in AD patients’ brains is due to its
overproduction in the brain or the subsequent failure in its degradation and clearance from the
brain milieu (Lemere et al., 2004; Zhu et al., 2013). Mutations in the APP and PS proteins
(discussed in more detail later) are two known genetic causes that contribute to the familial, early
onset form of AD (FAD) (Goate et al., 1991; Chartier-Harlin et al., 1991; McGeer et al., 2013;),
while there are many genetic and environmental factors that may play a role, individually or in
combination, in sporadic AD (SAD) (Piaceri et al,. 2013). One well-known and critical outcome

of the APP and PS proteins mutations is a shift in the two main forms of A in the human brain,



namely from a production of Af that is 40 amino acids long (APao) to toxic A that is 42 amino

acids long (AB4,) (Haass et al 1993; Selkoe 2013).

The structure and function of APP and Presenilin in AD

The main hypothesis for the cause of AD has been the “B-amyloid cascade hypothesis (Fig.
1), which postulates that the chain of pathogenic events is initiated by an increased accumulation
of APao, 42 peptides (Hardy et al., 1992; McGeer et al., 2013). The discovery of rare mutations in
APP and PS proteins that result in significantly accelerated accumulation of AP proteins and
earlier onset of disease (Goate et al., 1991; Zlokovic et al., 2000) has been widely used as
support for the amyloid cascade hypothesis and for Ap being the central pathological entity. It
is believed that the mutations in APP and PS increase AP peptide production, AP aggregates
activate microglia and astrocytes. These activations release cytokines and reactive oxygen
species, disrupts synapse function, alters ionic homeostasis, enhances neuritic injury, alters
kinase and phosphatase activities, and causes the formation of neurofibrillary tangles, and
ultimately widespread neuronal dysfunction and cell death (McGeer et al., 2013; Hardy et al
2002).

APP is a single-pass transmembrane (TM) domain glycoprotein. The APP gene
incorporates ~400 kb of DNA, contains 19 exons, and encodes several alternatively spliced APP
MRNAs (Price et al 1998). When the APP transcript is alternatively spliced it produces 8
isoforms. In the brain, the 695 amino acid isoform is expressed at higher levels while the 751

and 770 amino acid forms are significantly expressed at lower levels.
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Fig. 1 Amyloid cascade hypothesis sequence of events (adapted from Reitz, 2012)

Although the exact function of APP remains inconclusive, it has been reported to
enhance cell health and growth in transgenic mice overexpressing wild-type APP and have been
shown to modulate neurite outgrowth, motility, cell growth and cell survival in transiently
transfected cell lines (Oh et al., 2009; Pearse et al. 1997). Secretase enzymes successively cleave
the protein endoproteolytically. APP mutations are normally located in the vicinity of cleavage
sites. When it is cut by a-secretases, APP processing results in a large soluble ectodomain
fragment (sAPPa,), which is released into the extracellular domain, and an 83-amino acid
carboxyl-terminal fragment (CTF), which is reserved in the membrane. Alternative cleavage of
APP by B-secretase results in a slightly smaller ectodomain derivative (SAPPB) coupled with the
retention of a 99-amino acid CTF in the membrane (Selkoe 1998). The y-secretase cleavage
follows, and this generates the AP fragment that is released extracellularly (Fig. 2). It has been

reported that while 90% of secreted AP peptides are soluble AB40, only 10% of the secreted AP



peptide comprise the longer, more hydrophobic and toxic Af42. Anatomically, ABs, a more
fibrillar form, aggregates and deposits early on in the brain parenchyma in senile plaques (Price
et al 1998) and can recruit AP into compact dense-cored plaques. APsz, With little or no ABao
immunoreactivity (Iwatsubo et al 1994), has been observed as the main component of diffused or
‘cotton-wool’ plaques. Conversely, ABsoaccumulates in the vasculature and is the central feature

of a disorder known as cerebral amyloid angiopathy (CAA).
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Fig. 2 APP processing (adapted from Zheng et al., 2006) (simplistic model showing one

cleavage site per each enzyme)

Missense mutations in APP were characterized as the first specific genetic contribution to
AD (Goate 2006; Chartier-Harlin et al., 1991). These mutations are located within close

proximity to the cleavage sites and result in early onset FAD (Brown et al., 1991) manifesting at



a relatively young inception age of 40 to 50 years old. FAD accounts for less than 5 % of AD
cases while conversely, SAD accounts for more than 95 % of AD cases (Hunter et al., 2013).
Studies show that with the exception of the Swedish mutation, cells expressing various APP
mutations do not appear to secrete higher AP levels rather they secrete a higher fraction of the
more hydrophobic A4, relative to cells expressing wild-type APP (Suzuki et al 1994). The
model in this study recapitulates FAD.

Presenilin 1 and Presenilin 2 (PS1 and PS2), components of y-secretase that have been
identified as the causative genes for autosomal-dominant familial Alzheimer's disease (FAD)
(Borchelt et al.,, 1996; Scheuner et al., 1996; Tomita et al., 1997), have six to nine
transmembrane domains. Inherited missense mutations in PS1 or PS2 result in relative increases
in AP4, production and cause AD in those <60 years of age (Selkoe 2013). Most significantly,
mutations in PS1 and PS2 have been reported to result in elevation of Afs, levels in human
plasma, patient-derived fibroblasts and, in mice, showing strong toxicity (Borchelt et al., 1996;
Scheuner et al., 1996). There are over 50 mutations in the presenilin proteins that have been
reported to cause FAD (Scheuner et al., 1996). Such mutations result in an increased production
of APy and less of AB4o. These proteins (PS1 and PS2) are highly homologous and are found in
the intracellular membranes of the Golgi apparatus and the rough endoplasmic reticulum with
their N- and C-terminal domains oriented toward the cytoplasm (Berezovska et al., 2005; Doan
et al., 1996). While the exact function of presenilin is not known, reports indicate that it plays a
role in y-secretase cleavage and intracellular protein trafficking. Also, in the developmental
signaling of Notch cleavage, presenilins are needed; the PS1 knockout mice displayed
developmental abnormalities consistent with those observed in mice that had components of the

Notch system knocked out (Wong et al 1997).



Although APP mutations are within proximity of the cleavage sites, presenilin mutations
occur throughout the protein. Similarly to APP processing, when presenilins are processed and
cleaved, they also produce an N- and C-terminal fragment (Borchelt et al., 1996); although it is
not entirely well-defined as to whether it is the holoprotein or the protein fragments that
constitute pathological or physiological significance. While 30-50 % of FAD is caused by
mutations in the gene coding for the amyloid precursor protein (APP) or Presenilin-2 (PSEN2),
mutations in the Presenilin-1 (PSEN1) gene are the most common causative factor of this type
of AD and accounts for 50-70% of cases (Ringman et al., 2008). It has been observed that
individuals with a single copy of a mutated PSEN1, APP, or PSEN2 gene experience a higher
than 95% chance of developing AD at a relatively young age. Moreover, their offspring has a
50% probability of inheriting the mutated gene and consequently the disease trait (Ringman et
al., 2008). These and the other genetic findings mentioned above strongly support B-amyloid as
the common initiating factor in AD in the amyloid cascade hypothesis (Hardy et al., 1992;
Borchelt et al., 1996); the dominant hypothesis proposes that an increased accumulation of AR4,
initiates the pathogenic torrent of events in AD. Consequently, it is for these reasons we chose
the FAD form as a valid model for uncovering critical clues and for testing effective therapeutic

candidates for treating AD.

Neuroinflammation, microglial morphology and stages of microglial activation
Neuroinflammation
In addition to the amyloid cascade hypothesis, studies investigating the amyloid cascade-
inflammatory hypothesis (McGeer et al., 2013) have also been explored. Apart from AD being

multigenic in complexity, as discussed above, AP deposition also results in an inflammatory



response mediated by cellular components such as microglia, the resident neuroimmune cells of
the brain, and astrocytes (Mrak et al., 1996; Akiyama et al., 2000; McLarnon 2012). This in turn
activates signaling pathways that may potentially lead to neurodegeneration. Immune system
changes after brain injury have also been observed in cellular composition and functional
modifications in the peripheral lymphoid organs, such the lymph nodes, spleen and thymus
(Prass et al., 2003). Spleens for example, in the stroke MCAO rat model and the Parkinson’s
disease 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model, have been observed to
undergo a reduction in both size and function (Benner et al., 2004; Gendron et al., 2002). It is
less clear as to whether the inflammation that is observed in the brains of AD patients is the
actual cause of the disease or only a secondary event. However, it has been proposed that
micromolar concentrations of A must be present in order to generate brain toxicity, and
furthermore AP forms are present only at lower picomolar levels in the brain of healthy
individuals throughout their lifetime (Seubert et al., 1992; Cittito et al., 2003). Therefore, it is
highly unlikely that A in itself could be the cause of AD. This model speculates that AD results
from a triad, involving inflammation generated in reply to AP deposits and that has been boosted
by tau aggregates (Akiyama et al., 2000). How tau aggregation is set in motion by amyloid
deposition still eludes scientists and clinicians, but it is fully accepted that inflammation is
induced by extracellular amyloid deposits (Akiyama et al., 2000; Kitazawa et al. 2004; Meraz-
Rios et al, 2013). Briefly, from that idea, it appears that increased APP levels or amyloidogenic
processing leads to increased AP which consequently leads to increased inflammation via
microglial activation around plaques and throughout the brain; and these events are

interdependent (Akiyama et al 1996).
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Microglia morphology

During the early stages of embryonic development, monocyte derived cells enter the CNS
and develop into microglia (Murabe et al., 2005). Once developed and resident in the brain
parenchyma, microglia in a resting stage typically have a highly ramified phenotype that
eventually forms a uniform reticular array in both gray and white matter. These macrophage-
related cells are the prime immune effector cells of the CNS (Hanisch et al., 2007). Although
microglia serves to support and sustain proper neuronal functioning, several studies attest to
microglia’s critical role in the etiology of various neurodegenerative diseases (for review see
Kaushik and Basu, 2013).

When certain pathophysiological conditions exist, microglia can remain in an activated
state for an extended time, during which they secrete various inflammatory factors. This
chronically activated state is thought to cause and preserve an inflammatory response that may
result in the neuronal cell loss observed in disease conditions such as AD (El Khoury et al.,
2008), Parkinson’s disease (Song et al., 2013; Orr et al., 2002), HIV-dementia (Yadav et al.,
2009; Tcherakian et al., 2013), multiple sclerosis (Raivich et al., 2004; Kishore et al., 2013), and
amyotrophic lateral sclerosis (Lee et al., 2013; Sargsyan et al., 2005). Moreover, this prolonged
activation can expose the CNS to levels of a wide array of potentially neurotoxic molecular
mediators including acute-phase pro-inflammatory chemokines and cytokines like IL-1p, IL-6,
IL-10, TNF-a, and TGF- (Blum-Degen et al.,1995; Tarkowski et al.,2002; Mrak et al, 2005;
Jiang et al., 2011), proteases, complement proteins (which use the C1g molecule), mannose-
binding protein or C3 multifunctional protein interaction, to recognize molecular patterns on
pathogens (Meraz-Rios et al., 2013), nitric oxide (NO) and reactive oxygen species (ROS)

(Akiyama et al., 2000; Kitazawa et al., 2004). Additionally it has been established that Ap and
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its N-terminal fragments bind to C1qg and thus directly activate the complement system and
initiates the AD inflammatory cascade (Rogers et al., 1992). Further impacting the inflammatory
milieu, microglia are capable for expressing Fc receptors, receptors for advanced glycosylation
end products, Prostaglandin F receptors (FP) receptors, various scavenger receptors and CD40
(Okun et al., 2010; El Khoury et al., 1998; Tan et al., 1999; Walker et al., 2005). On the other
hand, there is an alternative theory that postulates that dysregulation of microglial activation can
inhibit the appropriate immune responses necessary to respond to neuroinsults (Morgan et al.,
2005). As such these inflammatory cellular and molecular mediators have been associated with
a sequence of concomitant deleterious and beneficial outcomes.

Microglia classification in brain tissue has traditionally been done based on their
morphology. Change in shape has been implied to reflect change in function. Microglia rapidly
changes its phenotype in response to any disturbance of nervous system homeostasis. Branched
microglia are highly dynamic and use their long cellular extensions to scan the brain (Kreutzberg
et al., 1996; Davalos et al., 2005; Nimmerjahn et al., 2005). In brain parenchyma, there is an
abundance of ramified microglia (Colton et al., 2010). In adults, this phenotype represents 10-20
% of the total population of glial cells (Colton et al, 2010). These small round cell bodies (soma)
comprise numerous branching processes and possess little cytoplasm. While the full repertoire
of ramified microglia is not known, they appear to be long-lived cells with a limited potential to
divide. Microglia can also respond very quickly to subtle changes not associated with any
apparent tissue damage (Fig. 3), such as spreading electrical depression (Gehrmannet al., 1993;
Hanisch et al., 2007) as well as more severe insults such as anoxic-ischemic injury and neuronal

loss associated with a host of degenerative disorders with a sequence of antigenic and

12



morphological changes. The latter intermediary form is less ramified, with more abundant
cytoplasm.

Primed microglia phenotypes exist in the aging brain. This facilitates an altered cytokine
profile when compared to young brains (Perry et al., 1993; Sierra et al., 2007). Primed microglia
produce exaggerated inflammatory responses when activated (Perry et al., 2007; Godbout et al.,
2005). It is this increased inflammatory status of microglia within the aging brain that is referred
to as primed or sensitized. This condition leads to prolonged proliferation cycles and production
of pro-inflammatory cytokines and eventually, neurotoxicity. Importantly, recent reports showed
that microglia from aged environments are not skewed towards the alternative (M2) response
(Lee et al., 2013) (see section 1.3.3 for microglia activation states). Briefly, the hippocampus of
6, 12, or 24 month old mice was injected with a cytokine cocktail containing either tumor
necrosis factor (TNF)-a, interleukin (IL)-12, and IL-1p (referred to as CKT-1) or IL-13 and IL-4
(referred to CKT-2), and tissue subjected to microarray analysis 3 days later. It is widely known
that the cytokines in CKT-1 cocktail are associated with the pro-inflammatory response,
representing the M1 classical microglia activation state while the cytokines in the CKT-2 are
associated with the anti-inflammatory response, representing the M2 alternative activation state.
In the study, gene transcripts from both CKT-1 and CKT-2 stimulator cocktails were evaluated.
The results revealed that while CKT-1 induced selective transcripts at all ages, CKT-2 induced
selective gene transcripts decreased with age signifying that there was a reduction in the IL-4/
IL-13 signaling pathway in an age-related manner (Lee et al 2013).

Ramified or resting microglia constantly receive tonic inhibitory signals from nearby neurons.
When this cross talk (Nelson et al., 2002) and other endogenous signal fail, as in cases of

injury or pathogen invasion, quiescent ramified microglia proliferate and transform into active
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‘brain macrophages’ otherwise known as reactive microglia (Garden et al., 2006) and migrate to
injury sites. The soma increases in this microglia and branching decreases. Significantly, in this
state, microglia acquire an amoeboid form and express various specified cell surface markers
(Town et al., 2005). It is this population of macrophages which are associated with brain injury
and neuroinflammation. After damage occurs, reactive microglia accumulate at the site of injury
(Banati et al., 1996; Hanisch et al., 2007; Lobsiger et al., 2007; Streit et al., 2002). Activated
microglia association around neuritic plaques in AD suggests that they contribute to the AP
accumulation reported in patients with AD and Downs syndrome (Glenner et al., 1984). This
notion was further supported by several studies (Rozemuller e al., 1986; Dickson et al., 1988).
In response to the cytokine milieu, these microglia express a vast repertoire of receptors and in

turn, phagocytize damaged cells and debris, that is, they act as neuroprotective agents.

Microglial Activation

Historically, in terms of functional groups, microglia, like macrophages, can be
categorized as being ‘classically activated” or M1, which generates elevated levels of pro-
inflammatory cytokines, chemokines NOS and ROS, and ultimately result in tissue injury, or
‘alternatively activated’ or M2, which is considered to be anti-inflammatory, repressing toxic
immune reactions and promoting tissue remodeling (Gordon et al., 2010; Miron et al., 2013).
Neurotoxic M1 microglia and neurotrophic M2 microglia can co-exist in the inflammatory
environment in a delicate flux. This was demonstrated in primary cultured hippocampal
microglia from the transgenic PS1IM146L/APP751SL mouse model of AD and in addition from

a murine microglial cell line (Jimenez et al., 2008).
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What is more, that study demonstrated that the transgenic PSIM146L/APP751SL mouse model

of AD showed an age-dependent shift from initially being in an alternative M2 state to a being in
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a classical M1 activation state. This occurrence may be plausible in other neurodegenerative
diseases as was observed in functional tests of microglia from CNS injured normal mice (Kigerl
et al., 2009). These mice displayed brief transient anti-inflammatory M2 response that was
rapidly surpassed by the M1 neurotoxic response.

Consequently a range of early pathological studies have shown that activated microglia
and reactive astrocytes are clustered around plaques and tangles (McGeer et al., 2013; Kaushik et
al., 2013), suggesting that these structures may be activating these cells to an inflammatory state.
The consequences of microglia activation have been well documented with the production of
damaging cytokines (Meraz-Rios et al., 2013). While it was once thought that activation of
microglia and astrocytes in the AD brain were an epiphenomenon and not a pathoetiological
contributor to AD, more recent studies implicate the AB-mediated inflammatory cascade as an
etiological perpetrator of AD (Biscaro et al., 2012). For example, therapeutic strategies aimed at
manipulating this inflammatory cascade, including AP immunization, non-steroidal anti-
inflammatory drugs (NSAIDs), and modulation of microglial activation, are all able to reduce
AD-like pathology and improve neurocognitive impairment in AD transgenic mouse models
(Biscaro et al., 2012).

Extending on the observation that microglia express a vast gamut of receptors when an
inflammatory response is mounted, recently we reported that the CD40-CD40 ligand (CD40L)
interaction plays a crucial role in AB-induced proinflammatory microglial activation (Tan et al.,
1999). Further, we showed that when this signaling pathway was disrupted, cerebral AB deposits
in the Tg2576 AD transgenic mouse model was reduced and cognitive deficits improved in
PSAPP AD mice (Tan et al., 2002; Todd et al 2004; Town et al., 2001; Tan et al., 2002). Studies

such as those reporting increased expression of CD40 and CD40L in and around B-amyloid
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plagues in AD brain (Calingasan et al., 2002; Togo et al., 2000) strongly support the suggestion
of the CD40-CD40L interaction in AD-associated brain inflammatory process.

Studies with MS patients revealed that not only were activated Th cells expressing the
CD40 ligand (CD40L) detected in MS patients’ brains, moreover these cells were intimately
juxtaposed to CD40-bearing cells in active demyelinating lesions (Gerritse et al.,1996). This and
other studies opened the way for the now broadly accepted tenet that CD40 is expressed on many
professional and nonprofessional ~APCs, including dendritic cells, B cells,
monocytes/macrophages and microglial cells (Tan et al., 1999b; Carson et al., 1998; O'Keefe et
al., 2002; Havenith et al., 1998; Tan et al., 1999a) and exists as a heteromultimeric complex on
the cell surface (Tan et al., 2002a). CDA40 is a type | transmembrane protein which when mature
is comprised of 277 amino acids with a 193-amino-acid extracellular domain, including a 21-
amino-acid leader sequence, a 22-amino-acid transmembrane domain and a 62-amino-acid
intracellular tail. CD40L, the associated CD40R ligand, is a significant immunoregulatory
molecule that exhibits a co-stimulatory role in the activation of immune cells from both the
innate and adaptive arms of the immune system. This function encompasses activation,
maturation/differentiation, growth/proliferation, and regulation of apoptosis. Although CD40L
may sometimes be secreted as a small soluble factor, normally it is expressed by activated CD4+
and certain CD8+ T cell subsets (Grewal et al., 1998).

It has been reported that the ligation of CD40 generates APC activation and subsequently
activation of cytotoxic T lymphocyte function in CD8+ T cells and this can result in a halt of
viral infection and tumors (Clarke, 2000). In addition, interaction of the CD40-CD40L also
regulates the humoral or antibody arm of the immune response. More specifically, CD40L on

the surface of activated T cells interacts with B cell CD40 producing an accessory signal that
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stimulates B-cell proliferation and differentiation into antibody-secreting plasma cells, initiates
the 1gM to IgG antibody isotype switch, and opposes B-cell apoptosis (Jelinek, 2000; Kishimoto
et al., 2000). As observed, there is a Th cell immune deviation from a Th2 to a Thl immunotype
(Martin et al., 2010), resulting in an optimized cellular immune response necessary for
counteracting primary infection. Indeed earlier experiments from this and other studies have
shown that both microglia and astrocytes constitutively express CD40 at low levels (Tan et al.,
1999b; Aloisi et al., 1999). When microglia were stimulated with between 1 and 10 U/ml of IFN-
vy and TNF-a, microglia dose-dependently increased expression levels by as much as 20-fold
with IFN-y and by a lesser degree with TNF-a (Tan et al., 1999b, Nguyen et al., 2000; Aloisi et
al., 2000). This observation whereby the CD40-CD40L interaction leads to a striking production
of tumor necrosis factor-a (TNF-a), a cytokine that has been found to mediate neuronal injury in
vitro (Tan et al., 1999b), supports the idea microglial CD40 may significantly affect
neuroinflammatory pathogenesis. Moreover, in elucidation efforts, studies have sought to
directly inhibit the interaction using a neutralizing antibody to CD40L. The experimental
allergic encephalitis (EAE) mouse model of MS was used to examine a possible mode of action
for blocking the CD40-CDA40L interaction by interrupting Thl cell differentiation and function
(Howard et al., 2003). While peripheral Th1/Th2 mechanisms’ importance in other disorders is
well known, their role in AD and other neuroinflammatory disorders is currently being explored.

In AD, preliminary experiments of the study presented in this dissertation (Nikolic et al.,
2008) reported a noticeable reduction (p < 0.001) of AP levels/pB-amyloid plaques and associated
astrocytosis in the PSAPP AD mouse model when treated with multiple low dose infusions of 1
x 10° human umbilical cord blood cells (HUCBCs), bi-weekly for the first two months and

monthly for the remaining four months. It was found that these infusions also reduced cerebral
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vascular AP deposits in the Tg2576 AD mouse model. Such findings were associated with
suppression of the CD40-CD40L interaction as evidenced by elevated systemic IgM levels (p <
0.05), attenuated CD40L-induced inflammatory response, diminished circulating and brain
soluble CD40L (sCD40L) and reduced microglial CD40 surface expression. Additionally,
microglia isolated from HUCBC-infused PSAPP mice exhibited an augmented AP phagocytosis.
HUCBC-infused PSAPP mice sera displayed considerably improved microglial phagocytosis of
AP1-42 peptide while inhibiting IFN-y (100 ng/mL) -induced microglial CD40 expression.
Consequently, these experiments suggest that HUCBC infusion disrupts CD40L activity thus
modulating AD-like pathology. While this finding increased our repertoire of therapeutic
possibilities for AD, it was not known if this observed reduction in pathology correlated to
rescue of behavioral (learning and memory) deficits. Thus, apart from reducing AD pathology
the focus of the proposed study was largely to investigate whether HUCBCs could improve
cognitive function in the PSAPP transgenic mice model of AD.

There is no true disease modifying treatment for AD. The U.S. Food and Drug
Administration have approved 5 drugs that improve AD symptoms only temporarily (Di Santo et
al., 2013). One of the drugs, Aricept (donepezil), a reversible inhibitor of acetylcholinesterase,
has been approved for mild to moderate stages of AD, and is temporarily effective in improving
cognition. This would be expected since acetylcholine is linked to learning and memory. It is
becoming increasingly evident, however, that intervention is urgent and a more effective
treatment or prophylaxis is needed.

Current experimental therapies have focused on removal of AP or prevention of its
accumulation. Current theories suggest that prevention of accumulation of toxic AP levels will

prevent much of the direct neurotoxic effects along with prevention of its activation of the brain
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immune system (Zhu et al.,, 2013). AP plaques are potent activators of both microglia and
astrocytes-central nervous system (CNS)-resident immunocompetent cells that respond to
cerebral amyloidosis by chronic, pro-inflammatory activation, also known as “inflammaging”

(McGeer et al., 2013; Klegeris et al., 1994; Giunta et al., 2008).

Animal model of amyloid deposition and other models of AD-like pathology

While the two major hallmarks of AD are AB plaques and hyperphosphorylated tau
tangles, the existence of neuron loss has also been reported, together with gliosis, depression,
anxiety and other psychological symptoms (Gémez-Isla et al,. 1997; Jung-Eun et at., 2013;
Serrano-Pozo et al., 2011; Selkoe 2001). However, amyloid appears to be the major culprit
contributing to AD (Morgan 2000). Cognitive decline is a key facet of AD and parallels between
memory dysfunction and age-dependent increases in the core densities of amyloid plaques
suggest that amyloid plays a critical role in this decline (Janus et al., 2001; Kelly et al., 2003).
Consequently, this study of this dissertation sought to develop therapies that decreased amyloid
burden and reverse memory impairments. Mouse models of AD must be closely linked to
hallmarks of the disease (Castellani et al., 2006). While the exact pathological significance of
AP and NFT individually and collectively are not known (Arriagada et al., 1992; Roberson et al.,
2007), many AD models are deemed valid based on either their ability to overexpress APP
mutations that cause plaques and/or phosphorylated tau mutations that cause tangles in the brain.
However, authentic modeling of all AD features in such mice remains obscure (Cohen et al.,
2013).

While different animal models have mimicked various AD hallmarks in isolation, it was

only in recent years that animal models have been able to recapitulate a combination of these
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pathologies whose presence is required for diagnosis of AD (Table 2 below). In terms of animal
models of amyloid deposition, of critical importance are extracellular amyloid deposits in the
brain parenchyma as plaques and in conjunction with the blood vessels as cerebral amyloid
angiopathy (CAA). In terms of animal models of tau intracellular inclusions, NFTs are present in
the brain where the neuron died, thus disrupting cellular signaling and communication.
Presently, various models exist, including amyloid precursor protein (APP), tau, APP+PS and
even triple transgenic models.

PDAPP, Tg2576, TQCRNDS8, hAPP/hACT and PSAPP are some representative amyloid
precursor protein (APP) AD models. APP mutations around the [B-secretase or y-secretase
cleavage sites increase secretion of A4, in the brain (Jang et al., 2013). In these transgenic
mouse models that use mutated APP, the inserted genes are controlled by different promoters,
including the prion protein (PrP) (Hsiao et al., 1996), thymocyte differentiation antigen 1 (Thy-)
(Sturchler-Pierrat et al., 1997) and the platelet-derived growth factor B-chain (PDGFp) (Games et
al., 1995). PDAPP, the first model to depict overexpression of B-amyloid was driven by the
PDGFP promoter. This model expresses a human APP variant 695/751/770 minigene encoding
the V717F mutation (the London mutation) (Games et al., 1995). At around age 6 months, this
model exhibits an onset of amyloid deposition and increase in APP mRNA expression levels in
the brain while at 13 months, they begin to show behavioral deficits (Chen et al., 2000). The
Tg2576 model is hamster PrP-driven. Tg2576 expresses hAPP695 and contains the double
mutation, K670N/M671NL (Swedish mutation) (Hsiao et al 1996) resulting in amyloid
deposition and cognitive decline starting around 6 months old (Hsiao et al 1996; Westerman et
al., 2002). TgCRNDS8 (Chishti et al., 2001), like the Tg2576 model, is also hamster PrP-driven.
Likewise, it also expresses hAPP695 but contains an additional mutation, (V717F) conferring y-
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secretase cleavage which yields, by 3 months of age, both decline in cognition and amyloid
deposition (Chishti et al., 2001). The hAPP/hACT doubly transgenic mice, a cross between
hAPP mice that produce human amyloid protein precursors (hAPP) and A in neurons (Johnson
et al.,, 1995) and human az-antichymotrypsin (hACT) transgenic mice, has an onset of florid
amyloid plagues at age 7 months and show progressive decrease in synaptophysin-
immunoreactive presynaptic terminals in the dentate gyrus (Mucke et al., 2000). PSAPP (double
transgenic model: TgAPPswe/PS1dE9), like the Tg2576 model, is cut at the 3-secretase cleavage
site and has the K670N/M671L Swedish mutations and PS1 (PS1dE9). PSAPP is a model of
amyloid deposition and lacks the development of NFTs or neuronal loss. It is mouse PrP-driven
and incipient deposition starts at 3 months old (Wang et al., 2012, Holcomb et al., 1998,
Holcomb et al., 1999) with appreciable amyloid deposition and memory dysfunction at 6 months
old (Kim et al., 2012).

Other models have also sought different angles to recapitulate and subsequently treat AD.
Hyperphosphorylated tau models, such as the JNPL3 model, produce tau-associated pathology
but lack the development of amyloid plaques. The tau JNPL3 model is mouse PrP promoter-
driven and expresses human tau with the P301L mutation, the most common mutation found in
fronto temporal dementia, not AD. In this model, around 5 months of age, and specifically, in
the hemizygous animals, NFTs and progressive motor deficits develop (Lewis et al., 2000). The
triple transgenic model of the APP+PS+TAU mice (3XTQg) represents yet another AD model.
This transgene is mouse Thy-1 promoter-driven and expresses human APP695 (Swe), PS1
(M146V), and Tau (P301L). While synaptic dysfunction is observed before plaque and tangle

pathology (Oddo et al., 2003), cognitive dysfunction correlates with intraneuronal amyloid
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deposition at around 3 month old, (Billings et al., 2005). Robust dense cored plagques develop at

6 months of age and NFTs at around 12 months of age (Oddo et al., 2003).

Table 2 Commonly used AD mouse models

Model Mutation Phenotype Cog. Symptom of
Onset | Plaque | NFT Neuron | CAA | Neuro-degeneration
(mths) Loss

PDAPP Human 6 ++ +/- - + ++

[Huitron-Resendiz et | APP
al., 2002, Games et

al., 1995]

Tg2576 Human 6 ++ +/- - + ++
[King et al., 2002, APP

Hsiao et al., 1996]

TgCRND8 Human 2-3 +++ +/- - ++ ++
[Faizi et al., 2012, APP

Chishti et al., 2001]

APP23 Human 6 ++ +/- - ++ ++
[Sturchler-Pierrat et APP

al., 1997]

PSAPP Human 3 ++++ +/- - + ++++

[Wang et al., 2012, APP.
Holcomb et al., 1998, | Human
Holcomb et al., 1999] | pg1

JNPL3 Human 4.5 - o+ + - +/-
[Lewis et al., 2000] Tau
rTg4510 Human 3 - +H+ ++ - tt
[Santacruz et al., Tau
2005]
3XTg Human 3 ++ +++ - +/- ++
[Oddo et al., 2003] Tau.

Human

APP.

Human

PS1
APPSw/ NOS, -/- | Human 6 +++ ++ +++ ++ T+t
[Colton et al, 2006] APP.

NOS

deletion
APPSWDI Human 3 ++++ ++ +++ +++ +++
INOS; -/- APP.
[Wilcock et al., 2008] | NOS

deletion
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These results were further reinforced using the open pool platform swim test to assess
whether the animals possessed the motor skills sufficient to complete the water maze tasks.
During both 2- and 4-months experiments, CB-DM injected PSAPP mice out performed control
PSAPP animals (PBS) showing that more learning occurred in PSAPP mice infused with
HUCBC-derived monocytes.

Although not the major presenting symptoms, AD may also lead to motor deficits such
as ataxia and apraxia (Chainay et al., 2006; Derouesné et al., 2000; Della et al., 2004; Herbert et
al., 2010; Buchman et al., 2011; Anheim et al., 2007). This suggests that not only should
cognitive impairments be investigated but also motor deficits. Our data show that AB-associated
balance coordination deficits and spatial memory cognitive impairments can be rescued by
infusion of HUCBC-DM and that these improvements were significant versus HUCBC-MNC.

Studies in other models have confirmed our findings of the beneficial effects of HUCBC-
derived monocytes. Recently it was reported that HUCBC-derived monocytes were necessary
for the neuroprotection observed in a middle cerebral artery occlusion (MCAQO) model of stroke
(Womble et al., 2014). In brief, various cell types were depleted from HUCB-MNCs in order to
identify which could be credited with the HUCB-MNC mediated decreased infarct volume and
enhance behavioral recovery. Forty-eight hours after MCAO, i.v. infusions of HUCB-MNC
preparations depleted of either CD14+ monocytes, CD133+ stem cells, CD2+ T-cells or CD19+
B cells were applied to male Sprague Dawley rats. It was found that monocyte depletion
prevented HUCBCs from reducing infarct and promoting functional recovery. Similar
observations were reported in untreated, MCAO subjected animals. Further, their results showed
that CD14+ monocytes depleted from HUCBC-MNCs reversed the behavioral improvements

that were observed with the HUCBC-MNC infusion. Conversely, analysis of animals in the
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group that received enriched fractions of CD14+ cells showed decreased infarct volume that
paralleled those treated with HUCBC-MNC, suggesting this fraction of HUBC was responsible
for therapeutic benefits. In another study (Ji et al., 2013); twenty-four hours after an hypoxia-
ischemia (HI) brain insult, neonatal Sprague-Dawley rats were i.v. injected with either HUCBC-
derived monocytes or PBS. They were assayed by erythropoietin/4', 6-diamidino-2-phenylindole
(EPO/DAPI) and NG2/DAPI immunofluorescence double staining 7 days later. Erythropoietin
is a red blood cell precursor cytokine while NG2 is an oligodendrocyte precursor cell marker. It
was found that the rats in the HUCBC-derived monocyte group had lower levels of
NG2+DAPI+(P<0.05) than those in the HI/HUCBC-derived monocyte group (P<0.01). Further,
analysis showed that whereas there more NG2+DAPI+ and EPO+DAPI+ cells in the
HI/HUCBC-derived monocyte group, their NG2+DAPI+ cell count correlated with that of the
EPO+DAPI+ cells (r=0.898, 5=1.4604, P<0.01). This suggests that in neonatal Sprague-Dawley
rats, HUCBC-derived monocyte may enhance oligodendrocyte progenitor cell expression which
in turn, is associated with elevated in EPO protein that consequently generates mechanisms for
repair of brain white matter in hypoxic-ischemic brain damage conditions.

From a clinical perspective, if infusion of this one cell type can recapitulate the effect of
total mononuclear HUCBCs, using these cells in neurodegenerative therapies may advance the
field in a significant way. Further it may obviate the need to inject cells which may not have a
significant therapeutic function, thereby decreasing the risk of side effects. When taken together;
our results provide the basis for a novel immunomodulatory strategy for AD using HUCBC-

derived monocytes.
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CHAPTER SIX

Discussion

HUCBC modulation

Tissue uptake of HUCBCs

While the two pervading pathological hallmarks of AD are amyloid plaques and
hyperphosphorylated tau NFTs, the AP peptide appears to play a pivotal role in AD pathogenesis
(Hardy et al.,, 1991; Selkoe et al., 2001). The Alzheimer's cascade hypothesis, one of the most
widely accepted theories for the cause of AD, implicates tau as being downstream in the
Alzheimer's cascade (Hardy et al., 1992; McGeer et al., 2013). As such, although tau plays a big
role in the pathology, studies subscribing to the tenets of the amyloid hypothesis have placed
much emphasis on the upstream targeting of amyloid-p rather than on tau and other factors. The
disparity between the production and the elimination of amyloid-p has triggered a plethora of
studies including the use of HUCB as a therapeutic intervention. The first HUCB transplant was
done over two decades ago on a Fanconi anemia patient (Gluckmanet al., 1989) and the number
of HUCB transplants continues grow. Further, HUCBC therapy has evolved into successful
treatments of thousands of patients, for example in Faconi’s anemia ( for review see Forostyak
et al 2013) and in animal models with various diseases, including stroke, ALS and spinal cord
injury (Garbuzova-Davis et al. 2006; Willing et al., 2003; Saporta et al., 2003; Lu et al., 1996).
HUCBGC S, are rich in hematopoietic progenitor/stem cells (Todaro et al., 2000; Mayany et al.,
1998) and have emerged as effective and relatively safe immunomodulators and neuroprotectors.

In this regard, HUCBCs have been proven effective in reducing behavioral impairment in animal
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models of AD and other diseases such as MI (Nikolic et al., 2008; Henning et al., 2006). While
this is so, it was still yet unknown as to which organ(s) HUCBCs homed to when infused in
models of AD as well as the length of time it took for those cells to reach the organs and once
there, how long they persisted. Furthermore, while studies have suggested maximum optimal
dosage for HUCBCs in various diseases (Nikolic et al., 2008) and that HUCBCs are
therapeutically beneficial in AD models (Nikolic et al., 2008), evidence on how HUCBCs might
reduce deficits in learning and memory in AD had not been reported. The experiments in this
study endeavored to unearth critical answers to these questions.

Apart from yielding valuable insights into how cell migration might be targeted to
lesions, migration rate and the period of cell persistence in particular organs, evaluating the
biodistribution of HUCBCs in various models of disease may also translate into predictions of
likely therapeutic windows, optimal dosage, probable side effects and cell growth monitoring in
human clinical trials and treatments. While HUCBCs appeared to have therapeutic benefits,
questions reflecting homing capabilities and longevity of these cells in animal models of AD,
while yet unanswered, were of importance to this study. Therefore, Chapter 3 followed the bio-
distribution of HUCBCs in AD-like transgenic PSAPP mice. The biodistribution of HUCBCs
was also determined for non-transgenic Sprague-Dawley rats since pre-clinical regulations
require that treatments be administered across species for comparative evaluations. In addition,
apart from being widely cited in scientific literature, non-transgenic Sprague-Dawley rats are
generally well recognized in recapitulative studies of human pharmacology, toxicology,
reproduction and behavior research (Krinke 2000). Moreover, findings in rats showed that
peripheral administrations of HUCBCs can enter the CNS in a non-injury disorder and this

increases prospects for therapeutic interventions in other neurodegenerative disorders. The
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PSAPP transgenic mouse model of amyloid-p deposition (Wang et al., 2012, Holcomb et al.,
1998, Holcomb et al., 1999) has shown numerous benefits in characterizing the role of A in
cognitive impairment and pathogenesis in AD (Lemere et al., 2003). This mouse model was
selected for current experiments because of its ability to recapitulate key age and AD stage
amyloid pathology, memory dysfunction and behavioral changes (Lemere et al., 2003). Previous
studies have shown that PSAPP mice treated from 7 months of age with infused bone marrow-
mesenchymal stem cell (BM-MSC) suspensions biweekly for 1 month exhibited reduced
amyloid-p deposition and rescued memory deficits (Lee et al., 2010).

In the current study, HUCBCs were injected into tail veins of mice or rats at a single dose
of 1 x 10° or 2.2 x 10° cells, respectively, prior to harvesting of tissues at 24 hours, 7 days, and
30 days after injection. For determination of HUCBC distribution, tissues from both species
were subjected to total DNA isolation and PCR amplification of the gene for human glycerol-3-
phosphate dehydrogenase. While the results did not exhibit exact matches for mice and rat
distributions, interestingly HUCBCs seemed inclined to migrate to the spleen in both species.
This finding is supported by other cord blood studies of brain insult and may serve as ground
work for future studies as the spleen has been reported to play a role in immune modulation
(Vendrame et al., 2006). After a single intravenous treatment HUCBCs were broadly detected
both in the brain and several peripheral organs, including liver, kidney and bone marrow of both
species starting within 1 day and continuing up to 30 days post transplantation. The results
indicate that this route of administration can be sufficient to have a direct therapeutic effect in
several tissues including the brain for up to one month after administration. What is more, by day
30, the number of mice and rat testing positive for human DNA in their spleens decreased. It is

possible that like in other studies of brain insult, monocytes observed at the earlier time points in
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the spleen might have migrated to the brain in response to chemotactic cues. Additionally, in
stroke studies, as early as 18 h post MCAO, monocytes have been observed in the brain (Stevens
et al., 2002) and this is consistent with observation of splenic monocytes in the brain at 48 and 96
h post MCAO. Studies show that the spleen transiently contracts in rats from 24-72 h post
MCAO (Vendrame et al., 2006; Ajmo et al., 2008). From this contraction an increase in
circulating splenocytes that corresponds to a decreased spleen size has been observed. What is
more, this finding is consistent with data on splenic contraction preceding increased levels of
peripheral white and red blood cells (Bakovic et al. 2005). This reiterates that the spleen is a
reservoir of undifferentiated non-tissue specific monocytes (Swirski et al., 2009). While the
exact role of the splenic response in mediating inflammation post brain injury is not entirely
understood, removal of the spleen reduces the amount of circulating immune cells in the brain
compared to sham MCAO animal (Ajmo et al., 2008). Therefore the intact spleen contributes to
peripheral immune cells in the brain and with further effective and specific modulation might be
a promising pharmacological target approach that may open the door to clinical therapies leading
to improved AD and other neurodegenerative outcomes.

Historically, given the abundance of progenitor cells, it was believed that the migration of
HUCBCs and its subsequent differentiation contributed to cell replacement which in turn
conferred functional recovery in disease models. Conversely, immunohistological evidence in
stroke studies showed that the survival of transplanted HUCBCs in the CNS is relegated to mere
insignificant numbers (Vendrame et al., 2004). Moreover, in other reports, it was found that of
the few cells that survived, neural markers were expressed on only a few of the survivor
HUCBCs (Chen et al., 2001). Therefore the HUCBCs ability to cross the BBB, proliferate and

differentiate in sufficient amounts needed to replace lost cells was not plausible. Furthermore,
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and consistent with other stroke studies (Vendrame et al., 2005), it is believed that functional
recovery may arise from suppressing the inflammatory response. Studies have proposed that in
stroke, the neuroinflammatory suppressed state was induced by a modulation of the immune
system. However the exact mechanisms of how these chemokines are involved in HUCBC
homing (Newman et al., 2006) and the ensuing beneficial effects seen in various studies have not

been clearly delineated.

Immunomodulation by HUCBCs

Cognitive degeneration (Lee et al., 2012; Koyama et al., 2012) has been associated with
the long and the most toxic isoform of AP, AP, and this isoform has also be shown to elicit a
strong pro-inflammatory immunological response in the brain (Simard et al., 2006). Moreover, it
has been shown that while AP peptides mediate pro-inflammatory and neurodegenerative
changes, the oligomeric forms of the peptide are neurotoxic as well as synapse toxic (Malinin et
al., 2005). Indeed, it is well established that brain inflammatory mechanisms mediated by
reactive glia are activated in response to AP plaques (Christie et al., 2001; Eikelenboom et al.,
2004; Rozemuller et al., 2005) and these changes could negatively affect cognitive function.
Modulation of inflammatory responses by diverse strategies including AP immunization,
nonsteroidal anti-inflammatory drugs (NSAIDs), and manipulation of microglial activation states
have been shown to reduce AD-like pathology and cognitive deficits in AD transgenic mouse
models. Studies suggest that HUCBCs may also function in this therapeutic capacity due to their
unique immunomodulatory potential (Vendrame et al., 2006).

Preliminary experiments from this study and others showed that HUCBC infusion could

impact Ap-associated pathology in PSAPP mice (Nikolic et al., 2008; DeMattos et al., 2002).
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Previously, multiple low dose intravenous HUCBC injections have been shown to produce a
decrease in AD-like pathology in PSAPP and Tg2576 mice characterized by significant
reductions in: a) microgliosis, b) astrocytosis, ¢) CNS Ap/B-amyloid burden, and d) cerebral
amyloid angiopathy (CAA) (Nikolic et al., 2008). While these findings suggests a potentially
effective therapeutic AD intervention, there have been reports that ataxia and apraxia (Chainay et
al., 2006; Derouesné et al., 2000; Della et al., 2004; Herbert et al., 2010) , while not a major
symptom (Buchman et al., 2013; Anheim et al., 2007), also exist in AD. In addition, the ability
of HUCBCs to reduce cognitive impairment had not been fully investigated. On this basis,
Chapter 4 extended the aforementioned findings by examining the effects of monthly peripheral
HUCBC infusion (1 x 10° cell/100 L) into the transgenic PSAPP mouse model from 6 - 16
months of age. Cognition and locomotor ability were examined via a two-day version of the
RAWM, and the rotarod test respectively, followed by a subsequent observation in an open pool
platform test. This study showed that HUCBC therapy decreased: (1) cognitive impairment, (2)
AP levels/B-amyloid plaques, (3) amyloidogenic APP processing, and (4) reactive microgliosis
after a treatment of 6- or 10 months. As such, this report lays the groundwork for a HUCBC

therapy as potentially novel alternative to oppose AD at the disease-modifying level.

Cognitive rescue by HUCB-derived monocytes

Building on the previous findings that multiple low dose intravenous HUCBC injections
produced a decrease in AD-like pathology in PSAPP and Tg2576 mice (Nikolic et al.,2008),
current experiments have further shown that HUCBC multiple low-dose infusions of HUCBCs
reduce cognitive impairments and Ap-associated neuropathology in PSAPP mice (Chapter 4,

Darlington et al., 2013). Although HUCBCs have proven to have therapeutic benefits in AD
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and other degenerative diseases, HUCBCs consist of less that 1% stem cells, and more broadly
functionally defined as self-renewing and multipotent, generating the mature cell types of a
particular target tissue through differentiation (Collins et al., 2005). Aberrant self-renewal may
parallel tumorigenesis due to uncontrolled growth. Indeed, there is now increasing evidence in
some malignancies that the tumor cells are organized as a hierarchy originating from rare stem
cells with indefinite potential for self-renewal that are responsible for maintaining the tumor
(Reya et al., 2001). Consequently, the infusion of complete HUCBCs could actually stimulate
tumorigenesis by increasing the repertoire of potential tumorigenic cells.

To reduce the likelihood of tumorigenesis, this study further thought to optimize the
system such that only HUCB-derived monocytes were infused into PSAPP transgenic mice
(Chapter 5). Studies have shown that not only are monocytes capable of crossing the BBB, but
it is believed that in AD, these monocytes also play a role in amyloid plaque clearance, either by
inhibiting its aggregation or by decreasing existing plaques (Lesbon et al., 2010 Malm et al.,
2005). Therefore, the CD14+ monocyte fraction was infused intravenously, as multiple low
doses (1 x 10° cell/100 pL) into 6 month-old PSAPP mice. As mentioned elsewhere, apart from
learning and memory deficits, ataxia may also exist. Therefore, locomotor ability and cognition
were investigated using the rotarod test and the RAWM, respectively, followed by a swim test
for visual acuity to confirm that any observed deficits found in the cohorts in the hidden platform
task were not derived from sensory impairments or deficiencies in motor performance. The data
demonstrated that while HUCB-derived monocytes appear to be therapeutically similar to
HUCBGC S, these cells significantly increased cognitive rescue in mice with AD-like pathology

compared to their PSAPP counterparts and wild type littermates treated with PBS.
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Conclusion and future direction

In conclusion, this study demonstrated that a single low dose of HUCBCs can be
sufficient in promoting therapeutic benefits. However, due to the low dose of HUCBCs
administered and eventual loss of these cells in key organs, such as the spleen, the use of
multiple low-dose infusions may be necessary to prolong the therapeutic benefit of these cells
(Darlington et al, 2013), while still benefiting from a lower chance of ectopic cell growth. The
exact mechanism of efficacy with multiple low-dose HUCBC infusions in AD patients remains
to be elucidated. In addition, further studies investigating other HUCBC cell type(s) and/or
possible secreted factors, that are capable of modulating the neuroinflammation observed with
AD, stroke, ALS and MS are essential.

The cord blood infusion experiments extended our previous findings by supplementing
the study with a behavioral component examining locomotion and cognition via the: (1) rotarod
test, (2) a two-day version of the radial-arm water maze test, and (3) a subsequent observation in
an open pool platform test to characterize the effects of monthly peripheral HUCBC infusion (1
x 10° cell/uL) into the transgenic PSAPP mouse model of cerebral amyloidosis (bearing mutant
human APP and presenilin-1 transgenes) from 6 - 12 months of age. Following a treatment of 6-
or 10 months, this study showed that HUCBC therapy was associated with decreased cognitive
impairment, reduced AP levels/B-amyloid plaques, diminished amyloidogenic APP processing
and lessened reactive microgliosis. Although more research in the field is needed, and
specifically for future experiments of this study, larger quantities of control animals are needed
to ensure an equal number of cohorts in all groups; these results suggest HUCBC therapy may be

a potentially novel approach to treat AD.
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While this and other recent studies indicate that transplants of complete human umbilical
cord blood cells (HUCBCs) have therapeutic benefit, growing evidence suggest that the observed
tumorigenesis in some malignancies may arise from rare stem cells sustaining the tumor. This
possibility was minimized by optimizing the system, infusing only human umbilical cord blood
derived monocytes. It was observed that while the therapeutic benefits in the PSAPP mice
treated with HUCB-derived monocytes were comparable to those infused with whole HUCBCs,
these mice significantly out-performed their wild type littermates in rotarod motor learning and
coordination behavioral tasks and RAWM cognitive learning tasks. Overall, this study reports
HUCBGC:s are rapidly migrated to tissues including the brain and that multiple low-dose infusions
of HUCBCs present therapeutic benefits in AD. More specifically, multiple low-dose infusions
of HUCBC-derived monocyte therapy correlate with enhanced reduction of cognitive deficits
and amyloid pathology, indicating that the beneficial effects of HUCBCS may be assigned, in a
large part, to the monocyte fraction. The above conclusions provide an insight into the further
therapeutic intervention in AD with minimized adverse effects.

Future experiments are needed to determine if HUCBC-monocyte infusion could also
reduce AB-associated pathology in PSAPP mice. In order investigate that hypothesis; an ELISA
to assess both soluble and insoluble A4 42 cerebral levels can be used followed by
immunoblotting (IB) analysis for soluble AP levels and APP proteolytic products. Reductions in
plaque load using immunohistochemistry (IH) can also be investigated. Our study showed that
multiple low dose intravenous infusions of human umbilical cord blood monocytes reduce
cognitive deficits in AD-like pathology. While CD14+/CD16+ or CCR2-CX3CR1"9" has been
characterized as pro-inflammatory (see Chapter 1 for details), CDI14+/CD16— or

CCR2+CX3CR1"" is characterized as anti-inflammatory. Neither the migratory route nor the
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mechanism mediating the entry of monocytes from the periphery into the CNS is fully known;
therefore an understanding of which monocyte population is recruited into the AD brain is
necessary. Moreover by directing therapy to molecules like chemokine receptors that are
restricted to the CD14+/CD16+ monocyte subset, in the CNS, it may be possible to modulate the
delicate balance of their function in AD and other inflammatory diseases, without offsetting the
potential homeostatic role of the CDI14+/CD16— subset in the brain. Additionally, these
monocyte subsets may differ in revealing possibly different responses to pathogenic insults, and
also in lectin expression. Pro-inflammatory cytokines including IL-1f, IL-2, TNFa, and IL-6 are
upregulated in the diseased condition (Michaud et al 2013; Neuroinflammation Working Group,
2000). It maybe that it is through chemokine recruitment, AP plaques can induce monocytes in
the periphery to cross the BBB (Fiala et al., 1998). When an insult occurs in the CNS; pro and
anti-inflammatory cytokines are released (Gimbrone 1999), and these cytokines alter BBB
permeability, activate chemoattractants and their receptors and modify expression of cell
adhesion molecules all of which in turn control migration of peripheral blood immune cells into
the brain. It has been show that these HUCBC-derived monocytes imparted beneficial effects
may correlate with increased brain-to blood efflux of AP and a shift from pro-inflammatory Thl
to anti-inflammatory Th2 cytokines both in the brain and in the periphery, as seen in our
previous studies after Af immunization (Town et al., 2001; Town et al., 2002; Town et al.,
2005b). Cytokine assays can be used to determine inflammatory conditions both in normal and
in diseased condition prior to and after HUCBC treatments. Thus further chemokine profiling,
possibly using HUCBC-monocyte cell cultures both with an immune challenge such as
Concanavalin A (ConA) and without a challenge may prove informative to unraveling a

mechanism for the observed beneficial effects in this study.
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