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ABSTRACT OF THE DISSERTATION 
 

The Impact of the Adaptive Immune System on Alzheimer’s Disease Pathogenesis 
 

By 
 

Samuel Evan Marsh 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2016 
 

Assistant Professor Mathew Blurton-Jones, Chair 
 
 
 

Alzheimer’s disease (AD) in the most common neurodegenerative disorder in the world, 

affecting over 35 million people.  AD is characterized by a progressive loss of memory and 

cognitive function that eventually robs patients of the ability to perform basic daily functions.  

However, currently approved therapies are not disease modifying and only provide limited 

benefits.  Pathologically, the brains of AD patients exhibit two hallmark protein aggregates, 

amyloid plaques and neurofibrillary tangles composed of the protein tau. 

An additional pathological hallmark of Alzheimer’s disease is the presence of reactive 

microglia that surround plaques, contributing to a chronic proinflammatory state within the brain 

which exacerbates many of the other pathologies and cognitive symptoms that occur in AD.  

While the role of innate immunity in this process has been extensively studied, the potential 

influence of adaptive immunity in AD remains unclear.  Yet growing evidence that cross-talk 

between adaptive and innate immunity occurs in both health and disease, led me to hypothesize 

that the peripheral adaptive immune system also plays a critical role in the pathogenesis of AD. 

The goal of my dissertation is to therefore determine the contributions of the adaptive 

immune system to the pathogenesis of AD.  To achieve these goals, we created a novel AD 
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mouse model (Rag-5xfAD mice), that, exhibits many of the hallmark pathologies of AD yet 

lacks the principal components of the adaptive immune system, B- and T-cells, and also lacks 

NK cells, considered a component of both adaptive and innate immunity. 

During my studies, I have uncovered that loss of the adaptive immune results in both a 

dramatic increase in amyloid pathology and a worsening of the chronic inflammatory state of the 

CNS compared to immune-intact AD mice.  I have also demonstrated for the first time that non-

specific B cell-produced antibodies are part of a critical regulatory mechanism that limits 

amyloid deposition in immune-intact animals.  Taken together these results demonstrate that the 

adaptive immune system plays several critical roles in the pathogenesis of AD and suggests that 

further studies are needed to fully understand the complex interactions between innate and 

adaptive immunity that contribute to AD pathogenesis. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the world 

today affecting over 35 million people (Alzheimer’s Association, 2016).  AD is a debilitating 

disease characterized by a progressive loss of memory and cognitive function that eventually 

robs patients of the ability to perform basic daily functions (Alzheimer’s Association, 2016).  

There is currently no disease modifying therapy for AD and the only 5 FDA-approved drugs for 

AD provide typically 6-12 months of relief from symptoms and only in mild-moderate AD 

(Birks, 2006; Schneider et al., 2011; Russ & Morling, 2012; Tan et al., 2014).  Despite 

tremendous advances in the understanding of cognitive and underlying biological basis of 

Alzheimer’s disease in the 110 years since its first description by Dr. Alois Alzheimer 

(Alzheimer, 1907; Alzheimer et al., 1995), we still have much to learn. 

Pathologically, AD is characterized primarily by two hallmark protein aggregates, 

referred to as plaques and tangles, which were first described by Dr. Alzheimer in 1907 

(Alzheimer, 1907; Alzheimer et al., 1995).  Whereas extracellularly-localized plaques are 

composed of aggregated amyloid-beta (Αβ) peptide, tangles accumulate within neuronal cell 

bodies and are composed of hyperphosphorylated insoluble forms of the microtubule-binding 

protein, tau (Selkoe, 2001).  In addition to these two key pathologies, AD is also characterized by 

significant neuronal and synaptic loss, the latter of which correlates most closely with cognitive 

decline (Davies & Maloney, 1976; Dekosky & Scheff, 1990; Terry et al., 1991; Masliah et al., 

2001).  However, there is an additional important pathological feature of the disease that despite 

being recognized by Alois Alzheimer in his initial description was almost completely ignored for 

many decades, inflammation (Alzheimer, 1907; Alzheimer et al., 1995; Akiyama et al., 2000; 

Heneka et al., 2015). 
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In the past few years remarkable advances have been made in understanding of the role 

of inflammation in the pathogenesis of Alzheimer’s disease.  A wealth of knowledge has been 

gained through detailed examination of the interactions between brain’s endogenous immune 

cells, microglia and astrocytes, with disease pathology and from genome-wide association 

studies (GWAS) which have implicated polymorphisms in a slew of immune-related genes that 

influence the risk of developing AD (Akiyama et al., 2000; Bradshaw et al., 2013; Griciuc et al., 

2013; Guerreiro et al., 2013; Heneka et al., 2015; Jay et al., 2015; Wang et al., 2015).  Combined 

these data have provided a basis for the hypothesis that inflammation is not merely a byproduct 

of other AD pathologies but rather a driving factor in the pathogenesis of the disease 

(International Genomics of Alzheimer’s Disease Consortium, (IGAP), 2015); Meyer-Luehmann 

& Prinz, 2015).  While these studies and others have deepened our knowledge of the role of the 

innate immune system in AD pathogenesis, the role of the adaptive immune system in AD 

remains vastly understudied. 

On the whole, my dissertation seeks to understand the role of the adaptive immune 

system in the pathogenesis of Alzheimer’s disease.  Specifically, I have used a novel AD 

transgenic model to determine whether modulation of the peripheral adaptive immune system 

can have a significant impact on AD pathology through either indirect signaling or direct cellular 

infiltration into the brain.  I have also used the same mouse model to examine the potential for 

human neural stem cell (hNSC) transplantation as a novel therapeutic approach for Alzheimer’s 

disease. 

A. Alzheimer’s Disease Pathogenesis 

As discussed above, Alzheimer’s disease is pathologically characterized by two hallmark 

protein aggregates, Αβ and hyperphosphorylated tau (Selkoe, 2001).  Over the past three decades 
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the predominant hypothesis regarding the pathogenesis of AD has been the ‘amyloid cascade 

hypothesis’which states that amyloid accumulation is the initial trigger that begins a pathogeneic 

cascade leading to inflammation, tau phosphorylation, and neuronal and synaptic loss 

(Beyreuther & Masters, 1991; Hardy & Allsop, 1991; Selkoe, 1991; Hardy & Higgins, 1992; 

Hardy & Selkoe, 2002; Hardy, 2009; Hardy & Selkoe, 2016).  Recent PET imaging studies have 

suggested that amyloid deposition begins as many as 20-25 years before the onset of clinical 

symptoms.  This deposition in turn is thought to activate other parts of the pathological cascade 

including tau hyperphosphorylation and inflammation.  Together, these pathologies combine to 

induce first synaptic and then neuronal loss which can themselves only be detected by MRI just 

slightly prior to the onset of cognitive symptoms (Jack et al., 2013).  This theory fits with 

additional data demonstrating that synaptic loss, is a much better corrleate to cognitive decline 

than brain levels of Aβ or tau (Davies & Maloney, 1976; Dekosky & Scheff, 1990; Terry et al., 

1991; Masliah et al., 2001).  The exact role that amyloid plays in the subsequent 

neurodgeneration and cognitive decline observed in AD is still debated, but evidence from 

genetically inherieted familial AD (fAD), Down’s syndrome, as well as genetic risk factors with 

direct links to Aβ, like the Apolipoprotein (APOE) ε4 allele, imply a significant role for amyloid 

in the initiation of  disease (Selkoe, 2001; Tanzi, 2012; Jack et al., 2013). 

The production of the Aβ peptide occurs by sequential cleavage of a larger precursor 

protein, amyloid precursor protein (APP).  The proteolytic cleavage of APP can itself be broadly 

divided into pathogenic and non-pathogenic pathways (Figure 1) (Selkoe, 2001; LaFerla et al., 

2007).  Cleavage by α-secretases (ADAM9, ADAM10, or ADAM17) cuts APP within the Aβ 

sequence, precluding the generation of Aβ.  On the pathogenic side, APP is cleaved first by a β-

secretase (BACE1) to create two fragments sAPPβ and the C-terminal fragment C99, which 
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contains the Aβ sequence.  C99 is then subsequently cleaved by γ-secretase, which results in the 

production of Aβ.  When γ-secretase cleaves C99 it can cut at several different sites resulting in 

Aβ peptides of various lengths.  The most common are 40 or 42 amino acid in length, referred to 

as Aβ40 and Aβ42, and substantial evidence suggest that Aβ42 is the more pathogenic species 

(Selkoe, 2001; LaFerla et al., 2007).  The two cleavage pathways of APP exist in an equilibrium, 

such that increased pathogenic processing results in a decrease of non-pathogenic processing and 

vice versa.  Disturbance of this equilibrium can lead to increased production of Aβ which begins 

to aggregate and may in some cases drive the pathogenic cascade of AD. 

 

 

 

 

 

 

 

 

 

There are several factors that can play roles in increased production of either APP or Aβ.  

For example, rare patients with dominantly inherited familial forms of AD (~1-2% of total AD 

patients) can exhibit mutations in the APP gene near the α- or β-cleavage sites that influence the 

Figure 1: APP Proteolytic Processing Pathway. 
APP can be processed via two mutually exclusive pathways.  The non-amyloidogenic pathway involves initial 
cleavage by α-secretase leading to the production of sAPPα and C83 fragments.  The amyloidogenic pathway 
involves cleavage by BACE1 at the β-secretase site resulting in the production of C99 and sAPPβ.  Both C83 
and C99 are then further cleaved by γ-secretase to generate a small inert fragment called P3 and Aβ. 
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production of Aβ (Selkoe, 2001; Selkoe & Podlisny, 2002; Wilcock, 2010).  Other individuals 

can exhibit triplication of the APP gene either alone or as a consequence of Downs’ syndrome 

(trisomy 21), leading to Aβ overproduction.  Alternatively, familial mutations in either 

prensenilin-1 or 2 (PS1/PS2) genes, part of γ-secretase complex, bias APP cleavage toward the 

generation of the more pathogenic Aβ42 species (Selkoe, 2001; Selkoe & Podlisny, 2002; Tanzi 

2012).  Identification and sequencing of these mutations have allowed for the creation of 

transgenic animal models of AD, which are currently among the best available preclinical 

models for the disease (LaFerla & Green, 2012).  While fAD patients exhibit overproduction of 

Aβ, that is not thought to be the case for the majority of sporadic Alzheimer’s disease (sAD).  

Recent, evidence instead indicates that the majority of the accumulation of Aβ in sAD patients 

likely occurs due to loss of appropriate clearance of the peptide and not as result of 

overproduction (Mawuenyega et al., 2010; Wildsmith et al., 2013).  Deficient clearance of Aβ is 

likely the result of several factors, chief among which is thought to be a loss of phagocytic 

clearance by the immune system as a result of the chronic inflammatory state present within the 

AD brain (for review see (Akiyama et al., 2000; Heneka et al., 2015; Meyer-Luehmann & Prinz, 

2015; Mhatre et al., 2015)). 

 

B. Role of Innate Immunity & Inflammation in Alzheimer’s Disease 

 For years it was argued that due to the blood brain barrier (BBB) and the lack of a true 

lymphatic system that the brain was an “immune privileged” site that did not require signals 

from the peripheral immune system and that immune activity in the brain was minimal (Schwartz 

& Kipnis, 2011; Louveau et al., 2015).  However, recent research has illustrated that while not as 

immunologically active as most peripheral tissues, the CNS is not shut off from the rest of the 
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body.  While many cell types and processes contribute to the inflammatory processes in AD, I 

will focus this introduction primarily on those components that are most prominently related to 

my own research. 

Microglia 

The immune system can be broadly divided into two primary components: innate and 

adaptive immunity (Figure 2; adapted from (Dranoff, 2004)).  The adaptive immune system, 

primarily composed of B and T cells had until recently not been significantly implicated in the 

pathogenesis of AD and as a result has remained understudied in the context of AD (Akiyama et 

al., 2000; Wyss-Coray & Rogers, 2012).  However, components of the innate immune system, 

including microglia and astrocytes are present within the CNS and heavily implicated in the 

pathogenesis of AD (Akiyama et al., 2000; Wyss-Coray & Rogers, 2012). 

 

 

 

 

 

 

 

 

 

Figure 2: Components of the innate and adaptive immune systems.  The immune system involves many 
different cells and components.  However, immunity can be very broadly divided into two main categories.  
Innate immunity which includes among others macrophages, dendritic cells, NK cells, neurtrophils, complement 
proteins, and in the CNS microglia and astrocytes is involved in more generalized responses to infection or 
injury.  In contrast, adaptive immunity which is mediated by B, T, and NK T cells involves far greater specificity 
and response to specific antigens albeit slower response.  Figure adapted from Dranoff (2004). 
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Microglia are the primary immune cells of the brain and are derived from primitive 

hematopoietic progenitors within the yolk-sac that migrate to the brain during development and 

become enclosed within the CNS by the formation of the BBB (Ginhoux et al., 2010; Yona et al., 

2013; Meyer-Luehmann & Prinz 2015).  Microglia are maintained throughout life through local 

proliferation (Ajami et al., 2007; Mildner et al., 2007; Elmore et al., 2014) and in the normal 

healthy brain perform the classical role of tissue surveillance and removal of bacteria and other 

pathogens (Nimmerjahn et al., 2005).  However, microglia are now also recognized to play 

critical roles in synaptic, neurogenesis, and brain homeostasis, suggesting that their role in the 

CNS goes well beyond that of immune surveillance (Nimmerjahn et al., 2005; Hanisch & 

Kettenmann, 2007; Ransohoff & Perry, 2009; Hong et al., 2016).  In several neurological 

disorders microglia have been observed to undergo a change from a resting state to a highly 

activated state.  While many initially applied the classical macrophage polarization schema of 

M1/M2 activation states (Mantovani et al., 2004) to microglia it is now recognized that both 

microglia and macrophages should not be categorized using the same scale.  Furthermore, new 

research has underscored that neither cell type actually fits a rigid categorization scheme but 

rather these cells display a complex continuum of activation states (Town, 2010; Wyss-Coray & 

Rogers, 2012; Murray et al., 2014).  Therefore activated (non-resting) microglia will be 

described in this thesis by their marker expression, morphology, and activity, where possible, 

instead of lumping them into a general category. 

In the brains of both human Alzheimer’s patients and transgenic AD models microglia 

cluster tightly around amyloid plaques (Rogers et al., 1988; Haga et al., 1989; Itagaki et al., 

1989; Frautschy et al., 1998; Stalder et al., 1999).  The microglia that surround plaques exhibit 

altered morphology and increased expression and secretion of numerous inflammatory cytokines 
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and chemokines (Lue et al., 2001).  Morphologically, plaque-associated microglia display short 

processes compared to the long surveying processes observed in ‘resting’ or more homeostatic 

microglia and often also exhibit enlarged cell bodies  (Nimmerjahn et al., 2005; Mandrekar-

Colucci & Landreth, 2010).  In response to Aβ and amyloid fibrils microglia are known to 

release several pro-inflammatory and detrimental products including: reactive oxygen species 

(ROS), IL-1β, IL-6, TNF-α, interferon γ (IFNγ), MIP-1α, MIP-1β, MCP-1, M-CSF, and 

complement factors C1q, C3, C4, C9 (Lue et al., 2001; Coraci et al., 2002; Walker & Lue, 2005; 

Wyss-Coray & Rogers, 2012).  The chemotaxis of microglia towards amyloid plaques has been 

extensively studied and it appears that microglia are attracted to plaques in part through 

expression of a variety of cell surface receptors which have been shown to directly bind Aβ.  

Microglia are also likely attracted to other inflammatory components (cytokines and 

chemokines) associated with plaques that have been secreted by other cell types, including 

microglia and astrocytes, in close proximity to the plaques (Fassbender et al., 2004; Liu et al., 

2012; Wyss-Coray & Rogers, 2012). 

Due to their close association with amyloid plaques and their known role as phagocytic 

cells, many initially postulated that those microglia that surrounded plaques were actively 

phagocytosing Aβ.  Indeed initial studies revealed that microglia were capable of degrading 

amyloid in vitro and in acute slice culture, however, researchers also realized that in vivo the 

majority of microglia surrounding plaques were not actively degrading amyloid (Hickman et al., 

2008; Lee & Landreth, 2010; Krabbe et al., 2013; Meyer-Luehmann & Prinz, 2015).  New data 

from GWAS analyses have also implicated a number of genes expressed by microglia with an 

increased risk of developing AD (Bradshaw et al., 2013; Griciuc et al., 2013; Guerreiro et al., 

2013; Heneka et al., 2015; Jay et al., 2015; Wang et al., 2015).  Together these data point to 
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microglial dysfunction as a leading risk for AD.  On the other hand the potential beneficial 

actions of healthy microglia have made the development of therapies targeting, utilizing, or 

modulating the endogenous behavior of microglia a prime target for pharmaceutical companies 

(for review see (Meyer-Luehmann & Prinz, 2015; Wisniewski & Goni 2015). 

Over the past decade many clinical trials have tested Aβ-targeting immunotherapies, both 

active and passive approaches, with the goal of harnessing endogenous immune defense 

mechanisms to fight the toxic accumulation of amyloid.  In AD mouse models several studies 

have demonstrated the utility of passive Aβ immunotherapy, antibodies directed against various 

forms of Aβ, on both cognitive and pathological measures (Bard et al., 2000; Wilcock et al., 

2004; Jordão et al., 2010).  Furthermore, studies have shown that one of the primary mechanisms 

through which anti-Aβ antibodies exert beneficial effects is through recruitment of microglia and 

increased microglial phagocytosis of Aβ (Das et al., 2003; Wilcock et al., 2003; Wilcock et al., 

2004; Koenigsknecht-Talboo et al., 2008).  Recent studies have demonstrated that anti-Aβ 

antibodies are also capable of reducing amyloid burden in human patients as measured using an 

amyloid positron emission tomography (PET) scan (Liu et al., 2015).  Therefore the failure of 

these trials is likely not a result of the inability of human microglia to migrate to and degrade 

amyloid following immunotherapy.  Instead the finding that amyloid deposition begins more 

than 20 years before the onset of clinical symptoms (Jack et al., 2013), indicates a need to test 

these anti-Aβ drugs as a potential preventative approach during the prodromal phase of the 

disease. 

Astrocytes 

Astrocytes are another cell type that plays important roles in innate immunity within the 

CNS and are significantly implicated in AD pathogenesis.  The normal role of astrocytes within 
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the healthy CNS includes a wide variety of supportive functions including recycling of 

neurotransmitters, synaptic remodeling, secretion of cytokines and neurotrophins, and 

maintenance of the BBB (Abbott et al., 2006; Sofroniew & Vinters, 2010; Wyss-Coray & 

Rogers, 2012).  Similar to microglia, astrocytes also undergo a change from resting to an 

activated state, and are then referred to as “reactive” astrocytes.  Reactive astrocytes are noted by 

their increased expression of glial fibrillary acidic protein (GFAP) and production of a number of 

inflammatory cytokines including: complement proteins, IL-1β, IL-6, S100-β, and TGF-β (Del 

Bo et al., 1995; Mrak et al., 1996; Gasque et al., 1997; Akiyama et al., 2000).  Although neurons 

are considered the primary source of Aβ production within the CNS, recent evidence indicates 

that other cell sources including astrocytes may also produce significant amounts of Aβ 

(Veeraraghavalu et al., 2014). 

In AD patients and transgenic models astrocytes also exhibit chemotaxis towards plaques, 

although their localization around plaques is very different from microglia.  Astrocyte 

localization resembles glial scarring, a mechanisms to attempt to separate healthy tissue from 

areas of injury.  Astrocytic processes in many cases appear to be hugging the plaques, forming a 

circular barrier around them, and not clustering tightly like microglia (Wyss-Coray et al., 2003; 

Sofroniew & Vinters, 2010).  Astrocytes are likely attracted to plaques directly through 

expression of a number of receptors, including the RAGE receptor, which is known to bind Aβ 

(Wyss-Coray et al., 2003; Sofroniew & Vinters, 2010).  Furthermore the microenvironment 

surrounding plaques is known to have high concentrations of monocyte chemotactic protein 1 

(MCP-1; Also known as CCL2), which is a chemoattractant for adult astrocytes.  Further 

research has shown that adult astrocytes do not produce MCP-1 in response to Aβ and thus 
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astrocyte chemotaxis to MCP-1 surrounding Aβ plaques is likely due to MCP-1 production from 

microglia (Wyss-Coray et al., 2003). 

The exact role and contribution of astrocytes in AD pathogenesis remains unclear, 

however it is likely that they are involved in a combination of several highly interactive 

processes.  For instance, it has been shown that astrocytes are capable of degrading Aβ both in 

vitro and in situ (Wyss-Coray et al., 2003).  What is curious about this is that endogenous 

astrocytes that surround the plaques in AD appear incapable of such phagocytosis (Wyss-Coray 

et al., 2003; Nagele et al., 2003; Koistinaho et al., 2004).  Further evidence has shown that 

astrocytic phagocytosis of Aβ, followed by lack of degradation, and subsequent lysis of 

astrocytes may be a source of plaques in the AD brain (Nagele et al., 2003).  Evidence has also 

demonstrated that Apolipoprotein E (ApoE), which is primarily produced by astrocytes, is a 

necessary component for astrocyte phagocytosis and degradation of Aβ (Koistinaho et al., 2004).  

The link to ApoE is intriguing as APOE ε4 allele represents the strongest genetic risk factor for 

AD (Selkoe, 2001; Tanzi, 2012) and astrocytes are the major source of ApoE in the CNS (Huang 

et al., 2004).  Interestingly, ApoE has also been shown to modulate microglia migration and the 

secretion of microglial chemoattractant CCL3 in an allele-dependent manner (Cudaback et al., 

2011; Cudaback et al., 2015).  Finally, as will be discussed further in a later section, astrocytes 

are also a key component of the blood brain barrier (BBB).  Therefore dysfunctional astrocytes 

in AD could in turn contribute to BBB impairments and infiltration of harmful molecules or cells 

from the periphery. 

Other Innate Cell Types 

While microglia and astrocytes represent the primary CNS components of the innate 

immune system there are other innate cell types implicated in AD.  One recent report found that 
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oft-understudied neutrophils promoted AD pathogenesis in a transgenic model via LFA-1 

(Zenaro et al., 2015).  Given the similarities between microglia and peripheral macrophages 

many have speculated for years about the potential role macrophages might play in modulating 

AD pathogenesis.  Much of the focus of this research has focused on the controversial idea of 

whether infiltrating macrophages directly enter the brain parenchyma.  However, the 

contributions of perivascular and meningeal macrophages are often overlooked.  Perhaps 

unsurprisingly given knowledge about microglial phagocytic ability in AD, perivascular 

macrophages from AD patients display an impaired ability to degrade Aβ compared to normal 

healthy controls (Fiala et al., 2005).  The phagocytic ability of perivascular macrophages is 

probably most relevant to the clearance of amyloid buildup within cerebral blood vessels, also 

known as cerebral amyloid angiopathy (CAA), observed in both human AD patients and many 

transgenic mouse models (Bell & Zlokovic, 2009; Hawkes & McLaurin, 2009).  In fact specific 

depletion of perivascular macrophages but not microglia was found to increase CAA, while 

stimulation of perivascular macrophages resulted in a significant three-fold decrease in amyloid 

in the blood vessels of a transgenic AD mouse model (Hawkes & McLaurin, 2009). 

Taken together our knowledge of the responses of innate immune cells (microglia, 

astrocytes, and macrophages) to AD pathology combined with data from GWAS risk analyses, 

strongly implicates the innate immune system in Alzheimer’s pathogenesis.  While a clear 

distinction exists between the innate and adaptive immune systems these are not isolated systems 

and proper immune responses depend on the actions of both the innate and adaptive immune 

systems in concert to effectively repel pathogens (Town et al., 2005; Ransohoff & Engelhardt, 

2012; Engelhardt & Ransohoff, 2012).  Therefore, it is curious why the majority of research on 
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inflammation in neurodegenerative disorders has largely ignored the potential role of the 

adaptive system is disease pathogenesis. 

 

C. Role of Blood Brain Barrier & Adaptive Immunity in the Healthy CNS 

Despite knowledge about the interactions between the innate and adaptive immune 

systems in the periphery, early research on the tightly-regulated BBB led to the view of the CNS 

as “immune privileged” and likely dissuaded many from examining the role of the adaptive 

immune system in healthy and diseased CNS (Schwartz & Kipnis, 2011).  Recent advances have 

diminished this view and led to a better understanding of the properties of the BBB, healthy 

immune surveillance through the cerebral spinal fluid (CSF), discovery of the blood CSF barrier 

(BCSFB), and the presence and roles of adaptive immune cells within the healthy and inflamed 

CNS.  In order to understand the potential roles of the adaptive immune system in Alzheimer’s 

disease and other neurodegenerative disorders it is critical to understand the function and role of 

both the natural barrier properties guarding the CNS and the role of immune surveillance in the 

healthy brain. 

BBB & BCSFB: True Barriers vs. Selective Gates 

 The initial concept of the BBB was as a true wall which sealed off the highly sensitive 

and vulnerable CNS from the periphery (Abbott et al., 2010).  Early analyses found that 

alternations or modulations to solutes in the peripheral blood stream rarely made their way into 

the CNS.  In this way the BBB was performing its most critical function and preserving the ionic 

homeostasis critical for neurotransmission (Abbott et al., 2010).  The BBB is composed of 

endothelial cells which are joined together by tight junctions.  Those cells and tight junctions are 

supported by a network of pericytes and astrocyte endfeet that make up what is also termed the 
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neurovascular unit (Lindahl et al., 1997; Abbott et al., 2006; Armulik et al., 2010; Daneman et 

al., 2010).  In addition to its endothelial tight junctions, the healthy BBB limits peripheral 

immune infiltration through low-to-no expression of many ligands and signaling molecules, like 

P-selectin, critical for the extravasation of peripheral leukocytes (Barkalow et al., 1996; 

Engelhardt & Ransohoff, 2012).  However, during inflammatory conditions many of the 

restrictive properties of the BBB become significantly altered such that infiltration of peripheral 

immune cells through the BBB is greatly increased (Greter et al., 2005; Galea et al., 2007; 

Ifergan et al., 2008; Ransohoff & Engelhardt, 2012; Engelhardt & Ransohoff, 2012; Shechter et 

al., 2013). 

 In contrast to the highly restrictive and tightly regulated BBB, research has indicated that 

the BCSFB represents a more selective gate and is the primary entry point for peripheral immune 

cell infiltration into the CNS (Shechter et al., 2013).  The main component of the BCSFB is the 

choroid plexus, whose primary responsibility is the production of CSF.  The choroid plexus is 

composed of capillaries with fenestrated endothelial cells which are embedded within a stroma.  

The stroma is covered by a monolayer of epithelial cells that produce the CSF which flows 

throughout the brain through a system of interconnected ventricles (for review see (Johanson et 

al., 2011; Ransohoff & Engelhardt 2012; Lehtinen et al., 2013)).  In addition to the more 

permissible epithelial cell barrier the choroid also constitutively expresses many ligands that 

enhance the ability of peripheral immune infiltration (Kivisäkk et al., 2003; Reboldi et al., 2009; 

Shechter et al., 2013). 

 Infiltration of peripheral adaptive immune cells has historically been viewed as an 

unwanted detrimental response in the CNS.  In reality brain peripheral infiltration through the 

BCSFB plays an important role in the healthy CNS, immune surveillance.  It has been estimated 
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the in the healthy brain the CSF contains nearly 750,000 peripheral immune cells at any given 

time.  Over 90% of the surveilling cells are T cells with a ratio of 3.5:1 CD4:CD8 T cells (Giunti, 

2003; Kivisäkk et al., 2003; Stüve et al., 2006).  The remaining 10% is composed of B cells, 

monocytes, and very small proportion of dendritic cells (Ransohoff & Engelhardt, 2012).  The 

majority of these cells express a variety of chemokine receptors (i.e. CCR4, CCR5, CCR6, 

CCR9) that are important for tissue infiltration and migration towards areas of inflammation 

(Kivisäkk et al., 2003; Ransohoff et al., 2003; Kivisäkk et al., 2006; Baruch et al., 2013).  

Together with the large population of T cells in the CSF, the local choroid plexus, perivascular, 

and meningeal macrophages also play an important role in immune surveillance due to their 

sampling of antigens in the CSF (Ling et al., 1998; Ransohoff & Engelhardt, 2012).  Despite the 

significant population of local macrophages and adaptive immune cells in the CSF there is not 

significant evidence to support claims of infiltration of these adaptive or innate cells into the 

parenchyma of the healthy brain in humans or mouse models (Giunti, 2003; Kivisäkk et al., 

2003; Kivisäkk et al., 2006; Ajami et al., 2007; Galea et al., 2007; Mildner et al., 2011).  Instead 

the cells remain in circulating CSF, which provides an intermediate protected space, separate 

from both peripheral circulation and the brain parenchyma, from which peripheral immune cells 

can perform their function of immune surveillance.  Any and all antigens present in the CNS will 

also be present in the CSF.  Therefore the CSF represents and ideal region from which cells are 

exposed to a full range of CNS antigens and can readily respond if required, but remain isolated 

from the parenchyma (Walter et al., 2006; Ransohoff & Engelhardt, 2012; Baruch et al., 2013). 

Role of Adaptive Immune Populations Maintenance of Healthy CNS Homeostasis 

While the primary role of peripheral immune cells in the CNS is attributed to immune 

surveillance, they have also been implicated in the maintenance of homeostasis of many other 
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important CNS tasks.  T cells specifically, have been implicated in the maintenance of CNS 

neurogenesis.  Research has shown that recombinant-activating gene (Rag1) knockout (KO) 

mice, which lack mature B and T cells, exhibit deficient neurogenesis compared to wild type 

(WT) mice (Mombaerts et al., 1992; Wolf et al., 2009).  Depletion of T cells from WT mice 

using anti-CD3 or anti-CD4, but curiously not anti-CD-8, antibodies also decreased neurogenesis 

(Wolf et al., 2009).  Similar findings have also been reported in severe combined 

immunodeficiency (SCID) mice which also lack mature B and T cells (Bosma & Carroll, 1991; 

Ziv et al., 2006).  Additionally, environmental enrichment normally induces a significant 

increase in neurogenesis in WT mice, yet neurogenesis was unchanged in SCID mice following 

environmental enrichment.  Neurogenesis was also higher in SCID mice whose splenocytes were 

replenished with splenocytes from an immune-intact mouse (Ziv et al., 2006).   

While mice lacking both B and T cells exhibited decreased neurogenesis, µMT mice, 

which lack only B cells (Kitamura et al., 1991), exhibited equivalent levels of neurogenesis 

compared to immune-intact WT mice (Wolf et al., 2009).  Further confirmation of the T cell 

specific nature of the modulation of neurogenesis was validated by examination of SCID mice 

that received transplantation of T cell depleted splenocytes, and exhibited a corresponding 

decreased neurogenesis compared to mice receiving whole splenocytes (Ziv et al., 2006). 

Several studies have also examined the cognitive and motor phenotypes of immune-

deficient mice to examine whether peripheral immune cell deficiency can alter learning, 

memory, or motor function.  Rag1KO mice exhibit deficits and abnormalities in several 

cognitive and motor tasks, although additional analyses of neuronal anatomy and hippocampal 

LTP found no significant impairments (Huh et al., 2000; Cushman et al., 2003; McGowan et al., 

2011).  Another study examining both Rag2KO and µMT mice found that while Rag2KO mice 
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exhibited a spatial learning deficit the µMT mice did not (Radjavi et al., 2014).  Contrary to these 

reports, unpublished data from our laboratory has found no learning/memory or motor deficits 

between Rag2/Il2rγ KO mice, which lack B, T, and NK cells, and WTs.  However, in some cases 

we did observe slight anxiety deficits.  

Before discussing briefly a potential common mechanism several of these studies have 

examined, there are a few caveats worth noting.  Both Rag1 and Rag2 KO mice result in the loss 

of B and T cell populations due to a inability to perform V(D)J rearrangement (Shinkai et al., 

1992; Mombaerts et al., 1992), but Rag1 is also expressed in the CNS in neurons, while Rag2 is 

not (Chun et al., 1991; Fang et al., 2013).  The expression of Rag1 was found to be greatest in 

the hippocampus and cerebellum, two brain regions critical for the performance of both cognitive 

and motor tasks.  Furthermore, in the study ascribing loss of T cells in Rag1KO mice to the 

decrease in neurogenesis the authors failed to significantly address the fact that Rag1 

heterozygous KO mice, which exhibit normal populations to lymphocytes (Mombaerts et al., 

1992), had equivalently deficient neurogenesis compared to Rag1 homozygous KO mice.  

Researchers then performed the remainder of their experiments using Rag2 KO mice without 

explanation or analysis of baseline neurogenesis in Rag2 KO mice compared to immune-intact 

mice (Wolf et al., 2009).  Additionally, several of the other studies exhibited significant 

discrepancies in methodology, even sometimes within the same study, result in difficulties 

comparing many of the results 

 Despite some caveats it does appear that T cells may contribute to some normal CNS 

functions.  One mechanism discussed by several of the studies is the potential modulation of 

brain derived neurotrophic factor (BDNF) by T cells.  BDNF signaling has been implicated in 

numerous physiological and behavior processes including neurogenesis, synaptic plasticity, 
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learning and memory (Heldt et al., 2007; Nagahara & Tuszynski, 2011).  Studies have shown 

that peripheral CD4+ and CD8+ T cells, as well as peripheral monocytes and B cells, can 

produce BDNF in vitro (Kerschensteiner et al., 1999).  In vivo one study found that hippocampal 

BDNF was significantly reduced in SCID mice (Ziv et al., 2006).  Several studies have also 

shown that IL-4 can induce production of BDNF by astrocytes and choroid plexus cells (Derecki 

et al., 2010; Baruch et al., 2013).  Interestingly mice that had recently performed a learning and 

memory task exhibited an increase in IL-4 producing meningeal T cells which could, in theory, 

lead to IL-4-induced increase in BDNF production (Derecki et al., 2010).  Finally, analysis of 

BDNF levels following depletion of CD4+ T cells utilizing an anti-CD4 antibody found a 

significant decrease in BDNF following depletion compared to IgG-treated mice (Wolf et al., 

2009).  While further elucidation of the exact mechanisms of action is needed it does appear that 

modulation of neurotrophin levels may be one mechanism by which peripheral immune 

populations act to aid in the maintenance of CNS homeostasis. 

 

D. Role of Adaptive Immunity in Alzheimer’s Disease & other Neurodegenerative 

Disorders 

 The primary role of most peripheral immune cells in the healthy brain is limited to 

immune surveillance.  In contrast, immune cells in the diseased brain are involved in a number of 

processes that can both exacerbate pathogenesis or attempt to resolve existing inflammation and 

pathology.  The mechanisms by which adaptive immune cells interact with each other and innate 

immune populations has been well studied in the periphery and often times requires direct cell-

to-cell communication.  Consequently, if these processes are to take place in the CNS it stands to 

reason there must be a breakdown in the BBB or BCSFB in disease. 
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BBB & BCSFB are Significantly Altered in Alzheimer’s Disease 

 The permeability of the BBB in AD is relatively well studied, in comparison to the 

potential role of B and T cells in disease pathogenesis.  In fact many studies have linked the 

progression of AD to a decrease in the integrity of the BBB (for review see (Zhao et al., 2015)).  

GWAS analysis has provided further evidence of a link between BBB breakdown and AD, as 

two GWAS risk genes APOE and CD2AP are both involved in the maintenance of BBB integrity 

(Zlokovic, 2013; Cochran et al., 2015).  Contrary to these previous reports, a recent study posited 

that there actually was not any disruption in the BBB of AD patients or transgenic mice (Bien-Ly 

et al., 2015).  One issue with the majority of these and other studies of BBB permeability is that 

they focus on the permeability of the BBB to non-cellular factors such as chemical compounds, 

therapeutic antibodies, or even endogenous immunoglobulin G (IgG).  However, just because the 

BBB is or is not permeable to a chemical compound does not at all begin to examine whether or 

not transmigration of peripheral cells is altered.  Tissue invasion by peripheral immune cell 

populations relies heavily on the expression of chemotactic factors that drive migration to 

specific tissues and assist in transmigration by slowing down the movement of immune cells 

along blood vessel surfaces, which enhances their transmigratory capability (Engelhardt & 

Ransohoff, 2012).  In fact many of these factors are significantly upregulated in AD, both in the 

brain parenchyma and on the endothelial cells which make up the BBB (Xia et al., 1998; Xia et 

al., 2000; Tripathy et al., 2007; Tripathy et al., 2010; Goldeck et al., 2013). 

 Disruption of the BCSFB and choroid plexus in AD and aging has only begun to receive 

significant examination.  Aging has been shown to shift choroid plexus protein and gene 

expression in ways that negatively affect CNS function (Baruch et al., 2014) and two very recent 

studies have now found evidence supporting choroid plexus dysfunction in human AD patients at 
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both the functional and gene expression level (Bergen et al., 2015; Daouk et al., 2016).  More 

work is clearly needed but these findings, combined with knowledge that the BCSFB is the 

primary gateway of immune cells into the brain should make the examination of the choroid 

plexus and immune cell infiltration in AD a prime research target in the years to come. 

T Cells 

The most studied adaptive immune cell population in Alzheimer’s disease and many 

other neurodegenerative disorders are T cells.  While infiltrating brain-reactive T cells have been 

implicated the pathogenesis of multiple sclerosis for decades, the contribution and even presence 

of T cells in the AD brain has been comparatively ignored.  It was nearly 3 decades ago when the 

first immunohistological reports detailing the presence of T cells in the AD brain were published 

(Itagaki et al., 1988; Rogers et al., 1988; McGeer et al., 1989).  In the years since scattered 

reports have reported the presence or absence of T cells in AD and control brains with some 

contrasting results (Togo et al., 2002; Parachikova et al., 2007).  One common thread in these 

reports though, was that T cells infiltrating the brain parenchyma in AD do not closely associate 

with either plaque or tangle pathology.  Despite infiltration data and some early theories that AD 

involved a significant adaptive immune, possibly autoimmune, response (Hartwig, 1995), there 

have not been significant examinations of the properties of the T cells in the CNS other than their 

localization.  Among the data that remains incomplete is a systematic analysis of what type of T 

cell response occurs in AD patients.  T cells exhibit tremendous heterogeneity with the ability to 

differentiate into CD8+ cytotoxic cells, CD4+ T helper subtypes (Th1, Th2, Th17), regulatory T 

cells (Treg), as well as several other minority subtypes (Figure 2) (Oestreich & Weinmann, 

2012; Walsh et al., 2014; Hemmer et al., 2015).  All of these different T cell subtypes interact 
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with different innate immune cells and exhibit diverse cell surface receptor expression and 

cytokine secretion profiles (Aloisi et al., 2000). 

One population of T cells of particular interest in AD are Tregs, whose primary role are 

the modulation of autoimmunity and suppression of effector immune responses (Fontenot et al., 

2003; Sakaguchi et al., 2008; Baruch et al., 2015).  In an elegant study using the 5xfAD 

transgenic AD mouse model (Oakley et al., 2006) and a FoxP3-diptheria toxin receptor (FoxP3-

DTR) mouse (Mayer et al., 2014), complemented by a pharmacological approach, Michal 

Schwartz and colleagues demonstrated that a transient depletion of the Treg population during 

the course of AD pathogenesis was actually beneficial (Baruch et al., 2015).  Researchers found 

that transient depletion of FoxP3+ Tregs using either the genetic model or a pharmacological 

approach resulted in significant decreases in the plaque load of 5xfAD mice and rescue of 

cognitive deficits.  The decrease in plaque load was attributed to alterations in the choroid plexus 

following depletion which resulted in increased ability of both monocyte-derived macrophages 

and repopulating Tregs to infiltrate the CNS.  The authors additionally concluded that during the 

systemic inflammation that occurs during the course of a disease like AD the Treg response 

becomes maladaptive and actually limits the ability of the peripheral immune system to respond 

to an inflammatory insult.  Transient depletion of Tregs rebalances the immune system allowing 

for a greater response and subsequent decrease in pathology and inflammation.  The repopulating 

Tregs which have not been subject to the systemic inflammatory conditions like the Tregs prior 

to depletion are now beneficial in this increased immune response. 

However, these results were contrasted by a second study which found that transient 

depletion of Tregs using an anti-CD25 antibody accelerated cognitive deficits without any 

modulation of Aβ.  The study also demonstrated that boosting Treg numbers with IL-2 rescued 
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cognitive function (Dansokho et al., 2016).  It should be noted though that study failed to 

account for or address some major caveats.  Use of anti-CD25 antibody is not an ideal 

mechanism to deplete Tregs as treatment results both in a failure to deplete FoxP3+/CD25- Tregs 

(Fontenot et al., 2003; Fontenot et al., 2005) but also inadvertently depletes 

CD4+/CD25+/FoxP3- effector T cells (Couper et al., 2009).  In addition to the decision to use 

human recombinant IL-2, which is less than 60% identical to mouse IL-2, to stimulate mouse 

Tregs, the authors seemingly did not account for the known effects of IL-2 on both CD4+ 

effector T cells and CD8+ memory T cells in the interpretation of the data (Boyman & Sprent, 

2012).  Despite the methodological issues in this second study, results from other 

neurodegenerative diseases also paint a complicated picture regarding the actions of Tregs in 

disease.  In two separate studies depleting Tregs worsened neurodegeneration in both 

Parkinson’s disease (PD) and stroke animal models, while increases in Tregs were beneficial 

(Reynolds et al., 2007; Liesz et al., 2009).  However, another study found opposing results that 

depletion of T cells was beneficial in a stroke model (Kleinschnitz et al., 2013).  These results 

further highlight findings from peripheral studies of Tregs that, even within the specific 

CD4+FoxP3+ Treg population, there is significant heterogeneity and more work is required to 

understand their role in the response of the adaptive immune to neurodegenerative disease (Zhou 

et al., 2009; Komatsu et al., 2009; Walsh et al., 2014). 

 Finally, T cells could exert beneficial or detrimental effects on the pathogenesis of AD 

through other mechanisms.  As previously discussed T cells can secrete BDNF and increases in 

brain BDNF levels have been shown to rescue cognitive, motor and synaptic deficits in models 

of AD and dementia with Lewy bodies (DLB) (Blurton-Jones et al., 2009; Goldberg et al., 2015).  

Furthermore, mice modified to lack BDNF in both their T cells and myeloid cells exhibited 
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worsened outcomes in an EAE model and over expression of BDNF in T cells transferred into 

the mice reduced the severity of the disease course compared to GFP-overexpressing T cells 

(Linker et al., 2010).  Another potential T cell modulatory mechanism is through modulation of 

astrocytes.  Clearance of excess synaptic glutamate is a key supportive role performed by 

astrocytes in the brain and excess glutamate can result in excitotoxicity.  Primary neurons 

subjected to oxidative stress were incubated with conditioned media from astrocytes co-cultured 

with T cells there was a reduction in neuronal apoptosis compared to astrocyte only conditioned 

media.  Researchers additionally demonstrated that T cell secreted cytokines were able to restore 

the normally reduced glutamate clearance ability of astrocytes subjected to oxidative stress (Garg 

et al., 2008).  Finally, there are likely even more potential mechanisms by which T cells could 

exert influence on pathogenesis of neurodegenerative disorders, but among the potential 

mechanisms the interactions with antigen presenting cells are critical. 

Antigen Presenting Cells: Dendritic Cells and Altered Microglial Function 

Interactions between the adaptive and innate immune systems are critical for proper 

functioning of both systems.  In fact the adaptive immune system requires antigen presentation 

by innate immune cells in order to properly respond to an inflammatory state.  In the periphery 

dendritic cells (DCs) are considered the professional antigen presenting cells (APCs) but in the 

healthy CNS they are present only in very small numbers (Ransohoff & Engelhardt, 2012).  

However, under pathological inflammatory conditions microglia and bone marrow derived 

macrophages can take on the APC role, in addition to increased DC infiltration.  Therefore it is 

important to understand and evaluate the APC-like phenotype of microglia in AD as it relates to 

potential adaptive immune responses.  
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The process of antigen presentation to T cells involves the formation of what is known as 

an immunological synapse between the APC and the T cell.  This interaction is primarily 

between major histocompatibility complex class I or class II (MHC I or MHC II) molecules 

expressed on the APC and the T cell receptor (TCR) expressed by CD8+ or CD4+ T cells 

respectively (Dustin et al., 1998; Comrie et al., 2015; Markey et al., 2015).  Additionally binding 

between Lymphocyte Function-associated Antigen 1 (LFA-1, aka CD18+CD11a) and 

Intracellular Adhesion Molecule 1 (ICAM-1; aka CD54) and presence of one or more co-

stimulatory factors are necessary for successful antigen presentation (Dustin et al., 1998; Comrie 

et al., 2015; Markey et al., 2015; Ransohoff & Engelhardt, 2012).  In addition to their expression 

of these APC markers DCs in the periphery are also characterized by their expression of CD11c 

(Bulloch et al., 2008; Prodinger et al., 2011).  Under healthy conditions dendritic cells are the 

only immune cells in the CNS expressing a majority of these markers, although there are a very 

small minority of microglia which express CD11c as identified using CD11c green fluorescent 

protein (GFP) and yellow fluorescent protein (YFP) reporter mice (Hanisch & Kettenmann, 

2007; Bulloch et al., 2008; Prodinger et al., 2011). 

 Despite normally low levels of APC-associated markers microglia are capable of up 

regulating these markers and acting as APCs within the brain (Ransohoff & Engelhardt, 2012; 

Bennett et al., 2016).  In fact at the same time as the first T cells were reported in the brains of 

AD patients several groups also reported the presence of MHC II positive microglia in the AD 

brain (McGeer et al., 1987; McGeer et al., 1988; Styren et al., 1990).  Additionally, in response 

to neurodegeneration and inflammation microglia have been shown to upregulate co-stimulatory 

molecules CD40, ICAM-1, CD80 (B7.1), CD86 (B7.2) (Aloisi et al., 2000; Town et al., 2005; 

Almolda et al., 2015; Rice et al., 2015).  One mechanism capable of inducing the upregulation of 
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these molecules occurs in APCs after they detect antigens through pattern recognition receptors, 

which most prominently includes the Toll-like receptor family (TLRs) (Town et al., 2005).  

Interestingly, Aβ is a ligand for both TLR2 and TLR4 (Fassbender et al., 2004; Liu et al., 2005; 

Liu et al., 2012), providing a potential mechanism which could underlie the increase in APC-like 

signaling molecules.  However, the functional consequences of microglial upregulation and 

potential antigen presentation to T cells in AD remains unclear. 

Some insights into the role of microglia as APCs might be garnered from research in the multiple 

sclerosis field.  Research comparing the antigen-presenting abilities of microglia vs. infiltrating 

CD11c+ cells found that during EAE microglia could upregulate many of the same stimulatory 

molecules and induce similar levels of CD4+ T cell proliferation.  Microglia produced lower 

levels of Th1 and Th17 cytokines and produced no Th2 cytokines compared to infiltrating 

peripheral APCs (Wlodarczyk et al., 2014), indicating they may differentially affect the T cell 

response.  As research progresses on the role of infiltrating T cells in the pathogenesis of 

neurodegenerative diseases like AD more work will be needed to examine the influence of both 

local and infiltrating APCs. 

B Cells 

 Aside from T cells the other major arm of the adaptive immune system is composed of B 

cells.  The primary responsibility of B cells is the production of antibodies (immunoglobulins) 

either as B cells or following differentiation into plasma cells (for review see (Nutt et al., 2015)).  

The role of B cells in the pathogenesis of CNS disorders has also rarely been examined, probably 

because of the relative scarcity of these cells within the healthy CNS (Ransohoff & Engelhardt, 

2012).  However, given their role in the secretion of antibodies direct tissue infiltration is not 

necessarily required for B cells to modulate disease pathogenesis. 
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 Infiltration of B cells does occur under some pathogenic conditions; a recent study found 

for example that B cells could be readily detected in the brains of patients with stroke and 

dementia (Doyle et al., 2015).  The same study used an animal model of stroke, which normally 

exhibits significant cognitive and LTP deficits, to reveal massive B cell infiltration into the brain 

parenchyma.  However, when the same stroke procedure was performed in µMT mice, neither 

LTP nor cognitive deficits were present in the B cell deficient mice.  The authors therefore 

postulated that production of brain-reactive autoantibodies by the B cells was potentially 

responsible for the neurological deficits observed in their mouse model and human patients. 

 In contrast to stroke, in the AD field autoantibodies have been looked upon as a potential 

beneficial response.  While the prevalence of such antibodies in the general population is still 

unknown several studies have now convincingly shown that some people do produce anti-

amyloid antibodies (Britschgi et al., 2009; Selkoe & Hardy, 2016).  In fact one particular 

autoantibody clone, with a high affinity for fibrillar amyloid was isolated from a healthy 

individual and is now being pursued in clinical trials with some encouraging early results (Selkoe 

& Hardy, 2016).  Despite their existence the question still remains as to how anti-amyloid 

autoantibodies might develop.  One potential mechanism might be inferred from results in the 

multiple sclerosis field.  Oligodendrocytes naturally secrete myelin rich exosomes, which under 

normal conditions are taken up by microglia without an associated inflammatory response by 

mechanism known as macropinocytosis (Fitzner et al., 2011).  The lack of an inflammatory 

response means no other immune cells are recruited to take up the exosomes and resting 

microglia are able to easily clear any and all of them.  However, following an inflammatory 

insult, the ability of microglial to take up these exosomes diminishes, making it possible for 

these exosomes to reach the CSF and induce an auto-CNS adaptive immune response.  
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Interestingly, soluble Aβ is also taken up and degraded by microglia through macropinocytosis 

(Mandrekar et al., 2009) while fibrillar Aβ is degraded through a more traditional and highly 

inflammatory phagocytic response, which has been found to be inefficient.  A lack of efficient 

degradation of oligomeric and fibrillar species would then allow for Aβ to be exposed to an 

adaptive immune system in the CSF.  This theory fits well with an analysis of autoantibodies 

from patients which exhibit the greatest affinity for oligomeric or modified aggregation-prone 

forms of Aβ, while affinity for monomeric Aβ was very low (Britschgi et al., 2009). 

 While autoantibodies against Aβ represent one potentially beneficial antibody response it 

has also been suggested that a general IgG therapy might also be beneficial in AD.  For example, 

research in transgenic mouse models has indicated that preimmune mouse IgG is capable of 

reducing amyloid burden as effectively as an anti-Aβ antibody, although likely through a 

different mechanism and following different kinetics (Sudduth et al., 2013).  Further support for 

the potential influence of peripheral IgG in the clearance of Aβ pathology has recently been 

suggested by a group that used transcranial focused ultrasound to transiently open the BBB.  

Following ultrasound, a significant reduction in amyloid pathology was observed, which the 

authors suggested might be due to increased infiltration of endogenous IgG into the brain (Jordao 

et al., 2013; Burgess et al., 2014).  Examination of a commercial formulation of human IgG 

(IVIG, Gammagard®) in mouse models also demonstrated efficacy in reduction of amyloid 

burden (Sudduth et al., 2013; Counts et al., 2014).  Clinical trials of Gammagard® were initiated 

based on encouraging pre clinical data and even showed promising phase II results.  A 

subsequent phase III clinical trial of Gammagard® in mild-to-moderate AD patients failed to 

improve cognitive endpoints.  However, Gammagard® did significantly reduce Aβ levels and 

slow cognitive decline in a preplanned subgroup analysis of patients carrying the ApoE4 risk 
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allele (Knight & Gandy, 2014; Relkin, 2014).  Although the lack of cognitive improvement in 

the Gammagard® trials is discouraging, there is a growing consensus that AD will likely have to 

be tackled during the prodromal stage with primary or secondary prevention trials, as even Aβ-

targeting antibodies have failed to improve cognition in phase III trials (Carrillo et al., 2013; Liu 

et al., 2015).  While the exact mechanism behind the efficacy of Gammagard® is not entirely 

understood, the results from mouse models and human clinical trials imply it might be possible 

for Gammagard® or other IgG formulations, perhaps combined with transient permeabilization of 

the BBB through focused ultrasound, to provide increased benefit if tested in prodromal AD. 

 Overall, as has been discussed, comparatively little is understood about the role of the 

adaptive immune response in Alzheimer’s disease.  In fact only in the last 5 years has new 

evidence emerged implying a link between the adaptive immune system and AD pathogenesis.  

In order to test this link I developed a novel immune-deficient transgenic model of AD.  I then 

sought to examine this model in regards to both traditional AD pathogenesis and inflammatory 

state, including modulations of microglial phenotype, Aβ load, and behavior.  The results of 

these studies are presented in the first two chapters of my dissertation and will serve to further 

inform us about the role of the adaptive immune system in the modulation of AD pathogenesis. 

 

E. Neural Stem Cell Transplantation for Alzheimer’s Disease 

While a greater understanding of the pathogenesis of AD from further studies of the 

underlying disease mechanisms, there is an urgent need now for novel disease-modifying 

therapies as the currently approved therapies are not disease modifying and only provide limited 

benefits.  Alzheimer’s is the 6th leading cause of death in the United States and the number of 

patients with AD is expected to nearly triple by 2050.  In 2015 over 200 billion dollars was spent 
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on medication and care for patients diagnosed with AD, a number which would grow to more 

than a trillion dollars by 2050 without any new therapies capable of slowing the progression this 

devastating disorder (Association, 2016). 

Following the amyloid cascade hypothesis much of the past two decades of 

pharmaceutical drug development for AD has focused on treatments to reduce production and/or 

clearance of Aβ (Schenk et al., 2012).  Thus far none of these Aβ modifying therapies has 

succeeded in clinical trials.  This is likely due to the fact that Aβ deposition is now thought to 

begin more than 20 years before the onset of clinical symptoms (Jack et al., 2013).  In light of 

this, there is a critical need to develop novel therapies that are capable of efficacy in the presence 

of established Aβ pathology, as reduction of Aβ after diagnosis in clinical trials has been found 

to be ineffective at rescuing cognitive deficits (Liu et al., 2015).  While AD was initially 

considered too diffuse a disorder to benefit from neural stem cell (NSC) transplantation, recent 

evidence suggests this may not be the case. 

Neural stem cells are considered tripotent, meaning they can differentiate into any of the 

three main lineages of the CNS, neurons, astrocytes, and oligodendrocytes, as microglia are the 

only primary CNS cell not derived from NSCs (Gage & Temple, 2013; Meyer-Luehmann & 

Prinz, 2015).  NSCs normally exist in two places within the adult brain, the subventricular zone, 

lining the walls of the lateral ventricle in the forebrain, and the subgranular zone of the dentate 

gyrus within the hippocampus (Gage & Temple, 2013).  The ability of NSCs to differentiate into 

several cell types, migrate within the brain, and integrate within the endogenous circuitry has led 

to increased interest in use of NSCs as a therapy for a wide-variety of disorders including AD. 

The number of studies examining NSC transplantation in AD animal models has 

expanded rapidly in the past decade.  Studies have been conducted in a wide variety of animal 
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models with a number of proposed mechanisms of action underlying the therapeutic benefit of 

NSC transplantation.  However, the majority of studies have pointed toward four primary 

mechanisms of action that either alone or in concert allow NSCs to improve function in AD 

models.  These proposed mechanisms include: cell replacement, neurotrophic support, 

therapeutic peptide delivery, and immune modulation (Figure 3) (Marsh & Blurton-Jones, 

2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Mechanisms of action of transplanted neural stem cells (NSCs).  Transplanted NSCs (green) may 
exert benefits via multiple mechanisms.  Cell Replacement (far left): Following neuronal differentiation (neuron; 
green) cells could potentially integrate with host neuronal circuitry (blue) to replace neurons that have died 
during the course of AD.  Neurotrophic support (2nd from the left): following differentiation (i.e. astrocyte; 
green) transplanted cells can produce growth factors (i.e. BDNF, GDNF; orange) which may enhance synaptic 
plasticity and neuronal survival.  Therapeutic peptide delivery (2nd from right): NSCs can be genetically 
modified (purple) to generate and secrete therapeutic peptides (i.e. Aβ-degrading enzymes; blue) to reduce 
amyloid (red) or tau pathology.  Immune Modulation (far right): Transplantation of NSCs may also induce 
alterations in host immune profiles (i.e. microglia and astrocytes; blue) that could enhance neuronal survival 
and/or synaptic plasticity and potentially decrease AD-associated pathology. 
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Cell Replacement 

Replacement of dead or dying cells in AD is one mechanism by which stem cells could 

potentially exert therapeutic benefit (Figure 3; far left).  However, unlike diseases such as 

Parkinson’s where the degeneration is more focal, the neurodegeneration that occurs in AD is 

widespread, making a cell replacement strategy extremely daunting.  Even in the case of 

Parkinson’s disease, double-blind placebo-controlled fetal cell transplantation trials found that 

cell transplantation had no significant effect on disease progression (Morizane et al., 2008).  

Despite the incredible challenges of a neuronal replacement paradigm, some researchers have 

attempted to use neural stem cells to replace a specific population of neurons lost in AD, the 

cholinergic neurons of the basal forebrain (Auld et al., 2002; Craig et al., 2011).  In order to 

model the loss of cholinergic neurons researchers typically employ neurotoxic lesion models to 

create focal cholinergic cell loss (Toledano & Alvarez, 2011).  While several studies have 

attempted to demonstrate neuronal replacement as the mechanism underlying the beneficial 

effects of NSC therapies, none has demonstrated convincing evidence in support of such a claim 

(Wang et al., 2006; Tang et al., 2008; Moghadam et al., 2009; Marsh & Blurton-Jones, 2015). 

While neuronal replacement may seem like a reasonable theory, the reality is much more 

complicated than simply replacing dead cells.  In order for such a therapy to be truly viable the 

transplanted cells accomplish several difficult tasks.  First, NSCs must differentiate primarily 

into neurons and instead of astrocytes or oligodendrocytes.  Second, differentiated neurons must 

become the appropriate neurotransmitter phenotype of the lost cells, which has proved a very 

difficult task to accomplish in vivo (Moghadam et al., 2009).  Third, unlike Parkinson’s where 

the majority of the cell death occurs in one neuronal phenotype in one region of the brain, 

cholinergic neurons are not the only type of neuron or region of the brain that atrophies in AD.  
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Fourth, to truly replace lost neurons transplanted NSCs would be required to form appropriate 

dendritic, axonal, and synaptic connections, a difficult feat, and one normally accomplished 

during neural development in utero.  Finally, replacing the dead or dying neurons would likely 

have no effect on the underlying pathology of AD and therefore transplanted neurons would 

likely be just as susceptible to death as the endogenous neurons they are intended to replace. 

Neurotrophic Support 

Perhaps the best-supported mechanism by which NSCs may provide therapeutic benefits 

is through neurotrophic support of the endogenous neural circuitry (Figure 3; 2nd from the 

left).  Neurotrophic growth factors are key regulators of survival, plasticity, and activity in 

neurons within the adult brain (Tuszynski & Gage, 1995).  For example, BDNF is known to be a 

critical factor in the regulation of synaptic plasticity associated with hippocampal-dependent 

learning and memory, such that reduction of BDNF leads to profound cognitive deficits (Heldt et 

al., 2007).  This is particularly relevant to AD as the hippocampus is one of brain regions critical 

for the formation and storage of memory and consequently one of the areas most affected in the 

course of the disease (Geula, 1998).  Deficits in the expression and transport of neurotrophic 

factors, including BDNF, have also been found to occur in AD and mild cognitive impairment 

(MCI) patients as well as animal and cell models and these impairments likely play a role in 

synaptic loss (Salehi et al., 2006; Arancio & Chao, 2007; Poon et al., 2011).  Finally, several 

lines of NSCs have been found to express and secrete high levels several different neurotrophic 

factors including BDNF, glial derived neurotrophic factor (GDNF), and nerve growth factor 

(NGF) (Lu et al., 2003; Kamei et al., 2007; Blurton-Jones et al., 2009). 

Several studies have now begun to show that neurotrophic support from NSCs may be a 

viable therapeutic strategy.  Blurton-Jones et al. (2009) examined the mechanisms behind the 
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benefits of mNSCs transplantation into the hippocampus of a widely utilized transgenic AD 

model, the triple transgenic mouse (3xTg-AD).  The 3xTg-AD mouse recapitulates both of the 

primary proteinopathies of AD, amyloid plaques and neurofibrillary tangles (NFT), and develops 

cognitive deficits (Oddo et al., 2003), making it one of the mouse models which best replicates 

the clinical features of AD.  Researchers observed that one-month following mNSC 

transplantation, 3xTg-AD mice that received NSCs exhibited improvements in two cognitive 

tasks examining hippocampal memory and increased synaptic connectivity.  Interestingly, the 

study revealed that amyloid and tau pathology was unchanged, indicating that cognitive and 

synaptic improvements are possible without directly modulating the underlying pathology of 

AD.  Through a series of analysis and follow-up studies it was revealed that NSC release of 

BDNF was responsible and necessary for the improvements in cognitive and synaptic measures.  

Similar behavioral and synaptic results were observed in a previous study utilizing the same 

mNSCs but a different mouse model of neuronal ablation, although the precise mechanism was 

not examined in this prior study (Yamasaki et al., 2007).  Further studies since that time has 

shown that cells which secrete GDNF are capable of recusing neuronal loss in a mouse model of 

tauopathy (Hampton et al., 2010).  Similar to the results observed by Blurton-Jones et al. (2009), 

these results were observed without concomitant modulation of the tau pathology. 

Taken together the results of these studies, as well as research in other disease states, 

demonstrate that a large proportion of the beneficial effect of NSC transplantation may stem 

from secretion of neurotrophic factors.  While the results of these studies were due to 

endogenous production of neurotrophins by NSCs several researchers have also begun to 

genetically modify NSCs to secrete high levels of certain neurotrophic factors in the hopes that 

this will further enhance their regenerative abilities.  Successes have been reported using this 
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technique in models of Parkinson’s and amyotrophic lateral sclerosis (ALS) (Suzuki et al., 2007; 

Ebert et al., 2008).  It will be intriguing to determine whether similar overexpression approaches 

can provide additional benefit in models of AD.  While delivery of neurotrophic factors could 

also be achieved through gene therapy techniques, stem cells offer the unique ability to migrate 

throughout the brain, theoretically achieving a far greater distribution of therapeutic proteins than 

viral approaches (Müller et al., 2006; de Backer et al., 2010). 

Another interesting aspect of the results in AD models is that rescue was achieved 

without impacting the underlying amyloid or tau pathology.  While none of the engrafted cells in 

these studies showed any accumulation of AD pathology, they also failed to moderate the 

progression of existing pathology.  Evidence from long-term stem cells grafts in human 

Parkinson’s disease patients have shown the presence of α-synuclein pathology accompanied by 

an apparent decrease in their functional potential (Chu & Kordower, 2010) and grafts in 

Huntington’s patients have also show the presence of mutant huntingtin within the grafted tissue 

(Cicchetti et al., 2014).  While instances of host-to-graft transmission were rare, these data 

suggest that engrafted cells might be vulnerable to existing pathology.  Despite many remaining 

questions, these initial studies demonstrate a tremendous potential for neurotrophic-based NSC 

therapy for AD. 

Therapeutic Peptide Delivery 

The use of NSCs as delivery vehicles for therapeutic peptides is not limited to 

endogenous or overexpressed neurotrophic factors; it can potentially be applied to a wide range 

of proteins and enzymes (Figure 3; 2nd from the right).  As discussed, recent pharmacological 

treatments aimed at treating AD have been almost exclusively aimed at lowering Aβ levels 

because rather than increased production of Aβ, it is impaired clearance that results in the 
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accumulation of amyloid in the majority of AD cases (For review see (Wildsmith et al., 2013)).  

Evidence has also revealed that levels of Aβ degrading enzymes are decreased with normal aging 

and the decrease is exacerbated in AD patients and transgenic mouse models (Caccamo et al., 

2005; Wang et al., 2010).  Therefore, engineering NSCs to express and secrete enzymes capable 

of degrading Aβ are of particular interest in the AD field. 

Thus far only two studies have attempted to genetically engineer mNSCs with Aβ 

degrading enzymes, one study engineered cells to express metalloproteinase 9 (MMP9) (Njie et 

al., 2012), while another engineered cells to express and secrete neprilysin (Blurton-Jones et al., 

2014).  Interesting the cells in the MMP9 study failed to reduce amyloid load more than control 

NSCs.  However, the control NSCs also reduced amyloid, something not previously observed 

with unmodified-NSC transplantation in AD transgenic models.  There are several caveats to this 

study, some of which the authors themselves acknowledge, which may have influenced these 

results (Njie et al., 2012; Marsh & Blurton-Jones, 2015).  While MMP9 modified cells failed to 

show efficacy, mNSCs engineered to express and secrete neprilysin did show significant effects.  

The beneficial effects of these cells were observed in two different transgenic models in the 

hippocampus, which was the site of transplant, and in the amygdala and medial septum, regions 

which receive projections from the hippocampus.  This study provides an important proof-of-

concept that NSCs can be an effective delivery vehicle for anti-Aβ therapeutics and that this may 

be an effective combinatorial approach to way to prevent host pathology from spreading to 

transplanted cells. 

As previously discussed, results from recent clinical trials indicate that enhanced 

degradation of Aβ alone may fail to induce a therapeutic effect on cognition.  However, this fact 

does not mean a combinatorial approach featuring an Aβ-modifying component would be 
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ineffective.  Again, despite its critics, collective evidence in support of the amyloid hypothesis is 

relatively strong and the reason for recent failures with Aβ-modifying drugs is likely due to the 

fact that accumulation is now thought to begin 20 years before earliest diagnosis can be made 

(Alzheimer’s Association, 2016; Jack et al., 2013).  Therefore, an Aβ-modifying component 

alone is likely not enough to stem the progression of the disease, however an Aβ-modifying 

component may need to be one part of combinatorial therapeutic approach to treat AD to prevent 

further pathogenesis.  Combining enhanced clearance of Aβ, through genetically engineered 

NSCs, with endogenous ability of stem cells to provide neurotrophic support may yield an 

effective therapy capable of slowing pathology and improving cognition for longer period of 

time than NSCs alone.  Finally, genetic modification of NSCs is not limited to Aβ degrading 

enzymes and therefore use of NSCs to deliver other therapeutic peptides may yield valuable 

insight into other novel therapeutic avenues for AD.  

Immune Modulation 

Another mechanism by which NSCs may exert beneficial effects that has garnered 

considerable attention is through the potential modulation of endogenous immune activity 

(Figure 3; far right).  It is well known that chronic inflammation plays an important role in 

many neurodegenerative disorders including Alzheimer’s (Akiyama et al., 2000; Wyss-Coray & 

Rogers, 2012).  Therefore, enhancement of endogenous anti-inflammatory activity may yield 

beneficial effects on pathology and cognition.  Recently, much of this work in the stem cell field 

has focused on the ability of mesenchymal stem cells to modulate neuroinflammation, however 

discussion of those results is outside of the scope of my research which is focused of NSCs 

(Chen & Blurton-Jones, 2012).  However, one study has examined the ability of NSCs to 

modulate inflammation in an Aβ injection mouse model (Ryu et al., 2009).  This AD mouse 
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model is created by injecting aggregated Aβ42, thought to be the most toxic Aβ species (Selkoe, 

2001), directly into the hippocampus of rats.  This injection of Aβ induces localized 

neuroinflammatory changes, neuronal damage, and localized amyloid accumulation. 

Researchers injected NSCs, three days after injection of Aβ peptide and then examined the 

effects of the cells one week later.  Examination of inflammatory makers found Aβ42 injected 

animals unsurprisingly exhibited focal increases in expression of Iba1, GFAP, and TNF-α, in the 

hippocampus.  After only one week of engraftment NSC injected animals displayed decreases in 

Iba1 and TNF-α, but GFAP expression was unchanged.  Examination of neuronal damage 

revealed that rats that received NSCs also had significant increases in neuronal viability in the 

dentate gyrus of the hippocampus compared to Aβ42 injected rats.  The concomitant reduction of 

TNF-α and Iba1 is logical as microglia are a major source of TNF-α in the CNS (Wyss-Coray & 

Rogers, 2012).  Furthermore, the increased neuronal viability found by Ryu et al. (2006) is in 

agreement with research demonstrating that Aβ-induced activation of microglia in vitro leads to 

production of TNF-α which is required for Aβ’s neurotoxic effect on neuronal cultures (Combs 

et al., 2001). 

There are some caveats to the study worth addressing in regards to anti-inflammatory 

capability of NSCs, perhaps the most prevalent is the model utilized in this study.  By definition, 

injection of Aβ induces a number of non-physiological responses that could have dramatic 

effects on the inflammation observed including breaking the blood brain barrier and using non-

physiological solvent to solubilize Aβ.  The short time window between Aβ injection, stem cell 

delivery, and animal sacrifice also increases the likelihood that a robust acute immune response 

would be present that may not accurately mimic the more chronic inflammation that occurs in 

AD.  While Aβ injection clearly leads to a localized acute inflammatory change, how closely 
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those changes mimic the chronic global inflammation that occurs in AD is unclear (Van Dam & 

De Deyn, 2011).  The authors also only presented data for three inflammatory factors and given 

their data, a claim of microglia modulation rather than immune-modulation which implies a 

greater array of changes, may have been more appropriate.  However, growing evidence in the 

stem cell field suggests that changes in inflammatory profiles mediated by the transplantation, 

presence, and/or rejection of cells are significant factors the results observed following 

transplantation (Hatch et al., 2009; Chen & Blurton-Jones, 2012).  Further research in transgenic 

animal models which combine the presence of pathology, age, and chronic inflammation are 

needed to truly examine the potential immune-modulatory effects of NSCs. 

F. Challenges in the Study of Human Neural Stem Cell Transplantation 

Investigating the safety and efficacy of human NSCs (hNSCs) in animal models of AD is 

critical for translation to human clinical trials.  It is especially important to identify effective cell 

lines produced using good manufacturing processes (GMP) because GMP cells are required by 

the FDA for use in human patients.  However, the major challenge with any study involving 

transplantation of human cells into a mouse, or xenotransplantation, is the rejection of the 

engrafted cells by the host’s immune system (for review see (Anderson et al., 2011)).  Cell 

rejection is mediated directly by the adaptive immune system.  These cells also direct microglia 

and astrocytes within the CNS to further mediate cell rejection (Barker & Widner, 2004; 

Anderson et al., 2011).  Unpublished data from our lab has shown that while T-cells may be 

initially present in the CNS immediately following cell transplantation, which involves breaking 

the BBB, it is unclear whether they persist intraparenchymally for longer periods of time and no 

other NSC transplantation studies in AD models have reported or perhaps even examined T-cell 

infiltration (for review see (Marsh & Blurton-Jones, 2015). 
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To overcome xenograft rejection the traditional approach would be to place transgenic 

AD mice on pharmaceutical immune suppression paradigm.  The most common immune 

suppression paradigms involve the use of calcineurin inhibitors, either FK506 or Cyclosporine A.  

However, these chronic pharmacologic immune suppression paradigms are less than ideal as 

grafts survive initially but are often rejected over longer durations, likely because they do not 

inhibit the NK cell response (Anderson et al., 2011).  Additionally, when used for a prolonged 

period these drugs can be highly toxic in rodents (Mollison et al., 1998).  Use of calcineurin 

inhibitors in AD models is further complicated by the finding that these drugs have been shown 

to modulate amyloid and tau pathology, microgliosis, synaptic connectivity, spine density, and 

cognition, all of which can significantly obscure and complicate interpretation of results (Yu et 

al., 2006; Yoshiyama et al., 2007; Taglialatela et al., 2009; Hong et al., 2010; Rozkalne et al., 

2011; Cavallucci et al., 2013).  There are newer immunotherapy regimens which thus far have 

not shown the same confounding side effects (Pearl et al., 2011), however they are expensive, 

which may deter use of these paradigms on a large scale. 

One alternative to the traditional immune suppression approach is the use of immune-

deficient mouse models.  In a recent critical review of the xenotransplantation field, Anderson et 

al. (2011) make the claim that despite the immune-deficiency these models are actually the best 

models for preclinical testing of stem cell transplantation for several reasons.  They argue that 

evidence suggests that immune suppression paradigms are substantially better optimized in 

humans than they are in mice and therefore it can be expected that cell rejection following 

immune suppression in human-to-human allograft would be substantially less than that of 

human-to-mouse xenograft.  It is also argued that when studies report that the number of 

surviving cells are only a small fraction of the total number of injected cells that this provides 



 42 

little to no accurate data regarding proliferative potential of the cells and consequently has little 

predictive validity when applied to human clinical trials.  The common critique of such an 

argument has always been that greater numbers of cells will equal greater benefit provided by the 

cells and if so immune suppression offers a better translational approach than immune-

deficiency.  However, according to Anderson et al. (2011) there is little to no empirical data 

which supports such claims.  Another issue is the disparity in length of the engraftment period 

that can be examined between immune-suppressed and immune-deficient animals.  This is 

especially critical in AD where for a therapy to be truly beneficial there is critical need to show 

efficacy over long period of time.  AD is a protracted disorder and patients live an average of 8-

12 years following a diagnosis (Alzheimer’s Association, 2016).  Stem cell studies with immune 

suppression are typically limited to three months of engraftment before toxicity and rejection 

issues arise, whereas an immune-deficient model would face no such limitations (Anderson et 

al., 2011). 

In conclusion, early preclinical studies have shown the NSC transplantation has 

incredible potential a novel therapeutic avenue in Alzheimer’s disease and that in order to move 

closer to human clinical trials the next step required is the examination of human neural stem 

cells in preclinical AD animal models.  However, the issue of immune rejection of xenograft 

tissue present serious complications to such studies and demonstrate the need for hNSCs cells to 

be examined following transplantation into an immune-deficient mouse that also possesses the 

salient features of AD.  As described in the first two chapters of my thesis I have developed a 

novel immune-deficient model of AD which now allows for just such experiments.  The results 

of the transplantation of clinically-relevant hNSCs are presented in Chapter 3 of my dissertation 
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and serve to illustrate several important considerations, both favorable and detrimental, to the 

future of hNSC transplantation for AD. 
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CHAPTER ONE 

ESTABLISHMENT OF A NOVEL IMMUNE-DEFICIENT MOUSE MODEL OF 

ALZHEIMER’S DISEASE AND EXAMINATION OF THE ROLE OF THE ADAPTIVE 

IMMUNE SYSTEM IN DISEASE PATHOGENESIS 

INTRODUCTION 

Alzheimer’s disease (AD) is the leading cause of age-related neurodegeneration, 

affecting over 5.2 million people in the United States alone (Association, 2016).  Pathologically, 

AD is characterized by two hallmark protein aggregates, amyloid-beta (Aβ) plaques and 

neurofibrillary tangles, that are accompanied by neuroinflammation, including microgliosis, 

elevated cytokine production, and activation of complement pathways (McAlpine & Tansey, 

2008; Maier et al., 2008; Wyss-Coray & Rogers, 2012; Guillot-Sestier & Town, 2013).  Initially, 

microglia respond to and surround plaques, degrading Aβ by phagocytosis (for review see (Lee 

& Landreth, 2010; Mosher & Wyss-Coray, 2014; Heneka et al., 2015)).  However, chronic 

activation of these cells shift microglia to a more pro-inflammatory and less phagocytic state 

(Hickman et al., 2008; Krabbe et al., 2013).  While much of the data implicating microglia in AD 

has come from neuropathological investigation, recent Genome-wide Association Studies 

(GWAS) have provided the first genetic evidence linking microglia dysfunction to AD, with the 

discovery of risk polymorphisms in several immune system genes; CR1, TREM2, CD33, HLA-

DRB5, MS4A6A, ABCA7 (Bradshaw et al., 2013; Griciuc et al., 2013; Guerreiro et al., 2013; Jay 

et al., 2015; Heneka et al., 2015; Wang et al., 2015). 

In contrast to the field’s increasing understanding of the role of innate immunity in AD, 

comparatively little is known about whether the adaptive immune system might also influence 

AD.  Those studies that have examined these peripheral populations have largely focused on 
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questions about their potential as biomarkers or their role in active Aβ immunization (Lemere, 

2008; Pellicanò et al., 2012).  Yet the adaptive and innate immune systems rarely function 

independently of each other and thus cross-talk between peripheral and central immunity such as 

cytokine and chemokine signaling likely plays an important albeit understudied role in AD.  In 

support of this notion, two recent studies demonstrated profound effects of peripherally-derived 

neutrophils and T-regulatory cells (Tregs) on AD pathogenesis (Baruch et al., 2015; Zenaro et 

al., 2015).  Despite this exciting recent progress, many of the mechanisms and actions of other 

peripheral immune cell populations in AD remain unknown and thus a great a deal of additional 

study is needed. 

Here, we show that the adaptive immune system plays an important role in limiting 

amyloid pathology in AD, by generating and examining a novel immune-deficient transgenic 

model of AD.  The resulting ‘Rag-5xfAD’ mice, which lack an adaptive immune response, 

exhibit dramatically increased Aβ plaque load, despite already being a very aggressive model of 

amyloidosis.  Gene ontology analysis revealed significant alterations in cytokine/chemokine 

signaling and microglial associated pathways that were validated at the protein level.  

Furthermore, peripherally-derived non-amyloid reactive IgGs appear to enter the brain and 

enhance microglial phagocytosis of Aβ in immune-intact mice, whereas the loss of this 

protective mechanism in immune-deficient Rag-5xfAD mice appears to accelerate AD 

progression.  Conversely, replacement of IgGs by either direct injection or bone marrow 

transplantation reduces Aβ pathology in Rag-5xfAD mice.  Taken together, these studies suggest 

that alterations in peripheral immune function such as those that occur with age, co-morbid 

diseases, or genetic variation could dramatically affect the development and progression of AD. 
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MATERIALS AND METHODS 

Animals 

All animal procedures were performed in strict accordance to the guidelines of the 

National Institutes of Health and University of California.  The Rag-5xfAD immune-deficient 

AD mouse model was created by backcrossing 5xFAD transgenic mice onto a Rag2/il2rγ double 

knockout background.  Briefly, 5xfAD mice (MMRRC Strain: 034848-JAX), express two co-

integrated and co-inherited transgenes (APP and PS-1).  The APP transgene includes three 

familial AD mutations (Swedish, Florida, London) and the PS-1 transgene includes two 

mutations (M146L & L286V) (Oakley et al., 2006).  Purebred C57Bl6 5xfAD mice were crossed 

with Rag2/il2rγ double knockout mice (Taconic #4111) (Cao et al., 1995), followed by repeated 

littermate crosses from each generation (Figure 1.1), to create mice that are heterozygous for the 

APP/PS-1 transgenes and lack both copies of the Rag2 and Il2rγ genes (Il2rγ -/y in males).  We 

also simultaneously generated strain matched immune-deficient mice wild-type for the AD 

transgenes hereafter referred to as Rag-WT, as well as strain matched immune-competent AD 

and WT mice referred to as WT-5xfAD and WT-WT respectively.  Sex- and age-matched mice 

were used and all animals were group housed on a 12h/12h light/dark cycle with access to food 

and water ad libitum. 

Tissue Processing 

At 7 months of age, mice were anesthetized with Euthasol prior to intracardial perfusion 

with 0.01M phosphate buffered saline (PBS).  Immediately following perfusion, brains were 

quickly removed and hemispheres separated.  The cerebellum was removed from the right 

hemisphere and then immediately flash-frozen in dry ice for subsequent biochemical analysis.  

The left hemisphere was drop-fixed in 4% paraformaldehyde for 48 hours at 4˚C.  After 48 hours 
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fixation, the left hemispheres were transferred to 0.01M PBS and 0.02% NaN3 for storage until 

sectioning.  Brains were sectioned coronally on a freezing microtome at 40µm thickness. 

Right hemispheres, previous frozen on dry ice and stored at -80˚ were crushed on dry ice 

using mortar and pestle.  Approximately ¼ of homogenate was separated for mRNA analyses 

and the remaining portion was subsequently homogenized in solution of T-PER (Pierce) and 

phosphatase and protease inhibitor cocktails (Thermo Scientific & Roche) and processed as 

previously described (Blurton-Jones et al., 2009). 

Flow Cytometry 

Lymphocytes isolated from the spleen were immunophenotyped with fluorescent 

antibodies for the following cell surface markers for pan T cells: PE-conjugated CD3e (500A2; 

BD Biosciences; San Jose, CA), PerCP-eFluor710-conjugated CD3e (17A2, eBioscience).  CD4 

and CD8 T cells: PE-conjugated CD4 (GK1.5, BD Biosciences), Pacific Blue-conjugated CD4 

(RM4-5, BioLegend; San Diego, CA) APC-conjugated CD8 (Ly-2, BD Biosciences), PE/Cy7-

conjugated CD8 (53-6.7, eBioscience).  NK cells: APC-conjugated CD49b (DX5; BD 

Biosciences), PE-conjugated NK1.1 (PK136, BioLegend).  B cells: FITC-conjugated 

CD45R/B220 (RA3-6B2; BD Biosciences), Alexa Fluor 710-conjugated CD19 (ebio1D3, 

eBioscience).  All cells for flow cytometry were FC blocked with anti-CD16/32 (1:200; BD 

Biosciences) for 10 min at 4°C prior to staining with surface marker antibodies.  Cells were run 

on an LSRII flow cytometer (BD Biosciences) or BD FACSAria II (BD Biosciences) and 

analyzed with FlowJo software (FlowJo; Ashland, OR). 

Immunohistochemistry 

Fluorescent immunohistochemical analysis followed previously described established 

protocols (Blurton-Jones et al., 2009).  Primary antibodies used for immunohistochemical 
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analysis included: Iba1 (Wako; Richmond, VA), Iba1 (Abcam; Cambridge, MA), CD68 

(Abcam) Aβ40 (Life Technologies; Carlsbad, CA), Aβ42 (Life Technologies), 82E1 (IBL 

America; Minneapolis, MN), GFAP (Millipore; Temecula, CA), f(ab’)2 fragment of goat anti-

mouse IgG directly conjugated to Alexa Fluor® 488 or 555 (Life Technologies).  Sections were 

incubated in primary antibodies overnight followed by detection with appropriate Alexa Fluor® 

conjugated secondary antibody (Life Technologies) and coverslipped using Fluoromount-G with 

or without DAPI (Southern Biotech; Birmingham, AL).  Fibrillar amyloid was visualized using 

Amylo-Glo® (Biosensis; Temecula, CA) diluted 1:100 in 0.01M PBS (Schmued et al., 2012). 

Confocal Microscopy & Quantitative Analysis 

Immunofluorescent sections were visualized and images captured using an Olympus 

FX1200 confocal microscope.  Aβ plaques were quantified using the Surfaces function followed 

by volume analysis in IMARIS software (Bitplane Inc.; Concord, MA).  IMARIS-based 

quantification of microglial number, morphology, and Aβ phagocytosis followed previously 

described methods using the Colocalization and Surfaces functions (Elmore et al., 2014; Guillot-

Sestier et al., 2015; Guillot-Sestier et al., 2015).  To calculate Aβ internalization ratio the volume 

of Aβ within CD68+ phagolysosomes was normalized to microglia number and total Aβ volume 

within the field.  All images were captured and analyzed by a blind observer using coded slides. 

Immunoblotting 

SDS-PAGE western blot and dot blot were performed according to previously established 

protocols (Blurton-Jones et al., 2009).  Primary antibodies used for western blot analysis include: 

6E10 (BioLegend; San Diego, CA) and PS-1 (Novus Biologicals; Littleton, CO).  Following 

initial labeling blot membranes were stripped in 0.2M NaOH for 20 minutes followed by block 

and labeling with Anti-GAPDH (Santa Cruz; Dallas, TX) as loading control. 
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Multiplex Aβ and Cytokine ELISA & Mouse IgG ELISA 

Quantitative biochemical analysis of mouse cytokine and human Aβ were conducted 

using commercially available electrochemiluminescent multiplex assay system (Meso Scale 

Discovery (MSD); Gaithersburg, MD).  Human Aβ triplex (6E10 capture antibody) was used for 

simultaenous measurement of Aβ38, Aβ40, and Aβ42 in both soluble and insoluble protein 

fractions.  Mouse proinflammtory panel 1, was used for simultaenous measurement of 

proinflammatory cytokines in soluble brain protein fraction. 

Total mouse IgG levels were measured by ELISA according to manufacturer’s protocol 

(eBioscience, San Diego, CA).  Mouse brain homogenate was loaded neat and normalized to the 

total protein content of each sample.  Mouse plasma samples were diluted 1:10,000 as directed 

by manufacturer before being loaded onto the plate. 

Affymetrix Transcriptome Array 

mRNA was extracted from frozen half brains using RNA Plus Universal Mini Kit 

(Qiagen; Germantown, MD) and sample purity and concentration verified by Bioanalyzer 

(Agilent).  Affymetrix GeneChip® Mouse Transcriptome 1.0 arrays were then used to collect 

global transcriptional profiles in 16 samples (4/group) by the UCI Genomics High-Throughput 

Facility (GHTF). Background correction and normalization of raw data were conducted via 

Robust Multiarray Analysis (RMA) algorithm implemented in Bioconductor package “oligo 

1.32”.  All samples passed quality control analysis. Additionally, array features were filtered 

with Bioconductor packages “genefilter 1.50 and “mta10sttranscriptcluster.db 8.3.1" for Entrez 

IDs resulting in approximately 24,600 genes for further analysis. 
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Unsupervised Hierarchical Clustering, Functional Enrichment, and GO 

Unsupervised hierarchical clustering (R packages flashClust 1.01-2 and gplots 2.17) was 

performed on subsets of genes that have previously been shown to be enriched in microglia or 

neurons (Zhang et al., 2014).  Differentially expressed genes (DEG) were determined between all 

contrasts of genotypes and multiple testing was done with Benjamini-Hochberg (BH) method to 

obtain the corresponding |logFC| and P-value implemented in Bioconductor package “limma 

3.24.25”.  Genes with adjusted P-value<0.01 were used for constructing venn diagram (JMP Pro 

11.2 software) and Gene Ontology analyses.  Bioconductor packages “topGO 20.2”, “GO.db 

3.1.2”and “gage  2.18” were used to perform Gene Ontology (GO) enrichment  for the DEGs 

found significant in Rag5xfAD vs WT5xfAD contrast.  P<0.05 was defined as the cut-off to 

identify the statistical significance of enrichment analyses. 

qPCR 

cDNA was produced from sample mRNA using Applied Biosystems High Capacity 

RNA-to-cDNA Kit (Thermo Fisher Scientific).  All samples were then run in triplicate per gene 

on 384 qPCR plates using Applied Biosystems Gene Expression Master Mix (Thermo Fisher 

Scientific) according to manufacturer’s protocol using the following Taqman primers: HuAPP 

(Hs00169098_m1), HuPS-1 (Hs00997789_m1), ADAM10 (Mm00545742_m1), ADAM17 

(Mm00456428_m1), BACE1 (Mm00478664_m1), BACE2 (Mm00517138_m1).  Both probe 

only and probe+RNA were run in triplicate per gene as negative controls.  Plates were run 

immediately after loading on a Viia 7 Real-Time PCR System (Thermo Fisher Scientific).  CT 

values were exported to Microsoft Excel and ΔΔct values and fold over-expression were 

calculated.  Results are reported as fold-overexpression relative to WT-5xfAD animals ± SEM. 
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IgG and B Cell/T Cell Reactivity by ELISA and ELISPOT 

Blood was collected from retro-orbital sinus and titers of anti-Aβ antibodies in mouse 

sera determined by ELISA as previously described (Davtyan et al., 2010; Davtyan et al., 2014).  

Spleens, deep cervical lymph nodes (DCLNs), and superficial cervical lymph nodes (SCLNs) 

were collected and antibody-forming B cells (AFC) specific to Aβ were detected in splenocytes 

and pooled DCLN/SCLN lymphocytes by ELISPOT (Mabtech Inc.; Cincinnati, OH).  

Splenocytes or lymphocytes were incubated for 24 hours in 96-well plates coated with Aβ 

peptide and the assay performed following manufacturer’s protocol (Mabtech Inc.).  Sera and 

splenocytes were also collected from mice immunized with Aβ as a positive control (Davtyan et 

al., 2010; Davtyan et al., 2014).  Analysis of IFN-γ production by T cells was performed in 

DCLN/SCLN lymphocytes by ELISpot assay (BD Biosciences).  Cultures of lymph node cells 

were re-stimulated in vitro with soluble Aβ (10µg/ml) for 20 hours.  The numbers of Spot-

forming cells (SFC) per 106 lymph node cells stimulated with Aβ were then counted. 

BBB Permeability Assay 

Evans blue dye injection and BBB permeability analysis was performed according to a 

previously published protocol (Elmore et al., 2014).  Mice were injected IP (4ml/kg) with 2% 

Evans Blue (Sigma-Aldrich; St. Louis, MO) in PBS.  After 6 hours mice were perfused and liver, 

kidney, and brain removed and placed on ice.  Organs were homogenized in PBS at 150mg/ml 

volume:weight, centrifuged at 10,000g for 10 minutes, and then supernatant was loaded onto a 

clear 96 well plate in duplicate.  Intensity of Evans Blue dye was then measured by spectroscopy 

at 595nm.  An uninjected mouse acted as a blank control and its tissue absorbance values were 

subtracted from experimental animal values. 
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In vitro Phagocytosis Assay 

Analysis of in vitro microglial phagocytosis was performed using the BV2 immortalized 

microglial cell line (Blasi et al., 1990) (generously provided by Dr. Andrea Tenner, University of 

California, Irvine).  BV2 cells were cultured in complete media and incubated at 37oC with 5% 

CO2.  Complete media was composed of DMEM high glucose (25 mM) supplemented with 10% 

heat-inactivated fetal bovine serum, Sodium Pyruvate (1mM), Glutamax dipeptide (2mM), and 

1% Penicillin/Streptomycin. 

Fibrillar fluorescent amyloid-beta (fAβ1-42) for use in analysis of in vitro microglial 

phagocytosis was generated as described previously (Koenigsknecht-Talboo & Landreth, 2005).  

Briefly, fluorescently labeled Aβ1-42 peptide (Anaspec; Fremont, CA) was first dissolved in 0.1% 

NH4OH to 1 mg ml-1, then further diluted in sterile endotoxin free water and incubated for 7d at 

37oC.  fAβ was thoroughly mixed prior to cell exposure. 

Phagocytosis was assessed following previous methods with some modifications 

(Webster et al., 2001; Koenigsknecht-Talboo & Landreth, 2005).  First, BV2 cells (63) (3.0 x 105 

cells/well) were exposed to either pro-inflammatory cytokine IL-1β (20 ng/ml; Thermo Fisher 

Scientific) or 0.1% BSA in PBS for 10-12 hours.  After IL-1β or PBS pre-exposure, the cells 

were changed to serum-free DMEM and then exposed to fAβ1-42 (10 µg/ml) with murine IgG 

(0.5 mg/ml; Jackson ImmunoResearch Laboratories) or PBS for 1 hour at 37oC.  Next, the cells 

were washed three times with pre-warmed PBS to remove unassociated fAβ1-42.  Cold PBS was 

added to wells and the cells collected, centrifuged (5 min 600 x g), washed in PBS, and 

suspended in flow cytometer buffer (PBS with 0.1% BSA and 0.5mM EDTA) and placed on ice.  

BV2 cells were incubated with rat-anti CD16/32 Fc receptor block (2 mg/ml; BD Biosciences) 

for 5 minutes at 4oC.  Cells were then stained with anti-CD45-APC clone 30-F11 (Tonbo 
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Biosciences; San Diego, CA) at 1:200 in flow cytometer buffer.  Samples were then analyzed 

using Amnis Imagestreamerx Mark II Imaging Flow Cytometer (Millipore).  fAβ1-42 

phagocytosis was analyzed using the IDEAS software onboard Internalization Wizard algorithm.  

Figures represent single cells that internalized fAβ1-42 from each group (n=6) with mean and 

standard error reported. 

Analysis of phagocytosis signaling pathways was also performed using BV2 cells and 

fibrillar Aβ as described above.  Twenty-four hours prior to phagocytosis assay cells were 

passaged and plated on chamber slides (ThermoFisher Scientific) at density of 25,000 

cells/chamber.  Twelve hours prior to assay cells were switched to serum-free media mirroring 

previous phagocytosis experiment.  Thirty minutes prior to experiment cells were treated with 

vehicle (DMSO), PI3K inhibitor, 20nM Wortmannin (Cell Signaling; Danvers, MA), or 50µM 

Src/Syk Kinase inhibitor, MNS (3,4-Methylenedioxy-β-nitrostyrene, Tocris Bioscience; Bristol, 

United Kingdom).  Following pretreatment PBS or IgG (0.5mg/ml) in addition to Aβ (5µg/ml) 

were added to the wells.  After thirty minutes cells were washed 4 times in pre-warmed PBS and 

placed in 4% PFA for 30 minutes, followed by 2 subsequent PBS washes.  Brightfield phase and 

fluorescent images were taken using Olympus IX71 microscope and 4X objective.  Pictures from 

3 independent wells/treatment were used for analysis by blind observer.  Optical density of 

fluorescent images was measured following background subtraction using ImageJ and total 

cells/field were counted using the brightfield image and manual cell counter plugin of ImageJ. 

Intracranial Injection of IgG 

Direct injection of IgG into hippocampus was adapted from previous published reports 

(Sudduth et al., 2013).  Stereotaxic injection of whole molecule IgG (JacksonImmuno Research) 

was performed according to previous described surgical protocols (Blurton-Jones et al., 2009; 
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Sudduth et al., 2013).  Briefly, 4-month-old mice were anesthetized and placed in stereotaxic 

frame (Kopf; Tujunga, CA) under continuous isoflurane anesthesia.  Using 10µL Hamilton 

Syringe and 30 gauge needle mice received 2µL injection of 1 mg/ml IgG in the right 

hemisphere and 2µL of 0.01M PBS in the left hemisphere at the following coordinates relative to 

Bregma: AP: -2.06mm, DV: -2.25mm, ML: ±1.5mm.  Needle was cleaned with consecutive 

washes of PBS, 70% ethanol, and PBS in between hemispheres and animals.  Animals were 

allowed to recover on heating pad before being placed back in home cages.  One week following 

surgery, animals were perfused with 0.01M PBS and entire brain removed for 

immunohistochemistry, confocal microscopy, and IMARIS analysis as described above. 

Bone Marrow Adoptive Transfer 

Age- and sex-matched immune intact 5xfAD mice served as donors for bone marrow 

adoptive transfer.  Donor mice were euthanized by CO2 asphyxiation, femurs were removed, and 

whole bone marrow harvested by flushing the marrow contents with PBS.  Marrow was then 

treated with Ammonium-Chloride-Potassium (ACK) buffer to lyse red blood cells, filtered 

through a 70µm nylon mesh, and cell numbers counted by hemocytometer.  Each recipient (n=4-

5 females/group) was anesthetized with isoflurane prior to receiving 500,000 live cells in 100µl 

or equivalent volume of PBS via retro-orbital injection.  To confirm engraftment, at time of 

sacrifice splenocytes were collected and analyzed for the presence of B, T, and NK cells by flow 

cytometry as described above. 

Statistical Analysis 

Statistical analysis was performed using Statview 5 statistics and Graphpad Prism 6 

software.  Comparisons involving more than two groups utilized one way analysis of variance 
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(ANOVA) followed by Fisher’s post hoc test.  Comparisons of two groups utilized two-tailed 

Students t-test.  All differences were considered significantly different when p<0.05. 

RESULTS 

Generation of an Immune-Deficient AD Mouse Model 

To examine the impact of the adaptive immune system on AD pathogenesis, we 

backcrossed a well-established AD transgenic line, 5xfAD mice (Oakley et al., 2006), on to a 

Rag2-/-/Il2rγ-/- double knockout background, creating mice that lacked T-cells, B-cells, and NK-

cells.  Although NK cells are typically considered part of the innate immune system, recent 

studies suggest they also play important roles in adaptive immunity (Dranoff, 2004).  In the 

process of generating these immune-deficient “Rag-5xfAD” and “Rag-WT” littermates, we also 

produced strain-matched equivalent immune-competent AD transgenic and wild-type mice 

termed “WT-5xfAD” and “WT-WT” respectively (Figure 1.1).  While the parental 5xfAD mice 

are maintained on a purebred C57Bl6 strain, the Rag2-/-/Il2rγ-/- line is maintained as a 

C57Bl6/Bl10 hybrid.  To verify that the resulting lines exhibited equivalent genetic backgrounds, 

we therefore examined tail DNA using a 384 mouse single nucleotide polymorphism (SNP) 

array (Charles River Laboratories), which revealed equivalent mixtures of Bl6 and Bl10 alleles 

in each group. 

To confirm that the resulting Rag-5xfAD and Rag-WT mice lacked B, T, and NK cells, 

flow cytometry was performed on splenocytes extracted from 6-month old mice.  Analysis 

confirmed that all immune-deficient animals, regardless of AD transgene expression, lacked B 

cells, CD4 and CD8 T cells, as well as NK cells and NK T Cells (Figure 1.1 B-E).  Given the 

large role of inflammation in the pathogenesis of AD, we also examined whether immune-

competent animals exhibited altered proportions of these immune cells.  Analysis of splenocytes 
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by flowcytometry found that percentages of B, CD8 T, NK and NK-T cells were all unchanged 

with 5xfAD transgene expression.  However, there was a small but significant difference in the 

percentages of CD4 T cells between the WT-WT and WT-5xfAD animals (Figure 1.1 B-E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Breeding paradigm & immune phenotype confirmation of the Rag-5xfAD mouse model.  (A) 
Abbreviated breeding diagram showing the strategy used to generate the Rag-5xfAD mouse model and controls.  
(B-E) Flow cytometry performed on splenocytes of 6-month old animals confirmed that all immune incompetent 
animals lacked B, T, and NK cells regardless of AD transgene status.  Analysis of immune competent animals 
revealed that percentages of these cell populations were not significantly different between WT-WT and WT-
5xfAD animals except in the case of CD4 T cells (B) which were significantly decreased in WT-5xfAD mice 
versus WT-WT mice.  N ≥ 6 animals/group and *p<0.05. 
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Aβ Levels are Dramatically Increased in Rag-5xfAD Mice 

To determine whether deletion of these peripheral immune cell populations influences 

AD pathogenesis, we performed a highly-sensitive multiplex ELISA to quantify soluble and 

insoluble levels of Aβ within the brain.  Surprisingly, and despite the use of an aggressive model 

of amyloidosis, we found that all Aβ species examined (Aβ38, 40, 42) were elevated nearly two-

fold in Rag-5xfAD versus WT-5xfAD half-brains (Figure 1.2 A-B).  Additionally, 

immunohistochemistry was performed and plaque volume calculated from confocal z-stack 

images using IMARIS image analysis software (Figure 1.2 C-D).  Analysis of the dentate gyrus 

of the hippocampus, one of the most plaque dense areas in the 5xfAD model, revealed that Rag-

5xfAD mice exhibited a highly significant (P<0.001) nearly 4-fold increase in total plaque 

volume in this region (Figure 1.2 E).  Quantification of small, medium, and large-sized plaques 

also revealed that Rag-5xfAD animals exhibit 2.5-3 fold increases in the number of plaques of 

each size compared to WT-5xfAD (p<0.05, Figure 1.2 F). 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Aβ is significantly elevated in immune-incompetent Rag-5xfAD mice.  (A-B) Aβ multiplex 
ELISA reveals significant elevations in all three Aβ species in both soluble and insoluble brain lysates from Rag-
5xfAD versus WT-5xfAD.  Representative confocal images of Aβ40/42 immunoreactive plaques within the 
dentate gyrus demonstrates a similar robust change in plaque load between WT-5xfAD (C) and Rag-5xfAD mice 
(D).  IMARIS-based 3-dimensional quantification of Aβ confirms ELISA and IHC findings, demonstrating a 
more than 4-fold increase in dentate gyrus plaque volume in Rag-5xfAD mice (green) versus WT-5xfAD mice 
(blue).  (F) Stratification of dentate plaque numbers by size likewise reveals significant elevations in Rag-5xfAD 
mice.  Data represented as mean ± S.E.M.  ANOVA p<0.05 and Fisher’s PLSD post hoc §p<0.01, #p<0.001; N 
≥ 8 mice/group. 
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Increased Aβ Load is Not a Result of Increased APP expression or Aβ Production 

Given the substantial increase in beta-amyloid observed in Rag-5xfAD mice, we next 

sought to determine whether these findings arose from increased Aβ production or decreased 

clearance.  While autosomal dominant AD is characterized primarily by mutations that increase 

production of Aβ or Aβ42/40 ratio (Reiman et al., 2012; Potter et al., 2013), recent studies 

demonstrate that sporadic AD patients primarily accumulate Aβ as a result of impaired clearance 

(Mawuenyega et al., 2010; Wildsmith et al., 2013; Tarasoff-Conway et al., 2015).  Yet the 

5xfAD model, as with most AD transgenic animals, includes familial AD mutations and thus 

increased Aβ production could potentially underlie the observed changes in amyloid load.  We 

therefore examined the protein levels of human APP and PS-1 by western blot.  While Rag-

5xfAD and WT-5xfAD mice exhibited the expected transgene-mediated increases in APP and 

PS-1 versus wild-type controls, no differences in APP and PS-1 expression were detected 

between Rag-5xfAD and WT-5xfAD groups (Figure 1.3 A-C).  Furthermore, qPCR analysis of 

APP processing genes found no significant changes in expression of hAPP, hPSEN1, Adam10, 

Adam17, Bace1, Bace2 between WT-5xfAD and Rag-5xfAD (Figure 1.3 D).  Thus, it appears 

that the observed elevations in plaque load in Rag-5xfAD are not due to increased APP 

production and/or processing, but rather likely mediated via altered Aβ clearance. 

 

 

 

 

Figure 1.3: Increased amyloid burden is not the result of increased APP expression or processing.  (A) 
Western blot images of APP, PS-1, and GAPDH.  (B-C) Quantification of western blots demonstrates that 
neither APP nor PS-1 protein levels are significantly changed between WT-5xfAD and Rag-5xfAD animals.  (D) 
Fold change in gene expression from qPCR further demonstrates no change in hAPP or hPSEN1 as well as key 
APP processing enzymes; Adam10, Adam17, Bace1, and Bace2. 
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Gene Expression and Pathway Analysis Implicates Microglia and Cross Talk Between 

Adaptive and Innate Immunity 

Next, we used microarrays and functional genomic analysis to provide an unbiased 

assessment of the pathways that are altered in immune-deficient versus immune-intact AD and 

wild-type mice.  Whole brain mRNA from all four groups was compared using Affymetrix 

Mouse Transcriptome 1.0 array, revealing 2552 significantly altered genes between Rag-5xfAD 

and WT-5xfAD groups (Figure 1.4 A-B).  Interestingly, the great majority of these changes 

reflected decreased-expression (green) of many T-cell and B-cell associated transcripts in Rag-

5xfAD versus WT-5xfAD mice (Figure 1.4 B), supporting the notion that these peripheral 

populations can be found within the brain.  In contrast, many of the upregulated genes (red) in 

Rag-5xfAD mice consisted of chemokine and cytokine signaling factors involved in recruitment 

of peripheral cells as well as altered microglial-associated transcripts.  Next, gene ontology (GO) 

analysis was used to identify potential biological or signaling mechanisms that were significantly 

altered between Rag-5xfAD and WT-5xfAD brains.  This analysis further implicated both 

adaptive and innate immunity as changes in GO terms such as cytokine activity, immunoglobulin 

binding, and antigen-receptor mediated signaling were highly significant (Figure 1.4 C).  To 

determine whether changes affected microglia function and if microglial-enriched transcripts 

were specifically altered, we also performed hierarchical cluster analysis of microglial-associated 

genes and compared these results to neuronally-enriched mRNAs (Figure 1.4 D, E), as identified 

from a recently published online RNA-seq database (Zhang et al., 2014).  As shown, Rag-5xfAD 

microglial gene expression clusters very well together but completely separate from WT-5xfAD 

mice.  In addition, Rag-5xfAD mice exhibit profound increases (red) in the great majority of 

microglial transcripts (Figure 1.4 D), far beyond that observed in WT-5xfAD mice when 
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compared to the WT-WT group.  Interestingly, no significant changes are detected between WT-

WT and Rag-WT microglial genes and these groups fail to separate by hierarchical clustering 

(Figure 1.4 D), suggesting that the impact of the adaptive immune system on microglial gene 

expression occurs primarily in response to AD pathology rather than an inherent developmental 

difference.  In contrast to the interactions between AD pathology and immune deficiency on 

microglia gene expression, neuronal genes showed far greater variability as Rag5xfAD and WT-

5xfAD groups failed to cluster together (Figure 1.4 E).  Thus changes in neuronal expression are 

far more variable and less systemic than the observed microglial alterations.  Together, these 

analyses prompted us to further examine the role of microglia dysfunction in Rag-induced 

exacerbation of AD pathology. 

 

 

 

 

 

 

Figure 1.4: Gene expression and ontology analysis reveal significant alterations in both adaptive and 
innate immunity and microglial-enriched genes.  (A) Affymetrix Gene expression analysis revealed 2552 
significantly altered genes between Rag-5xfAD (light green) and WT-5xfAD (dark green) groups.  In contrast, 
only 553 genes were different between WT-5xfAD and WT-WT (dark blue) groups.  Thus, the combination of 
AD transgenes and immune deficiency leads to a profound alteration in gene expression within the brain, well 
beyond that produced by AD pathology alone.  (B) Hierarchical cluster analysis of these 2552 differentially 
expressed genes confirmed that each genotype could be grouped together based on similar gene expression 
profiles (red = up-regulated, green = down-regulated).  (C) Next, Gene ontology (GO) enrichment was 
performed, identifying numerous examples of significantly altered pathways involving adaptive or innate 
immunity as well as antigen presentation and immunoglobulin binding.  (D) Based on the GO analysis, we 
further examined subsets of microglial- or neuronally-enriched genes (Zhang et al., 2014) via unsupervised 
hierarchical clustering.  This analysis again further implicated innate immune system disruption as the Rag-
5xfAD and WT-5xfAD groups clustered very well via microglial-specific genes, but not via neuronal genes.  In 
contrast, WT-WT (dark blue) and WT-Rag (light blue) groups did not cluster well together for either microglial 
or neuronal transcripts.  p<0.05 was defined as the cut-off to identify the statistical significance of enrichment 
analyses in C. 
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Microglial Activation and Phagocytosis is Altered in Rag-5xfAD Mice 

Given that our genomic analysis strongly implicated microglial dysfunction, we next 

sought to determine whether alterations in microglial number or morphology could explain the 

increased beta-amyloid.  To quantify microglial number and to model the branching of 

microglial processes, immunohistochemical and IMARIS-based 3D analysis of Iba1+ microglia 

was performed (Figure 1.5 A-D).  Upon activation by reactive stimuli, microglial typically 

become more amoeboid with shorter and less complex processes that can be accurately 

quantified via unbiased IMARIS 3D rendering (Mosher & Wyss-Coray, 2014).  Confocal Z-

stacks were captured from the dentate gyrus by a blinded observer and then microglial number, 

process length, and branching assessed.  As expected, we found that WT-5xfAD mice exhibited 

substantial increases in microglial cell number versus WT-WT mice and a corresponding 

reduction in microglial branching and process length, indicative of activated phenotype (Figure 

1.5 E-G).  However, we also found that Rag-5xfAD mice exhibited an additional significant 

increase in microglial number and decreases in branching and process length versus WT-5xfAD 

mice, suggesting that Rag-5xfAD microglial may be further or differentially activated relative to 

WT-5xfAD mice (Figure 1.5 E-G).  Interestingly, we also found that Rag-WT microglia had on 

average slightly longer processes and a small increase in branching versus WT-WT microglia 

(Figure 1.5 F-G).  Thus it appears that the loss of B-, T-, and NK-cells can subtly modulate the 

phenotype of microglia within the brain in the absence of pathology.   

Given the observed changes in microglial number and morphology in Rag-5xfAD mice, 

we reasoned that other alterations in microglial function likely occur.  We therefore used a 

multiplex ELISA-based assay (MSD Proinflammatory Panel 1) to measured protein levels of 

several important cytokines within the brain. 
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For each of these cytokines we found no differences between WT-WT and Rag-WT mice 

(Figure 1.5 H-L).  In contrast, several key proinflammatory cytokines produced by microglia 

including IL-1β, IL-6, and TNFα were significantly elevated in WT-5xfAD animals compared to 

WT-WT mice.  Furthermore, these same cytokines were even further elevated as much as two-

fold in Rag-5xfAD mice compared to WT-5xfAD (Figure 1.5 H-J).  While levels of IFNγ were 

significantly increased in WT-5xfAD animals compared to WT-WT, no change was observed in 

Rag-5xfAD animals from basal Rag-WT levels, consistent with a lack of T-cell derived IFNγ 

that would be expected in Rag mice (Figure 1.5 K).  In addition to traditional pro-inflammatory 

cytokines, two recent studies demonstrated that the anti-inflammatory cytokine IL-10 negatively 

regulates amyloid pathology (Chakrabarty et al., 2015; Guillot-Sestier et al., 2015).  We 

therefore also examined levels of IL-10 in all four groups.  However, our analysis revealed no 

differences in IL-10 between Rag-5xfAD and WT-5xfAD (Figure 1.5 L) and thus, IL-10 is 

likely not responsible for the observed differences in Aβ in this model.  

As microglial gene expression, morphology, and cytokine production were different in 

Rag-5xfAD mice, we wondered whether microglial phagocytosis of Aβ might also be altered.  

We therefore used high power confocal z-stack imaging with IMARIS software co-localization, 

surface reconstruction, and volumetric analyses to analyze Aβ phagocytosis (Guillot-Sestier et 

al., 2015; Guillot-Sestier et al., 2015; Leinenga & Götz, 2015).  Using this approach we 

quantified the proportion of Aβ localized to microglial phagolysosomes and detected a nearly 

39.6% decrease in phagocytic efficiency (p=0.016) in Rag-5xfAD microglia versus WT-5xfAD 

microglia (Figure 1.6). 
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Elevated Levels of IgG are Found in Association with Microglia in WT-5xfAD mice 

While examining immunolabeling with various mouse monoclonal antibodies in WT-

5xfAD mice, we observed an unexpected but consistent pattern of microglial labeling.  We 

hypothesized the labeling could be endogenous mouse immunoglobulin within the brain.  We 

therefore used an anti-mouse f(ab’)2 fluorescently-labeled secondary antibody to determine 

whether endogenous mouse IgG might be present within the WT-5xfAD brain.  Indeed, we 

found significant immunolabeling of mouse IgG in association with Iba1+ microglia in WT-

5xfAD brains (Figure 1.7 A-C).  In contrast, IgG labeling was greatly diminished in WT-WT 

mice (Figure 1.7 E-G) and absent in Rag-5xfAD and Rag-WT mice (Figure 1.7 I-K, M-O).  

Further examination of endogenous IgG labeling also revealed a high degree of labeling in the 

choroid plexus of both WT-WT and WT-5xfAD mice (Figure 1.7 D, H).  While the choroid 

plexus can often exhibits nonspecific immunoreactivity, the specificity of this IgG labeling was 

confirmed by the absence of staining in the Rag-WT and Rag-5xfAD mice (Figure 1.7 L, P). 
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Figure 1.7: Elevated levels of IgG are found in association with microglia in WT-5xfAD mice.  (A-C) 
Representative immunohistochemical images showing that mouse IgG (red) is observed in close association with 
microglial membranes (green) in the brains of WT-5xfAD mice but not in WT-WT, Rag-WT, or Rag-5xfAD 
mice (E-G, I-K, M-O).  (D, H) The choroid plexus of WT-5xfAD and WT-WT both exhibit high levels of IgG.  
The specificity of the IgG labeling of choroid plexus is confirmed by the lack of labeling in Rag-5xfAD and 
Rag-WT mice (L, P). 
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Figure 1.8: WT-5xfAD mice exhibit increased total brain IgG but no Aβ-specific antibodies or Aβ-reactive 
B-/T-cells.  (A) ELISA of soluble brain lysates confirms that WT-5xfAD mice exhibit significantly more brain 
IgG (~150%) compared to WT-WT mice.  Unsurprisingly, no levels of IgG are observed in Rag-WT or Rag-
5xfAD mice.  (B) Despite the increase in brain IgG no differences are observed between levels of peripheral IgG 
in plasma detected using the same ELISA assay.  (C-F) Several assays demonstrate a lack of specific Aβ reactive 
cells or anti-Aβ antibodies in WT-5xfAD compared to WT-WT.  (C) ELISpot assay of splenocytes demonstrates 
background levels of Aβ-binding B-cells within the spleen of WT-WT and WT-5xfAD mice; N=5 
animals/group.  Whereas positive control mice receiving an active Aβ immunogen, exhibit a very strong anti-
Aβ  B-cell response.  (D, F) Analysis of lymphocytes isolated from the cervical lymph nodes (pooled deep and 
superficial) again find no difference in number of reactive cells between WT-WT and WT-5xfAD mice and that 
overall numbers of reactive cells are less than observed in splenocytes samples; N=10 animals/group.  (E) 
ELISA of sera collected from WT-WT, WT-5xfAD, and Rag-5xfAD mice demonstrates that equivalent 
background levels of Aβ-binding antibodies are detected in both WT-WT and WT-5xfAD mice, well below 
levels detected in mouse receiving active Aβ immunization.  (G-J) High magnification confocal images further 
demonstrate a lack of IgG labeling of Aβ plaques, while surrounding Iba1+ microglial processes co-label with 
IgG.  All data represented as mean ± S.E.M.  ANOVA p<0.05 and Fisher’s PLSD post hoc #p<0.001. 
 

To further examine the differences in IgG levels between WT-5xfAD and WT-WT 

brains, we measured total mouse IgG within the brain and plasma by ELISA.  Confirming our 

histological findings, we detected a significant 50% increase in IgG levels in the brains of WT-

5xfAD versus WT-WT mice (Figure 1.8 A).  However, this difference was not due to an 

increase in peripheral IgG levels, as plasma IgG measurements revealed no differences between 

WT-WT and WT-5xfAD mice (Figure 1.8 B). 
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Figure 1.9: Evans blue analysis demonstrates no detectable changes in general BBB permeability.  (A) 
Representative pictures of the liver, kidney, and brain of WT-WT, WT-5xfAD, Rag-WT, Rag-5xfAD, and 
uninjected control mice after sacrifice and perfusion.  (B) Spectroscopy analysis for levels of Evans Blue was 
used to measure changes in permeability according to previous published protocols (Elmore et al., 2014).  
Analysis revealed no detectable levels of Evans blue in the brains of any of the four genotypes and significant 
levels in both peripheral tissues examined.  Absorbance values uninjected control tissue was subtracted from the 
recorded absorbance of all tissue from all four genotypes.  Data represented as mean ± S.E.M; n=3 
animals/genotype. 
 

The observed increase in WT-5xfAD brain IgGs could be mediated by a breakdown in 

the blood brain barrier (BBB), as recent studies have shown that the BBB can become disrupted 

in AD (Deane et al., 2008; Zlokovic, 2013).  To determine whether this was the case we utilized 

an Evans blue permeability assay to assess BBB integrity (Elmore et al., 2014) in all four 

genotypes.  Interestingly, this experiment revealed no alterations in BBB permeability (Figure 

1.9 A-B), thus IgG accumulates in the brains of WT-5xfAD by an alternative mechanism that 

currently remains unclear. 
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WT-5xfAD Mice Lack Aβ-Specific B cells and Anti-Aβ IgGs 

In order to determine whether these endogenous IgGs were directed against Aβ we 

collected sera from WT-WT, WT-5xfAD, Rag-5xfAD mice and measured anti-Aβ antibody 

titers using a well-validated ELISA assay (Davtyan et al., 2010; Davtyan et al., 2014).  Despite 

testing extremely undiluted samples of sera, we found no differences between WT-WT and WT-

5xfAD in levels of anti-Aβ IgG antibodies (Figure 1.8 E).  In contrast, highly diluted samples 

taken from positive control mice that had been actively immunized against Aβ (red bar) 

exhibited a robust signal in this assay (Figure 1.8 E).  Thus, neither WT-WT nor WT-5xfAD 

mice exhibit induction of anti-Aβ antibodies.  To further confirm these results, we used a 

sensitive ELISpot assay to quantify numbers of anti-Aβ producing B-cells within the spleen.  

Using Rag-5xfAD mice that lack B cells as a negative control and mice actively immunized with 

Aβ peptide as a positive control, we detected no differences in anti-Aβ producing B cells 

between WT-WT and WT-5xfAD splenocytes (Figure 1.8 C).  As the immune response to a 

brain-localized antigen would be expected to be increased within the cervical lymph nodes, we 

next repeated this assay using cells extracted from the deep and superficial cervical lymph nodes.  

Analysis again revealed no differences between WT-WT and WT-5xfAD mice (Fig 1.8 D).  We 

also performed an assay to determine whether WT-5xfAD mice exhibited a specific T-cell 

response to Aβ as indicated by IFNγ production following Aβ exposure.  Similar to the B cell 

ELISpot, this assay again revealed no differences in the reactivity of T cells to Aβ between 

genotypes (Figure 1.8 F).  Lastly, further examination of brain IgG localization by high-

magnification confocal microscopy confirmed that WT-5xfAD IgGs do not directly associate 

with amyloid plaques (Fig 1.8 G-J) and instead co-localize with Iba1+ microglia, again 

suggesting that these brain-localized antibodies are not Aβ specific. 
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Preimmune Mouse IgG Induces in vitro Microglial Phagocytosis of Aβ 

To further confirm the importance of brain-localized IgG in restraining Aβ pathology we 

employed Image Streamer flow cytometry to accurately quantify the effects of pre-immune IgGs, 

purified from the sera of wild-type unimmunized mice, on microglial Aβ phagocytosis.  Unlike 

standard flow cytometry, the Amnis Image Streamer system captures 256 fluorescent and phase-

contrast images of cells as they pass through the system.  On board computer algorithms then 

calculate whether a given fluorescent signal is localized within the cell as opposed to being stuck 

to the outside membrane (Figure 1.10 A).  Using this system, we examined whether the presence 

of pre-immune mouse IgG could induce the phagocytosis of fibrillar fluorescently-labeled Aβ by 

BV2 microglial cells.  Cells were cultured in serum-free media and treated overnight with or 

without IL-1β to further mimic the proinflammatory state of the AD brain.  10 hours later, cells 

were exposed to fluorescently labeled fibrillized Aβ with or without pre-immune IgGs for 1 hour 

and then examined using the Image Streamer system.  Interestingly, whereas relatively few cells 

phagocytosed Aβ following treatment with PBS/PBS, treatment with pre-immune IgG induced a 

6-fold increase in the number of cells with internalized Aβ (Figure 1.10 A-C).  Furthermore, of 

those cells that did actively phagocytose Aβ, ones treated with IgG showed a 2-fold increase in 

the amount of Aβ phagocytosed as measured by mean fluorescence intensity (MFI) within the 

cell (Figure 1.10 D).  IL-1β/PBS pre-treatment did not significantly change the amount of 

phagocytosis compared to PBS/PBS treatment.  However, combined treatment of IL-1β/IgG 

significantly reduced the number of cells that phagocytosed Aβ versus IgG alone, but slightly 

increased the amount of Aβ within those cells (Figure 1.10 C-E), consistent with the known 

effects of IL-1β on microglial activation state and phagocytosis (Koenigsknecht-Talboo & 

Landreth, 2005). 
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Figure 1.11: Preimmune IgG stimulates microglial phagocytosis via Fc receptor & Src/Syk activation 
pathway.  A-H) Representative brightfield and fluorescent images of fibrillar Aβ phagocytosis within BV2 
microglial cells after treatment with IgG and inhibitory drugs.  (A-B) Microglial cells exhibited low levels of 
phagocytosis when treated with vehicle alone compared to treatment with vehicle+IgG (C-D).  Pretreatement 
with Src/Syk inhibitor (MNS; 20µM) (E-F) or PI3K inhibitor (Wortmannin; 50nM) (G-H) completely 
eliminated the induction of phagocytosis by IgG.  (I) Quantification of fluorescent Aβ optical density divided by 
cell count from brightfield images further illustrates elimination of phagocytosis.  Vehicle+IgG phagocytosis 
levels were significantly different from all other groups, ANOVA p<0.0001.  Data represented as mean ± S.E.M.  
ANOVA p<0.05 and Fisher’s PLSD post hoc;  N=3 wells/group. 

IgG induces Aβ phagocytosis via a Src/Syk/PI3K signal transduction pathway 

 Next, we performed an additional in vitro experiment to determine the mechanism by 

which pre-immune IgG activates phagocytic machinery to enhance Aβ clearance.  IgG binding to 

Fc receptors can activate a signal transduction cascade that leads to membrane remodeling, actin 

reorganization, and the formation of a phagasome (reviewed in: (Garcia-Garcia and Rosales, 

2002)).  In macrophages and monocytes, this signaling pathway is initiated via phosphorylation 

of ITAMs (immunoreceptor tyrosine-based activation motifs) by enzymes of the Src tyrosine-

kinase family and the subsequent docking and activation of Syk (spleen tyrosine kinase).  This in 

turn activates PI3K and other downstream signaling pathways to induce phagosome formation.  

To determine whether IgG treatment of BV2 microglial cells activates this same canonical 

pathway we pretreated BV2 cells with inhibitors of Src/Syk or PI3K and then exposed them to 

fluorescent Aβ and IgG for thirty minutes.  Cells were then washed and fixed and fluorescent Aβ 

internalization was imaged and quantified by a blinded observer.  As before, we again found that 

treatment with pre-immune IgGs dramatically increases Aβ phagocytosis (Figure 1.11).  In 

contrast, pre-treatment with a selective inhibitor of Src and Syk tyrosine kinases (MNS: 3,4-

Methylenedioxy-β-nitrostyrene) or the PI3K inhibitor Wortmannin, completely abrogated Aβ 

phagocytosis (Figure 1.11).  Thus, it appears that IgG-induced uptake of Aβ by microglial cells 

involves activation of Src/Syk/PI3K phagocytosis signal transduction pathways. 
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Figure 1.12: Direct intrahippocampal injection of IgG reduces Rag-5xfAD plaque load in vivo.  (A-B) 
Representative immunohistochemical images demonstrate significantly more amyloid present in the PBS-
injected side (A) compared to the IgG injected side (B).  (C-D) IMARIS-based 3-dimensional quantification of 
Aβ confirms a significant reduction in both total Aβ volume and the number of large plaques, while the number 
of small plaques was almost significantly reduced  (p=0.066) as well.  Data represented as mean ± S.E.M; n=3 
animals/genotype.  Student’s t-test (paired, two-tailed) §p<0.01.   
 

Preimmune Mouse IgG Reduces Aβ Plaque Load in vivo 

Consistent with our in vitro analysis, previous studies have demonstrated that injection of 

pre-immune IgG into the brain of a different transgenic AD model can promote Aβ clearance 

(Sudduth et al., 2013).  To determine whether a similar approach can reduce Aβ in a mouse 

model that lacks B, T, and NK cells, we replicated this design by stereotactically injecting 

preimmune IgG (2µl of 1mg/ml) into one hippocampus and PBS into the contralateral 

hippocampus of Rag-5xfAD mice.  Seven days later mice were sacrificed and amyloid burden 

assessed, revealing a significant reduction in Aβ plaque volume by 50.9% (p=0.01) on the IgG-

injected side (Figure 1.12 A-C).  Further subanalysis demonstrated that IgG delivery also 

significantly reduced the number of large plaques (p=0.01, Figure 1.12 D). 
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Figure 1.13: Transplanted bone marrow survives and engrafts long-term in Rag-5xfAD mice.  (A-B) 
Representative flowcytometry analyses of tissue from Rag-5xfAD vehicle and bone marrow treated animals at 
time of sacrifice (4 months post-transplant).  (A) Rag-5xfAD mice receiving vehicle were predictably immune-
incompetent lacking true positive labeling for B, T, or NK cells.  (B) Rag-5xfAD mice recieivng bone marrow 
demonstrate robust engraftment of both B and T cells and too lesser extent NK cells 4 months post-
transplantation. 
 

Bone Marrow Adoptive Transfer Reduces Aβ Pathology in Rag-5xfAD Mice 

To determine whether replacing the missing adaptive immune cell populations in the 

periphery could also reverse the effects of immune deficiency on AD pathology, adoptive 

transfer of whole bone marrow was performed.  At two months of age Rag-5xfAD mice received 

an injection of either 500,000 whole bone marrow cells from age and sex-matched immune-

intact WT-5xfAD mice or an equivalent injection of vehicle into the retro-orbital venous sinus.  

Mice were allowed to age normally for 4 months and then brains were processed for analysis.  

Successful engraftment was confirmed by flow cytometric analysis of splenocytes at the time of 

sacrifice (Figure 1.13 A-B). 
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Next, using both biochemical and histological endpoints we assessed the impact of bone 

marrow transplantation on Aβ pathology.  Immunohistochemical analysis of hippocampal 

amyloid burden revealed a significant 47.4% reduction in plaque volume in mice that received 

bone marrow transplants (p<0.05, Figure 1.14 A-C).  Subanalysis of plaque load demonstrated 

that numbers of both medium and large plaques were significantly reduced with bone marrow 

transplantation (p<0.05) and numbers of small plaques were almost significantly decreased 

(p=0.056) (Figure 1.14 D).  To confirm our immunohistochemical analysis we followed up with 

ELISA measurement of Aβ and detected a significant reduction in Aβ40 and nearly a significant 

reduction in Aβ38 (p=0.058) (Figure 1.14 E).  To determine whether endogenous mouse IgG 

was present in the brain following bone marrow engraftment we also examined mouse IgG levels 

by ELISA and immunohistochemistry.  These analyses confirmed that replacement of peripheral 

immune cells could elevate levels of IgG within the brain (Figure 1.14 F) and likewise led to the 

characteristic co-labeling of microglia with endogenous mouse IgG (Figure 1.14 G-N).  Taken 

together, these data strongly implicate adaptive immunity, the production of IgGs, and cross-talk 

between peripheral and central immune systems as being critical for regulating and restraining 

the development of AD pathology. 

 

 

 

 

 

 

 



 80 

Figure 1.14: Bone marrow transplantation reduces amyloid in Rag-5xfAD mice.  (A-B) Representative 
immunohistochemical images demonstrate a significant reduction in amyloid burden in the dentate gyrus of 
animals receiving bone marrow (B) compared to those receiving vehicle injections (B).  (C-D) IMARIS-based 3-
dimensional quantification of Aβ confirms a reduction in both total Aβ volume and the numbers of medium and 
small plaques (p<0.05).  The number of small plaques trended lower in bone marrow treated animals (p=0.056).  
(E) Multiplex ELISA confirmed the IHC findings as Aβ40 was significantly reduced, and Aβ38 and Aβ42 
trended down as well.  (F) ELISA analysis of brain IgG levels demonstrated elevated levels in mice receiving 
bone marrow, although not quite at the same levels as WT-5xfAD mice.  (G-N) Importantly, bone marrow 
treated Rag-5xfAD mice also exhibit similar and extensive immunohistochemical labeling of microglia with 
IgG, as described above in WT-5xfAD mice (See Fig. 5).  Unsurprisingly, this labeling was absent in mice 
receiving vehicle injections.  Data represented as mean ± S.E.M.  ANOVA p<0.05 and Fisher’s PLSD post hoc 
*p<0.05, §p<0.01; N 4-5 per group. 
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DISCUSSION 

While the role of the brain’s innate immune cells, microglia, in AD has been extensively 

examined, the influence of peripheral immune cell populations in this disease has been 

underexplored.  In the current study, we sought to address this by creating a novel immune-

deficient model of AD.  The resulting ‘Rag-5xfAD mice’ lack B, T, and NK cells and develop 

aggressive AD-like neuropathology.  Most interestingly, we find that deletion of these peripheral 

immune populations leads to a greater than two-fold increase in amyloid burden.  Similar to 

sporadic AD patients, our data reveal that the increase in pathology is not driven by altered Aβ 

production, but likely via impaired clearance (Mawuenyega et al., 2010; Wildsmith et al., 2013; 

Tarasoff-Conway et al., 2015).  To better understand precisely how Aβ clearance is decreased in 

Rag-5xfAD mice, we utilized unbiased gene ontology analysis which implicated microglia 

function and changes in both adaptive and innate immunity. 

The detection of IgGs within the brains of immune-intact AD transgenics suggested that 

antibody-mediated clearance mechanisms may be involved.  Interestingly, we find that although 

immune-intact 5xfAD mice exhibit IgGs within their brain, these antibodies and the B-cells that 

produce them are not specific for Aβ.  Rather, our data reveal that non-Aβ specific antibodies 

can significantly enhance the phagocytosis of Aβ fibrils by activating Src/Syk/PI3K phagocytic 

signaling pathways.  Furthermore, delivery of IgG to Rag-5xfAD mice by either direct 

stereotactic injection or peripherally via bone marrow transplantation leads to a corresponding 

decrease in Aβ. 

Previous reports have implicated a role for non-Aβ specific antibodies in Aβ clearance.  

For example, Gammagard®, a formulation of human immunoglobulins, has been tested in both 

AD models and patients (Knight & Gandy, 2014; Relkin, 2014).  In mouse models, these studies 
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have shown that IgGs can reduce Aβ levels especially when directly injected into the brain 

(Sudduth et al., 2013; Counts et al., 2014) and our own data has confirmed these findings.  

However, despite promising Phase II results, a Phase III clinical trial of Gammagard® in mild-to-

moderate AD patients failed to improve cognition.  Yet, Gammagard® did significantly reduce 

Aβ levels and slow cognitive decline in a pre-planned subgroup analysis of patients carrying the 

ApoE4 risk allele (Knight & Gandy, 2014; Relkin, 2014).  Further support for the potential 

influence of peripheral IgG in the clearance of Aβ pathology has recently been suggested by a 

group that utilized transcranial focused ultrasound to transiently open the blood brain barrier.  

Following ultrasound this group observed a significant reduction in amyloid pathology which 

they suggested might be due to increased infiltration of endogenous IgG into the brain (Jordao et 

al., 2013; Burgess et al., 2014). 

While the lack of cognitive improvement in the Gammagard® trials is discouraging, there 

is a growing consensus that AD will likely have to be tackled during the prodromal phase with 

primary or secondary prevention trials, as even Aβ-targeting antibodies have failed to improve 

cognition in Phase III trials (Carrillo et al., 2013; Liu et al., 2015).  It is therefore quite possible 

that Gammagard® or other IgG formulations, perhaps combined with transient permeabilization 

of the BBB through focused ultrasound, might provide increased benefit if tested in prodromal 

AD.   

One disease that dramatically affects the adaptive immune system is HIV/AIDS.  Prior to 

the advent of antiretroviral therapies, dementia was a common cause of morbidity in HIV, 

affecting up to 50% of patients (Ances & Ellis, 2007).  Furthermore, Aβ accumulation within the 

brain and changes in CSF Aβ levels that mimic AD are observed in these patients and correlate 

well with cognitive dysfunction (Brew et al., 2005; Soontornniyomkij et al., 2012).  While HIV 
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primarily targets CD4 T-helper populations, these cells play a critical role in the induction of 

immunoglobulin class-switching by B-cells and the maturation of B-cells into IgG-producing 

plasma cells (Xu & Banchereau, 2014).  It is therefore interesting to speculate that, as in our 

immune-deficient AD mouse model, immunodeficiency in humans might likewise impair the 

clearance of Aβ from the brain. 

An important question is how the current data fits with a recent study examining the 

effects of T-regulatory cells (Tregs) on AD pathogenesis (Baruch et al., 2015).  Tregs normally 

serve to suppress the systemic immune system and protect against autoimmune disease 

(Sakaguchi et al., 2008).  However, in AD mouse models it appears that this immunosuppressive 

activity may be detrimental, impairing the ability of the adaptive immune system to respond to 

and restrain Aβ pathology.  When Tregs are depleted for example, Aβ pathology decreased 

dramatically, whereas compounds that promote Treg differentiation and function exacerbate 

pathology (Baruch et al., 2015).  In comparison, Rag-5xfAD mice lack not only Tregs, but also 

many other components of the adaptive immune system including CD4 and CD8 T-cells, B-cells 

and plasma cells.  These other components are many of the target cells that Tregs serve to 

retrain, thus deletion of all of these populations in Rag-5xfAD mice produces an effect that is 

very similar to the effect produced by promoting Treg function.  It therefore appears that the 

current study and this recent report on Tregs support a similar conclusion about the importance 

of peripheral leukocyte populations in restraining AD pathology. 

It is important to acknowledge some potential caveats regarding the interpretation of the 

current study.  Perhaps the most important is that the Rag-5xfAD mice may exhibit some 

inherent developmental differences in microglial function.  However, no changes in microglial 

number, cytokine levels, and gene expression profiles between WT-WT and WT-Rag mice were 
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observed.  Only a small but significant difference in microglial morphology between these two 

groups exists (Figs. 2D, 3F,G, Dataset S1).  Together, these data suggest that if any potential 

developmental effects of adaptive immune system ablation on microglial function are present, 

they are subtle and are only manifest in an environment necessitating adaptive-innate immunity 

crosstalk such as in response to a robust insult such as Aβ accumulation. 

Another interesting question that remains is precisely how IgG levels become elevated in 

WT-5xfAD brains.  Only 0.1% of circulating IgGs reach the brain in wild-type mice by passive 

diffusion (Poduslo et al., 1994; Fuller et al., 2014).  Because no apparent increase in BBB 

permeability was detected in 5xfAD mice, other routes for IgG entry may be important.  Recent 

evidence has implicated the choroid plexus as a gateway for immune signals reaching the brain 

(Ransohoff & Engelhardt, 2012; Schwartz & Baruch, 2014) and in support of this hypothesis, 

high levels of IgG were present within the choroid plexus of immune-intact mice.  Emerging 

evidence implicates choroid plexus dysfunction in AD (Baruch et al, 2014; Bergen et al., 2015).  

Thus, it is possible that the choroid plexus regulates the influx of IgG into the brain.  

Alternatively, increased association with microglial Fc receptors or decreased clearance of IgGs 

from the brain might also play a role in the observed IgG elevations (Schlachetzki et al., 2002; 

Deane et al., 2005).  

Taken together, our data reveal a significant and novel role for the adaptive immune 

system in Alzheimer’s disease pathogenesis.  Not only does the loss of B, T, and NK cells 

substantially accelerate amyloid pathogenesis, but it also exacerbates the neuroinflammatory 

phenotype of microglia while decreasing phagocytic activity.  One mechanism by which these 

peripheral cell populations exert their effect is through the production of IgGs.  Our data confirm 

that IgG alone is sufficient to increase phagocytosis in vitro and that delivery of IgG directly to 
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the brains or Rag-5xfAD mice or into circulation via adoptive transfer can induce plaque 

clearance.  Our study therefore adds to a growing area of research that highlights the importance 

of the peripheral immune system in CNS function and AD (Baruch et al., 2015; Zenaro et al., 

2015) and demonstrates the need to better understand how these peripheral cell populations act in 

concert with microglia to influence the CNS in both normal and diseased conditions. 
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CHAPTER TWO 

INFILTRATION OF PERIPHERAL IMMUNE CELLS INTO THE ALZHEIMER’S BRAIN 

AND THEIR INTERACTIONS WITH RESIDENT MICROGLIA 

INTRODUCTION 

Alzheimer’s disease (AD) is the leading cause of age-related neurodegeneration, 

affecting over 5.2 million people in the United States alone (Association, 2016).  Pathologically, 

AD is characterized by two hallmark protein aggregates, amyloid-beta (Aβ) plaques and 

neurofibrillary tangles, composed of hyperphosphorylated tau in addition to significant synaptic 

and neuronal loss (Davies & Maloney, 1976; Dekosky & Scheff, 1990; Terry et al., 1991; 

Masliah et al., 2001; Selkoe, 2001).  These pathologies are accompanied by chronic 

neuroinflammation, including microgliosis, elevated cytokine production, and activation of 

complement pathways (McAlpine & Tansey, 2008; Maier et al., 2008; Wyss-Coray & Rogers, 

2012; Guillot-Sestier & Town, 2013).  Recent evidence indicates that Aβ accumulates in the 

majority of AD patients not as result of overproduction, but because of impairments in clearance 

mechanisms (Mawuenyega et al., 2010; Wildsmith et al., 2013).  Deficient clearance of Aβ is 

likely the result of several factors, chief among which is thought to be a loss of phagocytic 

activity by resident microglia as a result of the chronic inflammatory state within the AD brain 

(for review see (Akiyama et al., 2000; Heneka et al., 2015; Meyer-Luehmann & Prinz, 2015; 

Mhatre et al., 2015)). 

While research in the AD field has a deepened our understanding of the role the innate 

immune system in AD pathogenesis, comparatively little is understood about the role of adaptive 

immune system.  Expanding on knowledge of the interactions between innate and adaptive 

immunity in the periphery recent studies have begun to suggest that the adaptive immune system 



 87 

plays a crucial role in Alzheimer’s disease pathogenesis (Baruch et al., 2015; Baruch et al., 2016; 

Marsh et al., 2016).  However, many of the mechanisms by which the adaptive immune system 

exerts its effects on AD pathogenesis remain unclear. 

Historically, the infiltration of peripheral adaptive immune cells has been viewed as an 

unwanted detrimental response in the CNS.  But more recently researchers have recognized that 

infiltration into the CNS performs a critical beneficial function known as immune surveillance.  

Under healthy conditions there is significant peripheral infiltration through the blood cerebral 

spinal fluid (CSF) barrier (BCSFB) and into the CSF where immune cells can sample the full 

range of CNS antigens and readily respond as needed (Ransohoff & Engelhardt, 2012).  Despite 

the high levels of adaptive immune cells in the CSF there is little evidence supporting the 

infiltration of adaptive or innate cells into the parenchyma of the healthy brain, either in humans 

or mouse models (Giunti, 2003; Kivisäkk et al., 2003; Kivisäkk et al., 2006; Ajami et al., 2007; 

Galea et al., 2007; Mildner et al., 2011).  However, under inflammatory conditions, including 

neurodegenerative disorders like AD, significant infiltration of T cells into the parenchyma has 

been observed (for review see (Ransohoff & Engelhardt, 2012)).  The infiltration of T cells in the 

brains of AD patients was first reported nearly 30 years ago (Itagaki et al., 1988; Rogers et al., 

1988; McGeer et al., 1989) and while there have been scattered reports in the years since (Togo 

et al., 2002; Parachikova et al., 2007), a true systematic study of infiltrating T cells has been 

lacking. 

Here, we show that under the inflammatory conditions induced by the presence of AD 

pathology there is significant infiltration of T cells into the brain parenchyma.  We conclusively 

demonstrate that T cell infiltration occurs both in the brains of immune-intact 5xfAD mice and 

also in immune-deficient Rag-5xfAD mice (Marsh et al., 2016) following peripheral 
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reconstitution with green fluorescent protein expressing bone marrow (BM-GFP).  Analysis also 

reveals that the infiltrating T cell population is made up of both CD4+ and CD8+ T cells and that 

these cells appear to interact directly with resident microglia.  Future analyses of these results 

will provide critical information about the mechanisms by which peripheral T cells infiltrate the 

AD brain and how interactions with microglia, potentially through antigen presentation, help to 

modulate AD pathogenesis. 

MATERIALS AND METHODS 

Animals 

All animal procedures were performed in strict accordance to the guidelines of the 

National Institutes of Health and University of California.  The Rag-5xfAD immune-deficient 

AD mouse model was created by backcrossing 5xFAD transgenic mice onto a Rag2/il2rγ double 

knockout background as previously described (Marsh et al., 2016).  Briefly, 5xfAD mice 

(MMRRC Strain: 034848-JAX), express two co-integrated and co-inherited transgenes (APP and 

PS-1).  The APP transgene includes three familial AD mutations (Swedish, Florida, London) and 

the PS-1 transgene includes two mutations (M146L & L286V) (Oakley et al., 2006).  Purebred 

C57Bl/6 5xfAD mice were crossed with Rag2/il2rγ double knockout mice (Taconic #4111) (Cao 

et al., 1995), followed by repeated littermate crosses.  We also simultaneously generated strain 

matched immune-deficient mice wild-type for the AD transgenes hereafter referred to as Rag-

WT, as well as strain matched immune-competent AD and WT mice referred to as WT-5xfAD 

and WT-WT respectively.  For bone marrow adoptive transfer experiments, WT-5xfAD mice 

were crossed with CAG-eGFP mice (JAX Stock#: 006567), which express “enhanced” GFP 

under the control of chicken beta-actin promoter and cytomegalovirus enhancer (all cells except 

erythrocytes and hair express GFP), hereafter referred to as GFP-5xfAD.  Sex- and age-matched 
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mice were used and all animals were group housed on a 12h/12h light/dark cycle with access to 

food and water ad libitum. 

Bone Marrow Adoptive Transfer 

Adoptive transfer experiments were performed according to previously published 

protocols (Marsh et al., 2016).  Briefly, age- and sex-matched immune-intact GFP-5xfAD mice 

served as donors for bone marrow adoptive transfer.  Donor mice were euthanized by CO2 

asphyxiation, femurs were removed, and whole bone marrow harvested by flushing the marrow 

contents with PBS.  Marrow was then treated with Ammonium-Chloride-Potassium (ACK) 

buffer to lyse red blood cells, filtered through a 70µm nylon mesh, and cell numbers counted by 

hemocytometer.  Each recipient (n=4-5 females/group) was anesthetized with isoflurane prior to 

receiving 500,000 live cells in 100µl or equivalent volume of PBS via retro-orbital injection.  To 

confirm engraftment, at time of sacrifice splenocytes were collected and analyzed for the 

presence of B, T, and NK cells by flow cytometry as below. 

Tissue Processing 

At 7 months of age, mice were anesthetized with Euthasol prior to intracardial perfusion 

with 0.01M phosphate buffered saline (PBS).  Immediately following perfusion, brains were 

quickly removed and hemispheres separated.  The cerebellum was removed from the right 

hemisphere and then immediately flash-frozen in dry ice for subsequent biochemical analysis.  

The left hemisphere was drop-fixed in 4% paraformaldehyde for 48 hours at 4˚C.  After 48 hours 

fixation, the left hemispheres were transferred to 0.01M PBS and 0.02% NaN3 for storage until 

sectioning.  Brains were sectioned coronally on a freezing microtome at 40µm thickness. 

Right hemispheres, previous frozen on dry ice and stored at -80˚ were crushed on dry ice 

using mortar and pestle.  Approximately ¼ of homogenate was separated for mRNA analyses 
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and the remaining portion was subsequently homogenized in solution of T-PER (Pierce) and 

phosphatase and protease inhibitor cocktails (Thermo Scientific & Roche) and processed as 

previously described (Marsh et al., 2016). 

Flow Cytometry 

Lymphocytes isolated from the spleen were immunophenotyped with fluorescent 

antibodies for the following cell surface markers for pan T cells: PE-conjugated CD3e (500A2; 

BD Biosciences; San Jose, CA), PerCP-eFluor710-conjugated CD3e (17A2, eBioscience).  CD4 

and CD8 T cells: PE-conjugated CD4 (GK1.5, BD Biosciences), Pacific Blue-conjugated CD4 

(RM4-5, BioLegend; San Diego, CA) APC-conjugated CD8 (Ly-2, BD Biosciences), PE/Cy7-

conjugated CD8 (53-6.7, eBioscience).  NK cells: APC-conjugated CD49b (DX5; BD 

Biosciences), PE-conjugated NK1.1 (PK136, BioLegend).  B cells: FITC-conjugated 

CD45R/B220 (RA3-6B2; BD Biosciences), Alexa Fluor 710-conjugated CD19 (ebio1D3, 

eBioscience).  All cells for flow cytometry were FC blocked with anti-CD16/32 (1:200; BD 

Biosciences) for 10 min at 4°C prior to staining with surface marker antibodies.  Cells were run 

on an LSRII flow cytometer (BD Biosciences) or BD FACSAria II (BD Biosciences) and 

analyzed with FlowJo software (FlowJo LLC; Ashland, OR). 

Immunohistochemistry 

Fluorescent immunohistochemical analysis followed previously described established 

protocols (Blurton-Jones et al., 2009).  Primary antibodies used for immunohistochemical 

analysis included: Anti-GFP Alexa 488 conjugated (Life Technologies); Anti-GFP (Millipore; 

Temecula, CA); Iba1 (Wako; Richmond, VA), CD3e (Clone 500A2; BD Biosciences), CD4 

(Clone RM4-5; AbD Serotec & BioLegend), CD8 (Clone YTS105.18; AbD Serotec; Raleigh, 

NC), CD11c (Clone HL3; BD Biosciences), CD45 (Clone 30-F11; BioLegend), MHC II (Mouse 
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I-A/I-E) (Clone M5/114.15.2; BioLegend), PU.1 (Sigma-Aldrich; St. Louis, MO), Glucose 

Transporter 1 (Glut1) (Millipore), Ki67 (Abcam; Cambridge, MA).  Sections were incubated in 

primary antibodies overnight followed by detection with either appropriate Alexa Fluor® 

conjugated secondary antibody (Life Technologies) or Alexa Fluor® conjugated streptavidin and 

coverslipped using Fluoromount-G with or without DAPI (Southern Biotech; Birmingham, AL).  

Fibrillar amyloid was visualized using Amylo-Glo® (Biosensis; Temecula, CA) diluted 1:100 in 

0.01M PBS (Schmued et al., 2012). 

Light-level immunohistochemistry to examine T cells was performed on tissue sections 

incubated with anti-CD3e antibody (Clone 500A2) overnight followed by incubation with biotin-

conjugated secondary antibody.  Antibody labeling was visualized using Vectastain Elite ABC 

kit (Vector Labs; Burlingame, CA) followed by 3,3’-diaminobenzidine (DAB) with Nickel 

Peroxidase (HRP) Substrate Kit (Vector Labs) before being mounted and coverslipped using 

DPX (DBH) mounting medium (VWR; Radnor, PA). 

Confocal Microscopy and Immunohistochemical Analysis 

Immunofluorescent sections were visualized and images captured using an Olympus 

FX1200 confocal microscope.  To avoid non-specific bleed through each laser line was excited 

and detected independently.  All images shown represent either single confocal z-slice or z-

stacks.  All image analyses were conducted by a blind observer using coded images.  IMARIS-

based quantification of BM-GFP infiltrating cells was performed using modifications of 

previously established protocols using the Spots function (Elmore et al., 2014; Marsh et al., 

2016). 
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RESULTS 

Occasional GFP cells are observed in cerebral blood vessels one week after adoptive 

transfer 

 Many studies of T cell infiltration are complicated by difficulties identifying T cells using 

immunohistochemical techniques, especially when attempting immunofluorescent double or 

tripling labeling.  To circumvent this issue we utilized an immune-deficient AD model, the Rag-

5xfAD mouse, which lacks endogenous B, T, and NK cells (Marsh et al., 2016).  In order to 

easily identify any infiltrating cells we harvested bone marrow from GFP-5xfAD mice, so that 

all extracted bone marrow cells were GFP+ (BM-GFP).  GFP-5xfAD sex-matched mice were 

used as donors to prevent any possibility of graft versus host disease that might have occurred if 

BM was harvested from mice that were naive to human beta-amyloid or from a different gender.  

At 6 months of age Rag-WT and Rag-5xfAD mice received transplantation of 500,000 live BM-

GFP cells.  Mice were sacrificed 7 days later and immunohistological analysis was performed to 

examine the potential presence of GFP+ cells in the brain.  At this short time point GFP+ cells 

within brain sections were extremely rare, regardless of the AD genotype of recipient mice 

(Figure 2.1 A, E).  Triple-label immunohistochemistry revealed that rare BM-GFP cells present 

at this time point were not positive for microglia/macrophage marker Iba1, but they were 

contained with cerebral vessels, labeled with vessel marker glucose transporter 1 (Glut1) (Figure 

2.1). 
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Significant parenchyma BM-GFP infiltration occurs in Rag-5xfAD mice after long-term 

adoptive transfer 

 To examine potential peripheral infiltration during the chronic inflammatory state of AD, 

we performed a second adoptive transfer experiment of BM-GFP in two-month old Rag-5xfAD 

and Rag-WT mice.  Mice were allowed to age normally for 4 additional months and then 

sacrificed.  In Rag-WT mice we observed significantly more cells compared to the acute time 

point, although overall infiltration was still quite rare (Figure 2.2 A).  However, in the Rag-

5xfAD mice there was substantial infiltration of BM-GFP cells (Figure 2.2 B).  In order to 

quantify the difference in infiltration whole brain stitch images were analyzed using IMARIS 

image analysis software to automatically count all BM-GFP cells (Figure 2.2 C, D).  

Quantification revealed that infiltration of BM-GFP cells was substantial and more than 10 fold 

higher in the Rag-5xfAD mouse.  Within the given 40µm thick brain hemisections shown in 

Figure 2.2, 69 GFP cells were detected in the Rag-WT mouse whereas 715 GFP cells were 

observed in Rag5xfAD mice. 
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Figure 2.2: Substantial infiltration of BM-GFP cells observed 4 months post transplant in Rag-5xfAD 
mice.  BM-GFP cells (A, B; green) are observed in both Rag-WT and Rag-5xfAD brain sections 4 months post-
transplantation.  Quantification of cell engraftment using IMARIS image analysis software (C, D; 1 white dot=1 
GFP cell) finds 10 fold increase in total GFP cells present in Rag-5xfAD brain section compared to Rag-WT.  
Scale Bar =1mm. 
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 Examination of the whole brain stitch images also revealed a few some interesting 

patterns of cell localization.  Unsurprisingly, several instances of GFP+ cells were identified on 

the outer fringes of the sections (Figure 2.3 A; arrows).  This localization suggests these BM-

GFP cells are meningeal or perivascular cells and not true infiltrating cells.  Regardless of 

genotype a high density of cells were also noted within the choroid plexus (Figure 2.3 B; white 

arrows) or immediately adjacent to the choroid plexus/lateral ventricle (Figure 2.3 B; red 

arrows).  Finally, the majority of cells in Rag-5xfAD mice were found with an apparent 

intraparenchymal localization (Figure 2.3 C).  To confirm these cells were truly 

intraparenchymal and not located within the vasculature, dual label immunohistochemical 

analysis with Glut1 was performed.  In contrast to the findings at the acute time point, the vast 

majority of cells present 4 months post-transplantation were not localized within blood vessels 

(Figure 2.3 D). 
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Figure 2.3: BM-GFP cells are present in meningeal/perivascular space, choroid plexus, and parenchyma 4 
months post-transplantation.  Some BM-GFP cells (A; white arrows) are present on the edges of tissue 
sections indicating they are likely located within meningeal or perivascular spaces.  This localization is more 
prominent in Rag-WT animals.  (B) High densities of cells are observed intraparenchymally immediately 
adjacent to the lateral ventricle and choroid plexus (red arrows) in addition to cells located directly within the 
choroid (white arrows).  (C) Representative image of BM-GFP cells found within hippocampus indicating likely 
intraparenchymal localization.  (D) At 4 months post transplant the majority of BM-GFP cells in Rag-5xfAD 
mice are not present within blood vessels as demonstrated by lack of colocalization with vessel marker Glut1 
(blue).  (A-C) Scale Bar =200µm, (D) Scale Bar=100µm. 
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Figure 2.4: BM-GFP cells do not exhibit apparent chemotaxis to amyloid pathology and are not actively 
proliferating.  (A-D) Representative confocal images of GFP cells (green), amyloid plaques (Amylo-Glo, blue), 
and microglia (Iba1, red) demonstrating that BM-GFP cells are not present in immediate vicinity of the majority 
of fibrillar amyloid.  (E-H) Representative images of BM-GFP cell cluster in close proximity to microglia (red) 
and amyloid plaques (H, outlines based on microglial morphology and UV autofluorescence of fibrillar plaques).  
Despite tight cluster of cells near amyloid pathology, the majority of cells are not in direct contact with plaques.  
(I-L) Tight cluster of GFP+ cells within tissue are not actively proliferating as demonstrated by lack of 
colocalization with proliferation marker Ki67 (red).  Arrow indicates dead cell autofluorescence and not true 
colocalization.  Scale Bar =50µm. 

BM-GFP cells do not exhibit significant migration to plaques and are not actively 

proliferating 

 In general examination of GFP cell localization we observed little evidence of direct 

association between infiltrating cells and Aβ plaques directly (Figure 2.4 A-D).  However, we 

did note from the whole brain stitch images that there were often tightly localized clusters of 

cells in different brain regions.  Again these clusters did not appear to be the direct result of 

chemotaxis towards amyloid plaques.  Even in instances where such clusters were in the general 

proximity of amyloid plaques (Figure 2.4 E-H) the majority of cells while near by, were 

typically not directly adjacent to the plaques (Figure 2.4 H; plaque location circled) unlike the 

plaque-associated distribution of resident microglia.  As plaques did not appear to directly attract 

infiltrating cells we sought to examine whether clusters were instead the result of local sites of 

proliferation of infiltrating GFP+ cells.  To examine active cell proliferation we therefore 

performed immunohistological analysis using the proliferation marker Ki67 (Figure 2.4 I-L).  

Interestingly, no examples of double-labeled GFP and Ki67 cells were observed, indicating at 

least at this time point that no infiltrating BM-derived cells were actively proliferating.  

However, this does not rule out proliferation immediately upon entry into CNS at an earlier time 

that would not be detected by Ki67 analysis at this 4-month post transplant time point. 
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BM-GFP Cells are not myeloid but are CD45+/CD3+ T Cells 

 In order to determine which of the peripheral immune lineages the BM-GFP infiltrating 

cells had become we performed another series of multi-label immunohistological analyses.  

Confirming their hematopoietic origin, all BM-GFP cells were positive for CD45+ (Figure 2.5 

A-C).  In addition to GFP+ cells we also noted a number of endogenous microglia also co-

labeled with CD45 in Rag-5xfAD animals (Figure 2.5 B).  Surprisingly, we found that 

infiltrating GFP+ cells exhibited no evidence of differentiation into myeloid cells, either 

microglia or macrophages, as evidenced by lack of colocalization with Iba1 (Figure 2.5 D-F).  

However, not all peripheral macrophages are Iba1 positive and therefore we examined BM-GFP 

colocalization with PU.1, a transcription factor exclusively expressed in all cells of myeloid 

origin (Terry & Miller, 2014), but again found no colocalization with GFP+ cells (Figure 2.5 G-

I).  After ruling out myeloid differentiation we next examined T cell differentiation and 

interestingly found that 100% of the BM-GFP cells were CD3e+, indicating they were in fact all 

T cells (Figure 2.6 A-C).  Further analysis demonstrated that BM-GFP cells became both CD4+ 

(Figure 2.6 D-F) and CD8+ (Figure 2.6 G-I) T Cells. 
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Figure 2.5: CNS Bone marrow-derived GFP cells are not of myeloid origin.  (A-C) All BM-GFP cells 
(green) colocalize with general hematopoietic marker CD45 (red).  (D-F) Despite substantial amount of 
infiltration no bone marrow derived microglia or Iba1+ macrophages are observed (Iba1, red).  (G-I) Lack of any 
myeloid differentiation of CNS BM-GFP cells was confirmed as no BM-GFP cells were found to be positive for 
myeloid-specific transcription factor PU.1 (red).  Scale Bar =50µm. 
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Figure 2.6: All BM-GFP cells are T cells of both CD4 and CD8 subtypes.  (A-C) All engrafted bone marrow 
cells are differentiated T cells as demonstrated by 100% colocalization between GFP (green) and T cell marker 
CD3 (red).  Both CD4+ (D-F) and CD8+ (G-I) subsets of T cells have been observed.  Arrows indicate GFP+ 
cells that are not positive for either CD4 or CD8 and are therefore likely positive for the opposite marker.  Scale 
Bar =50µm. 
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Infiltrating BM-GFP T Cells may be Directly Interacting with Endogenous Microglia 

 During analysis of myeloid differentiation we noticed that on many occasions BM-GFP 

cells were located in very close proximity to Iba1+ microglia (Figure 2.5 D-F).  High 

magnification confocal microscopy subsequently confirmed numerous cases of what appeared to 

be direct interactions between T cells and microglia (Figure 2.7).  In fact in many cases 

microglial processes appear to be surrounding neighboring GFP+ T cells (Figure 2.7 D-F; 

microglial process outlined).  The close proximity and wrapped processes of the microglia 

could indicate that endogenous microglial were in the process of phagocytosing dead or dying T 

cells.  However, active Caspase-3 labeling, an apoptotic cell marker, exhibited no colocalization 

with GFP+ cells indicating the T cell-microglial interaction were likely not phagocytic in nature 

(data not shown). 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Some infiltrating BM-GFP cells are found in close contact with resident microglia.  (A-F) 
High-magnification confocal images of two GFP+ T cells in very close proximity to microglia (Iba1, red).  (D-F) 
T cells may be interacting with microglia processes as shown in the digitally enlarged images with the microglia 
process outlined (white).  Scale Bar =10µm. 
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In the peripheral immune system T cells interact directly with dendritic cells (DCs) 

during the process of antigen presentation.  It has previously been observed that microglia in the 

CNS can take on some of the properties of antigen-presenting cells (APCs) under inflammatory 

conditions.  In the periphery dendritic cells are the professional APCs of the immune system.  

Dendritic cells are characterized partially by their expression of surface marker CD11c (Town et 

al., 2005; Bulloch et al., 2008; Prodinger et al., 2011).  As has been previously demonstrated in 

other inflammatory neurodegenerative diseases (Ransohoff & Engelhardt, 2012; Wlodarczyk et 

al., 2014; Bennett et al., 2016) microglia in the brains of Rag-5xfAD mice upregulate CD11c 

(Figure 2.8 A-D).  In fact some of these microglia expressing CD11c are the microglia in 

seemingly direct contact with T cells (Figure 2.8 D).  The initial interaction between T cells and 

APCs is mediated between the presence of major histocompatibility complex class I (MHC I) or 

class II (MHC II) on the APC and T cell receptors (TCRs) on the T cell (Dustin et al., 1998; 

Comrie et al., 2015; Markey et al., 2015).  Indeed we found that microglia, which do not 

normally express MHC II, upregulated MHC II expression in the 5xfAD brain (Figure 2.8 E-H).  

In order for antigen presentation to be successful additional receptor ligand binding between a 

variety of co-stimulatory molecules on the two cells must occur.  One such interaction is that 

between Lymphocyte Function-Associated Antigen 1 (LFA-1) and Intracellular Adhesion 

Molecule 1 (ICAM-1) must also occur (Dustin et al., 1998; Comrie et al., 2015; Markey et al., 

2015; Ransohoff & Engelhardt, 2012).  We have confirmed that BM-GFP cells display the 

presence of LFA-1 (Figure 2.8 I-L).  However, immunohistological analysis of TCR and ICAM-

1 has thus bar been unsuccessful due to issues of antibody binding. 
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T Cell Infiltration also Occurs in the Immune-Intact 5xfAD Brain 

 To confirm that T cell infiltration was a physiologically response to the AD-associated 

inflammatory environment of the CNS and not an artifact of the immune-deficiency in Rag-

5xfAD and Rag-WT mice we performed light-level immunohistological analyses in immune-

intact 5xfAD mice.  We confirmed similar to BM-transplanted Rag-5xfAD mice that immune 

intact WT-5xfAD mice displayed high numbers of endogenous infiltrating T cells at both 6 and 

12 months of age (Figure 2.9 A-B).  Furthermore we confirmed that WT-WT mice exhibited 

little to no T cell infiltration (Figure 2.8 C-D).  Although little to no infiltrating T cells were 

observed in WT mice we did observe T cells within the choroid plexus (Figure 2.9 E-F). 
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Figure 2.9: Infiltration of T cells also occurs in immune-intact WT-5xfAD.  Representative 
immunohistochemical images of significant CD3+ T cell infiltration in the hippocampus of both 6-month-old 
(A) and 12-month-old (B) immune-intact WT-5xfAD mice.  Little to no cells are observed intraparenchymally in 
6-month old (C) or 12-month-old WT immune-intact mice.  (E) Despite no intraparenchymal cells, CD3+ T cells 
are observed within the choroid plexus of WT mice, likely performing immune surveillance.  (F) T cells are also 
found within choroid plexus of WT-5xfAD mice.  Scale Bar =100µm. 
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CONCLUSION 

While the role of the brain’s innate immune cells in AD has been extensively studied, the 

influence of peripheral immune cell populations in this disease has been underexplored.  In the 

current study, we sought to address this through an examination of peripheral cell infiltration in 

our recently generated immune-deficient AD model, the Rag-5xfAD (Marsh et al., 2016).  We 

find that following long-term engraftment of BM-GFP cells a significant number T cells 

infiltrates the brain parenchyma of Rag-5xfAD mice. 

The use of the immune-deficient Rag-WT and Rag-5xfAD mice allowed us to avoid the 

need for myeloablation or any other form of immune conditioning prior to transfer of immune-

intact bone marrow cells.  Critically, transferring the BM-GFP cells without prior immune-

conditioning demonstrates that the cells we observe in the brain are migrating into the CNS due 

to physiological mechanisms.  This distinction is important as typical bone marrow transplants 

are performed following whole body irradiation.  Using this paradigm in an AD transgenic 

model, one study reported that GFP+ cells entered the brain and took on the phenotype of 

microglia and enhanced amyloid clearance (Simard et al., 2006).  However, irradiation protocols 

for bone marrow transfer in mice were initially developed for experiments where the CNS was 

not examined.  When several groups, including the original authors replicated the study using 

head-shielded irradiation, chemotherapeutic myeloablation, or parabiosis models they no longer 

observed any infiltration of peripheral GFP-monocytes in normal mice or multiple AD transgenic 

models (Ajami et al., 2007; Mildner et al., 2007; Mildner et al., 2011; Lampron et al., 2013).  In 

fact several studies since have demonstrated that the only conditions that permit microglia 

turnover with donor cells are when the endogenous microglial compartment is ablated by 

irradiation or chemotherapeutic drugs which cross the BBB (Capotondo et al., 2012; Prinz & 
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Priller, 2014).  While head-shielded irradiation does not modulate brain microglial compartments 

thereby preventing infiltration of donor cells into the brain, it still disrupts the BBB of the spinal 

cord which is followed by significant peripheral cell invasion of the spinal cord tissue.  

Furthermore, head-shielded irradiation also produces significant toxic radiation side effects in the 

periphery.  The other common alternative to irradiation is the use of chemotherapeutic regimens, 

most frequently busulfan.  However, busulfan can also cause significant toxicity in the periphery 

and recent evidence suggests that it crosses the BBB and affects microglia, which can be 

sufficient to induce a level peripheral cell infiltration (van Pel et al., 2003; Capotondo et al., 

2012; Prinz & Priller, 2014).  Use of the immune-deficient Rag-5xfAD mouse therefore avoids 

the need for any of these procedures and consequently we can assess infiltration mechanisms in a 

more physiologically relevant manner.  However, a potential criticism of use of this model 

system is that the immune-deficient could produce an artificial migratory response following 

bone marrow transplantation.  Critically, our observation of similar high levels of T cell 

infiltration in immune intact WT-5xfAD mice clarifies that the infiltration observed in Rag-

5xfAD mice is not occurring solely due to mechanisms related to their immune-deficiency. 

The exact mechanisms mediating the infiltration observed in this study are still unknown, 

however the localization observed does offer some areas of interest for future study.  We 

observed especially high densities of BM-GFP cells in both Rag-5xfAD and Rag-WT animals 

either directly within or immediately adjacent to the choroid plexus.  This pattern of engraftment 

is in agreement with data suggesting the choroid plexus and BCSFB are the primary gateway for 

immune cells into the CNS (Ransohoff & Engelhardt, 2012; Shechter et al., 2013).  There 

preference for infiltration through the BCSFB is likely due to both the looser connections 

between epithelial cells and the higher basal expression of a variety of chemotactic factors which 
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enhance peripheral immune cell entry into the CNS (Kivisäkk et al., 2003; Reboldi et al., 2009; 

Shechter et al., 2013; Shechter et al., 2013).  Even in the healthy brain there is significant 

infiltration of cells from the peripheral blood stream into the CSF through the choroid plexus (for 

review see (Ransohoff & Engelhardt, 2012)).  The majority of the cells found within the healthy 

CNS are T cells that express a variety of C-C chemokine receptors, including CCR4, CCR5, 

CCR6 and CCR9, which are important for tissue infiltration and migration towards areas of 

inflammation (Kivisäkk et al., 2003; Ransohoff et al., 2003; Kivisäkk et al., 2006; Baruch et al., 

2013).  Many of the ligands for these receptors have been to be upregulated in human AD 

patients (Xia et al., 1998; Xia et al., 2000), suggesting that AD-related inflammation may 

upregulate chemokines that serve to recruit peripheral immune cells into the brain parenchyma.  

An alternate route of entry for the T cells into the CNS is through the BBB.  While normally a 

more restrictive barrier, during inflammatory conditions including AD, the BBB has been shown 

to upregulate expression of several factors which increase the ability of T cells to migrate into 

the parenchyma (Tripathy et al., 2007; Tripathy et al., 2010; Ransohoff & Engelhardt, 2012).  

Future studies will examine whether BM-GFP cells express any of these same CCR receptors 

that increase likelihood of infiltration.  Examination of the expression of chemotactic ligands 

either by components of the BBB/BCSFB, and/or the endogenous innate immune cells within the 

brain should further elucidate what mechanisms might be involved in mediating T cell 

infiltration in AD.  Subsequent bone marrow transplant studies using donors that lack these key 

receptors could then be used to further confirm the importance of a given chemokine/receptor 

pair. 

In addition to examining mechanisms of infiltration, I plan during a brief postdoc in the 

Blurton-Jones lab to perform a number of additional experiments to further examine T cell 



 111 

infiltration into the AD brain.  I will perform a systematic quantification of infiltrating cell 

number, localization, and differentiation.  While we have shown the 100% of the cells are T cells 

even within CD4+ and CD8+ subsets there exists significant heterogeneity (Zhou et al., 2009; 

Komatsu et al., 2009; Oestreich & Weinmann; Walsh et al., 2014; Hemmer et al., 2015).  In 

addition to a quantification of the types of T cells, analysis of their prevalence in different brain 

regions may indicate if certain factors or cells are dictating their migration more than others.  In 

order to truly quantify these cell populations I also intend to perform fluorescent activated cell 

sorting (FACS) on cells extracted from the brains of mice following perfusion.  Not only will 

this analysis provide significant quantitative data on the phenotypes of our BM-GFP cells and 

endogenous innate immune cells, but use of FACS will allow for subsequent RNA isolation and 

gene expression analysis to further understand the phenotype of the infiltrating cells.  A better 

understanding of T cell phenotype should allow for better analysis of potential microglial APC-T 

cell interactions.  While I have been able to visualize CD11c, MHC II and LFA-1 on microglia 

and T cells, I have been unable to visualize the other halves of those receptor-ligand interactions, 

TCR and ICAM-1.  However, TCRs are constitutively expressed on all T cells and ICAM-1 has 

been shown to be highly expressed in microglia (Zhang et al., 2014; Comrie et al., 2015; Markey 

et al., 2015; Bennett et al., 2016), meaning that the inability to visualize these molecules thus far 

is likely an immunohistochemical/antibody issue and not lack of expression.  I will continue to 

fine tune techniques to visualize these interactions.  Ultimately, I plan to attempt to use super-

resolution microscopy in order to confirm interaction between ligand and receptor.  Finally, I 

will perform analysis of any changes in the endogenous CNS environment including 

neurogenesis, microglial activation, and astrogliosis, in both WT and AD animals, in order to 

examine how T cells may modulate the CNS in health and disease. 
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In conclusion, our data reveals that T cell infiltration may play a critical role in the 

pathogenesis of AD.  Reconstitution of immune-deficient animals with GFP-labeled bone 

marrow allowed for easy and accurate assessment of infiltrating bone marrow cells.  We 

observed that all of the infiltrating cells in the Rag-5xfAD mice were T cells.  Critically, at both 

moderate and late time points of disease pathogenesis there is also substantial infiltration of T 

cells similar to Rag-5xfAD mice that received bone marrow transplant.  Future analysis of T cell 

phenotype, mechanism of infiltration, and modulation of endogenous CNS phenotype should 

yield valuable information about the ways in which the adaptive immune system modulates the 

healthy and inflamed CNS. 
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DISSERTATION CONCLUDING REMARKS 

Alzheimer’s disease is complex neurodegenerative disorder characterized pathologically 

by multiple proteinopathies, synaptic and neuronal loss, and widespread inflammation (Davies & 

Maloney, 1976; Dekosky & Scheff, 1990; Terry et al., 1991; Selkoe, 2001; Heneka et al., 2015).  

Research over the last few decades has enumerated many of the complexities of the 

inflammatory state in the AD brain.  However, almost all of these studies have focused on the 

role of the innate immune system in disease pathogenesis (Akiyama et al., 2000; Heneka et al., 

2015).  This narrow focus is likely partially due to the fact that the immune cells of the brain, 

microglia and to a lesser extent astrocytes, are part of the innate immune system (Farina et al., 

2007; Meyer-Luehmann & Prinz, 2015; Mhatre et al., 2015).  However, the adaptive immune 

system often interacts closely with the innate immune system to modulate the peripheral immune 

response to bacteria and other pathogens (Town et al., 2005; ADD).  These interactions have 

long been recognized in neurodegenerative diseases that contain a significant autoimmune 

component, such as multiple sclerosis (Hemmer et al., 2015), but in many other CNS disorders 

the impact of the adaptive immune system has largely been ignored. 

 Another reason why the activity of the adaptive immune system was ignored for so long 

is due to a theory known as “immune privilege.”  This hypothesis postulated that due to the 

blood brain barrier (BBB) and the lack of a true lymphatic system that the brain was an “immune 

privileged” system that did not require signals from the peripheral immune system and that 

immune activity in the brain was minimal (Schwartz & Kipnis, 2011; Louveau et al., 2015).  

However, recent research has found that even in healthy conditions there is significant 

infiltration of the CNS by adaptive immune cell populations for the purposes of immune 

surveillance (Hickey, 2001; Engelhardt & Ransohoff, 2012; Ransohoff & Engelhardt, 2012; 
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Lynch, 2014).  Further evidence implicating the adaptive immune system in AD has emerged in 

the past few years, although the exact role of the adaptive immune system in AD pathogenesis is 

still unknown (Baruch et al., 2015; Baruch et al., 2016; Dansokho et al., 2016).   

 The primary aim of my dissertation was to expand the understanding of the activity of the 

adaptive immune system in AD pathogenesis.  To accomplish this goal I developed a novel 

immune-deficient model of AD which lacks B, T, and NK cells, the primary components of the 

adaptive immune system, by crossing a Rag2/Il2rγ double knockout mouse (Shinkai et al., 1992; 

Cao et al., 1995) with the 5xfAD transgenic AD mouse (Oakley et al., 2006).  Using this ‘Rag-

5xfAD’ mouse model I then set out to determine how AD pathogenesis had been altered 

compared to immune-intact WT-5xfAD mice.  First, I examined the levels of Aβ and found that 

Rag-5xfAD animals had a dramatic 2-fold increase in total levels of all Aβ species and in some 

brain regions Rag-5xfAD had more than 4 times the amyloid burden compared to immune-intact 

WT-5xfAD mice.  Owing to the transgenic nature of the AD model the observed increase in 

amyloid could either be due to increased production of Aβ or reduced clearance.  Through a 

combination of protein and gene expression analyses I found that there were not any observable 

changes in the production of amyloid, indicating that Rag-5xfAD mice likely had deficient 

clearance of Aβ.  The lack of any change in Aβ production, implying a deficit in amyloid 

clearance, mirrors what is observed in the general sporadic AD population (Mawuenyega et al., 

2010; Wildsmith et al., 2013; Tarasoff-Conway et al., 2015).  Microarray gene expression 

analysis was then performed to narrow down what systems may be responsible for the impaired 

clearance of amyloid.  Gene ontology analysis pointed toward microglia as being critical in this 

process and as deficient microglial clearance is thought to underlie inefficient clearance of Aβ in 

human AD patients I chose to further examine microglial gene expression and morphology 
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(Meyer-Luehmann & Prinz, 2015; Mhatre et al., 2015).  I found that microglial gene expression 

was significantly altered in the WT-5xfAD animals compared to normal mice and that Rag-

5xfAD mice had a significantly different gene expression profile compared to WT-5xfAD.  

Further analysis using a combination of biochemical and immunohistological techniques 

confirmed that Rag-5xfAD mice also exhibited alterations in microglial morphology, cytokine 

production, and in vivo deficits in microglial phagocytosis. 

During my dissertation research I also observed and reported the novel finding that 

microglia in immune-intact WT-5xfAD mice were covered with endogenous mouse 

immunoglobulin G (IgG) antibodies.  This association was absent in Rag-5xfAD which lack the 

B cells necessary to produce IgG.  Initially, we thought what we were detecting could be 

autoantibodies specific for Aβ, which had been previously reported in humans (Britschgi et al., 

2009; Selkoe & Hardy, 2016).  However, analysis of splenocytes, plasma, and cervical lymph 

nodes all proved negative for anti-amyloid antibodies, or Aβ-reactive B/T cells.  However, 

previous research demonstrated that the autoantibodies present in humans had highest affinities 

for aggregated and oligomeric forms of Aβ (Britschgi et al., 2009) and therefore future analysis 

should examine whether the antibodies observed are conformational specific instead of generally 

reactive to amyloid.  Despite our in ability to detect Aβ-specific antibodies, the presence of IgG 

was intriguing as previous reports in mice and human clinical trials which have found that non-

specific IgGs are beneficial in clearance of amyloid (Sudduth et al., 2013; Counts et al., 2014; 

Knight & Gandy, 2014; Relkin, 2014).  In order to determine whether non-specific IgGs were 

influencing microglial phagocytosis we first analyzed the ability of a microglial cell line to 

phagocytose Aβ in the presence or absence of IgG.  We found that presence of IgG increased 

both the number of phagocytic cells and total amount of amyloid degraded.  I confirmed that this 
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mechanism also occurred in vivo as direct injection of non-specific IgG into the brains of Rag-

5xfAD mice or reconstitution of the peripheral immune system through bone marrow transplant 

also resulted in reductions in amyloid.  Finally, upon bone marrow transplantation I once again 

detected amyloid in the IgGs associated with microglia in Rag-5xfAD animals.  These findings 

confirm that even if some of the IgG we observed were conformationally reactive to specific 

amyloid species that non-specific IgGs are capable of inducing microglial phagocytosis as the 

preimmune mouse IgG we utilized would have no prior exposure to human amyloid. 

While the return of IgG-producing B cells following bone marrow transplant could 

certainly be one mechanism responsible for the reduction in Aβ, it is likely not the only 

mechanism.  Our results in an immune-deficient AD model of an exacerbation of pathogenesis 

were in agreement with previous research that found that CNS injury was worsened by immune-

deficiency (Serpe et al., 1999; Yoles et al., 2001).  Additionally, studies have demonstrated that 

transplantation of several different T cell populations can aid in the recovery of immune-

deficient mice following injury (Kipnis et al., 2002; Serpe et al., 2003; Reynolds et al., 2007).  

Therefore I was interested in the role that T cells might be playing following adoptive transfer in 

Rag-5xfAD mice.  To examine T cell infiltration I performed peripheral immune reconstitution 

in Rag-5xfAD mice using bone marrow from mice expressing green fluorescent protein (GFP) in 

all of their cells.  Critically, like prior bone marrow transplants, these were performed with any 

immune-conditioning prior to transfer of cells.  By avoiding the need for chemotherapeutic drugs 

or irradiation our studies avoid any confounding effects of population depletion or BBB 

disruption caused by those treatments.  When I examined the brains of mice I found that after 1 

week there was no parenchyma infiltration although occasional cells were detected in the blood 

vessels of the CNS.  In contrast after 4 months of engraftment I found that in AD mice receiving 
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this bone marrow transplant there was substantial infiltration of peripheral immune cells after 

long-term engraftment.  Intriguingly, all of the infiltrating cells were found to be CD3+ T cells 

and no myeloid lineage cells were detected.  While initially surprised that no myeloid cells 

infiltrated the CNS, our finding is actually in line with other research illustrating that peripheral 

myeloid cells do not invade the CNS and take on characteristics of microglia unless the 

microglia population is previously disrupted (Capotondo et al., 2012; Prinz & Priller, 2014).  

Furthermore our findings were also in line with findings from mouse models and human patients 

of many other neurodegenerative disorders and injuries have found that T cells infiltrate the CNS 

(Greter et al., 2005; Galea et al., 2007; Ifergan et al., 2008; Brochard et al., 2009; Ransohoff & 

Engelhardt, 2012).  While this area of research has received little attention from the field at large 

there were reports of T cells in the brains of AD patients nearly 30 years ago (Itagaki et al., 1988; 

Rogers et al., 1988; McGeer et al., 1989) and there have been scattered reports since (Togo et al., 

2002; Parachikova et al., 2007).  However, no studies have really examined the phenotypes of 

infiltrating cells and how they might be interesting with endogenous innate immune cells in the 

CNS.  In Rag-5xfAD mice receiving bone marrow transplant infiltration was incredibly 

widespread and did not seem to be associated with amyloid pathology.  Instead I observed 

several instances of T cell association with microglia.  I confirmed that these GFP cells were not 

dying cells being phagocytosed by microglia.  I further demonstrated that microglia in the 5xfAD 

brain upregulated MHC II which is usually expressed by dendritic cells to mediate antigen 

presentation with T cells.  These findings indicate that T cells may interact and alter microglial 

phenotype following bone marrow transplant through direct interaction and immunological 

synapse formation. 
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In conclusion, my dissertation provides unique insights into the mechanisms by which the 

adaptive immune system modulates AD pathogenesis.  My findings add to several recent results 

implicate the adaptive immune system and its interactions with the innate immune system play a 

much larger role in disease pathogenesis than previously believed.  Further investigation into 

other mechanisms of action and interactions between infiltrating adaptive immune cells and 

endogenous CNS cell populations should continue to yield valuable information in this emerging 

area of study. 
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