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ABSTRACT OF THE DISSERTATION 


Investigating the role of T cells in Alzheimer’s Disease Pathogenesis


By

Jessica Ramirez Sanchez


Doctor of Philosophy in Biological Sciences


University of California, Irvine, 2022


Professor Mathew Blurton-Jones, Chair


Alzheimer’s Disease (AD) is the most common cause of age-related dementia and 

currently the sixth leading cause of deathin the United States. AD neuropathology 

is primarily characterized by the accumulation of extracellular amyloid plaques 

and intraneuronal neurofibrillary tangles that are composed of insoluble 

proteinaceous aggregates of beta-amyloid (Aβ) and tau. Although these hallmark 

AD pathologies have been well established and described in numerous studies, 

many other important pathological changes occur in the brains of AD patients 

including synaptic and neuronal loss and neuroinflammation. Most recently, 

genome-wide association studies (GWAS) have provided substantial new evidence 

that immune dysfunction may contribute to the development and progression of 

AD. To date over 60 GWAS loci have been identified and almost two thirds of 

these genes are highly expressed in microglia, the resident innate immune cell of 

the brain. These genetic discoveries have in turn inspired many new studies of 

microglial biology and the role of these cells in AD. In contrast, the role of the 
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adaptive immunity in AD remains understudied, despite evidence that many of AD 

risk genes are also highly expressed in T and B cells. To investigate the role of T 

cell infiltration in AD, my thesis research utilized both bone marrow transplanted 

immune-deficient and immune intact transgenic mouse models of AD coupled with 

flow cytometry and single cell RNA sequencing. Taken together my experiments 

demonstrate that multiple T cell subtypes infiltrate the AD brain and effector 

memory CD8 T cells are specifically enriched in response to Aβ pathology or a 

combination of Aβ and Tau pathologies. Single-cell sequencing analysis of T-cell 

receptor (TCR) repertoires further reveal clonality dependent on amyloid; and high 

expression of several AD risk genes. Ultimately, this study further demonstrates the 

crucial importance of investigating the role of T cells in AD and provides a guide 

for future experiments to continue to enhance our understanding of AD 

immunology.
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INTRODUCTION


Alzheimer’s Disease Pathogenesis


	 Alzheimer’s Disease (AD) is the most common form of dementia and the 

leading cause of age-related neurodegeneration and currently affecting over 6 

million people in the United States alone (Alzheimer’s Association, 2022). AD is a 

progressive and debilitating disease that gradually impairs learning and memory 

and overall cognitive function. Eventually AD robs patients of the ability to 

perform basic daily functions (Alzheimer’s Association, 2019). Currently, there is 

no cure or disease modifying treatment for AD. Drugs that reduce Aβ have all 

failed in Phase 3 clinical trials and the only 6 FDA- approved drugs provide at best 

6-12 months of relief from symptoms and only in mild-moderate AD (Russ & 

Morling, 2012; Tan et. al., 2014). Most recently the FDA-approved the use of 

Aducanumab, an anti-Aβ monoclonal antibody infusion, for the treatment of AD.  

However, this approval has been highly controversial as one phase 3 trial revealed 

no benefit and a second trial revealed only subtle slowing of progression in a small 

subgroup analysis. Interestingly, the European Medicines Agency has rejected 

Aducanumab and Medicare has refused to cover the costs of this controversial 

drug. Thus, there continues to be a desperate need to develop and test novel 

therapeutic approaches for AD. It is also clear that additional efforts need to be 
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made to explore alternative hypotheses and to better understand the role of immune 

dysfunction in AD.  	 


	 AD pathology is primarily characterized by two hallmark protein aggregates, 

amyloid plaques and neurofibrillary tangles (Alzheimer et al., 1995). Extracellular 

plaques are composed of aggregated amyloid-beta (Aβ) peptide, whereas the 

intraneuronal tangles are composed of hyperphosphorylated insoluble forms of the 

microtubule-binding protein tau (Selkoe, 2001). AD is also characterized by 

significant neuronal and synaptic loss, which correlates with cognitive decline, and 

is thought to be driven at least in part by these two key pathologies (Davies & 

Maloney, 1976; Dekosky & Scheff, 1990; Terry et al., 1991; Masliah et al., 2001). 

Over the past three decades the predominant hypothesis regarding AD 

pathogenesis has been the ‘amyloid cascade hypothesis’ which states that amyloid 

accumulation serves as the initial trigger that begins a pathogenic cascade leading 

to inflammation, tau phosphorylation, and neuronal and synaptic loss (Hardy & 

Allsop, 1991; Selkoe, 1991; Hardy & Higgins, 1992; Hardy & Selkoe, 2002; 

Hardy, 2009; Hardy & Selkoe, 2016). Interestingly, amyloid deposition begins as 

many as 20-25 years before the onset of clinical symptoms. Aβ deposition is then 

thought to activate other aspects of the pathological cascade including tau 

hyperphosphorylation and inflammation. Together, these pathologies combine to 

induce synaptic and neuronal loss which can only typically be detected by 

longitudinal MRI imaging and a loss of cortical thickness just prior to the onset of 
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cognitive symptoms (Jack et al., 2013). Additional data has shown that synaptic 

loss correlates more strongly with cognitive decline than levels of either Aβ or tau 

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

subsequent neurodegeneration and cognitive decline observed in AD is still 

unclear, but evidence from genetically inherited familial AD (fAD), Down’s 

syndrome, as well as genetic risk factors with direct links to Aβ generation 

implicate amyloid in the initiation of this disease (Tanzi, 2012; Jack et al., 2013).


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

transmembrane protein, amyloid precursor protein (APP). The sequential 

proteolytic cleavage of APP can be divided into pathogenic and non-pathogenic 

pathways (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 

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 leading to Aβ peptides of various lengths. The most common are 40 

or 42 amino acid in length, known as Aβ40 and Aβ42. Substantial evidence 

suggests that Aβ42 is the more pathogenic species (Selkoe, 2001; LaFerla et al., 

2007). The two cleavage pathways of APP are in an equilibrium, where increased 

pathogenic processing results in a decrease of non-pathogenic processing and vice 
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versa. The disturbance of this equilibrium can lead to increased production of Aβ 

which can slowly begin to aggregate and accumulate, which is in turn thought to 

drive the pathogenic 'amyloid cascade hypothesis ‘of AD.


	 There are several factors that can play a role in increasing the production of 

either APP or Aβ. Rare patients with dominantly inherited familial forms of AD 

(~2% of total AD patients) can carry mutations in the APP gene near to the α- or β-

cleavage sites that influence the production of Aβ (Selkoe & Podlisny, 2002; 

Wilcock, 2010). Other familial AD patients can exhibit triplication of the APP gene 

either alone or as a consequence of Downs’ Syndrome (trisomy 21) which also 

leads to a life-long overproduction of Aβ. Familial mutations in either 

prensenilin-1 or 2 (PS1/PS2) genes, the proteolytic component of the γ-secretase 

complex, promote the cleavage of C99 toward the more pathogenic Aβ42 species 

(Selkoe & Podlisny, 2002; Tanzi 2012). These mutations, although rare, have been 

harnessed to generate many different transgenic animal models of AD, which are 

commonly used as preclinical models for this disease (LaFerla & Green, 2012). 

While fAD patients exhibit overproduction of Aβ, that does not seem to occur in 

most sporadic Alzheimer’s disease (sAD) subjects. Instead, growing evidence 

indicates that the majority of Aβ accumulation that occurs in sAD patients most 

likely results from impaired clearance of the peptide (Wildsmith et al., 2013). This 

insufficient clearance of Aβ in sAD patients is thought to be due to several factors, 

including a loss of phagocytic clearance by the immune system, specifically 

4



microglia. A number of studies have shown that  the chronic inflammatory state 

present in these innate immune cells may impair their ability to phagocytose and 

clear Aβ (Meyer-Luehmann & Prinz, 2015; Mhatre et al., 2015).  However, more 

recent studies suggest that this relationship may be far more complex and that 

microglia may play a more important role in regulating the compaction of Aβ 

plaques and the subsequent induction of neuritic dystrophy and tau pathology 

(Linker et al., 2020; Yuan et al., 2016). 


	 Although AD pathology has been well established and described in 

numerous studies, the role of immune function in this disease was largely ignored 

for many years (Heneka et al., 2015). However, in the past decade significant 

advances have been made in our understanding of the role of inflammation in the 

pathogenesis of Alzheimer’s disease. Specifically, many groups have employed 

new tools and genetic models to investigate the interactions between the brain’s 

endogenous innate immune cells, microglia and Aβ and tau pathology (Bradshaw 

et al., 2013; Griciuc et al., 2013; Guerreiro et al., 2013; Heneka et al., 2015; Jay et 

al., 2015; Wang et al., 2015). There have also been several highly influential 

genome-wide association studies (GWAS) which have strongly implicated 

polymorphisms in multiple immune-related genes that are associated with altered 

risk of developing AD (Lambert et al., 2013). Follow up studies on several of these 

GWAS genes have further confirmed the importance of microglia in AD (McQuade 

et al., 2020; Kiani et al., 2020; Claes et al., 2022). Taken together this data has led 
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to the hypothesis that alterations in inflammation are not just a byproduct or 

downstream consequence of amyloid and tau pathologies, but rather are important 

contributing factors in the development and pathogenesis of AD (Meyer-Luehmann 

& Prinz, 2015). Many of these studies have specifically advanced our 

understanding of the innate immune system and its potential role in AD. However, 

the other branch of the immune system, adaptive immunity, has remained highly 

understudied in the field of AD. Given that innate and adaptive immunity rarely 

work in isolation, we propose that a logical next step in understanding the 

pathogenesis of AD should involve the examination of adaptive immunity and the 

potentially important interactions that may occur between T cells and microglia. 


Role of Innate Immunity in Alzheimer’s Disease


	 For many years, the brain has been considered “immune privileged” because 

of the blood brain barrier (BBB) and the lack of a true lymphatic system. It was 

argued that the brain did not require signals from the peripheral immune system 

and that immune activity in the brain was minimal (reviewed in: Schwartz & 

Kipnis, 2011; Louveau et al., 2015). However, recent research has shown that even 

though the central nervous system (CNS) is typically less immunologically active 

than peripheral tissues, it is not as truly isolated from the rest of the body as once 

believed. There are many cell types in the brain and periphery that contribute to the 

inflammatory processes in AD, however in this proposal I will focus on the two 
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cell types that are the most relevant to my overall hypothesis; T cells and 

microglia. The adaptive immune system, which is primarily composed of B and T 

cells, has remained understudied in the context of AD. Yet recent studies have 

begun to demonstrate the potential importance of adaptive immunity in AD (Gate 

at al., 2019; Marsh et al., 2016). However, the main CNS resident macrophage in 

the brain, microglia, have also been heavily implicated in the pathogenesis of AD 

and are part of the innate immune system (Akiyama et al., 2000; Wyss-Coray & 

Rogers, 2012). To better understand how T cells and microglia may interact in AD, 

one needs to first review our current understanding of each of these cell types.


Microglia


	 Microglia, the primary immune cells of the brain, are derived from primitive


hematopoietic progenitors within the yolk-sac that migrate into the brain during 

embryonic development and become restricted to the CNS due to the formation of 

the BBB (Ginhoux et al., 2010; Yona et al., 2013; Meyer-Luehmann & Prinz 

2015). Microglia are maintained throughout life via proliferation (Ajami et al., 

2007; Mildner et al., 2007; Elmore et al., 2014) and in the normal healthy brain 

play an important role in tissue surveillance and removal of dead cells, myelin 

debris, and pathogens via phagocytosis (Nimmerjahn et al., 2005). Microglia have 

also been shown to play critical roles in synaptic pruning, neurogenesis, myelin 

turnover, and neuronal homeostasis (Hanisch & Kettenmann, 2007; Ransohoff & 
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Perry, 2009; Hong et al., 2016). In several neurological diseases microglia have 

been found to shift from a homeostatic state to a highly ‘activated’ phenotype. With 

the advent of single cell sequencing studies the field has further begun to 

understand that microglia can adopt a complex array of ‘activation states’, each of 

which can exhibit varying cell surface receptor expression, cytokine secretion, 

morphology, and functional activity (Town, 2010; Wyss-Coray & Rogers, 2012; 

Murray et al., 2014; Karen-Shaul et al., 2017; Hasselmann et al., 2019; Sala et al., 

2019).


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

models, microglia consistently surround amyloid plaques (Rogers et al., 1988; 

Haga et al., 1989; Itagaki et al., 1989; Frautschy et al., 1998; Stalder et al., 1999). 

These plaque-associated microglia exhibit an altered more ameboid morphology 

and increased expression and secretion of numerous inflammatory cytokines and 

chemokines (Lue et al., 2001; Nimmerjahn et al., 2005; Mandrekar- Colucci & 

Landreth, 2010). As a response to Aβ, microglia are known to release many 

important pro-inflammatory and potentially detrimental factors, including: reactive 

oxygen species (ROS), IL-1β, IL-6, TNF-α, interferon γ (IFNγ), MIP-1α, MIP-1β, 

MCP-1, and complement components C1q, C3, C4, C9 (Lue et al., 2001; Coraci et 

al., 2002; Walker & Lue, 2005; Wyss-Coray & Rogers, 2012). Microglia also 

exhibit chemotaxis that drives them towards amyloid plaques via expression of a 

variety of cell surface receptors which have been shown to detect Aβ including the 
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AD risk gene Triggering Receptor Expressed on Myeloid Cells 2 (TREM2). 

Microglia can also be drawn toward other inflammatory signals including 

cytokines and chemokines that are associated with plaques and secreted by other 

cell types adjacent to the plaques including astrocytes (Fassbender et al., 2004; Liu 

et al., 2012; Wyss-Coray & Rogers, 2012).., 2004; Liu et al., 2012; Wyss-Coray & 

Rogers, 2012).


	 Early studies suggested that plaque-associated microglia may play an 

important protective role by actively phagocytosing Aβ. This notion was 

formulated because of their close association with amyloid plaques, their known 

role as phagocytic cells, and the occasional observation of beta-amyloid material 

within some microglia in AD brains. Functional studies using acute slice culture 

models and microglial monocultures further demonstrated that microglia are 

indeed capable of phagocytosing amyloid in vitro. However, in vivo studies 

showed that most plaque-associated microglia do not actively phagocytose amyloid 

(Hickman et al., 2008; Lee & Landreth, 2010; Krabbe et al., 2013; Meyer-

Luehmann & Prinz, 2015). Nevertheless, GWAS studies have identified a number 

of genes that are highly expressed by microglia in associated with altered risk of 

developing AD (Lambert et al., 2016; Bellenguez et al., 2022). So how else might 

these microglial genes alter function to impact AD risk? Many ongoing studies 

include several from our lab are exploring this question. To date one of the more 

compelling and consistent findings is that AD risk genes influence the ability for 
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microglia to sense and respond to amyloid plaques and to compact more diffuse 

amyloid pathology (Kiani et al., 2022; McQuade et al., 2020; Claes et al., 2022). A 

potentially important beneficial outcome of this activity is that secondary plaque-

associated neuronal damage is reduced. In contrast, microglia carrying AD risk 

mutations exhibit impaired plaque compaction and increased neuritic dystrophy 

(McQuade et al., 2020).    


	 For many years clinical trials have tested active and passive 

immunotherapies that target Aβ, with the goal of utilizing endogenous immune 

defense mechanisms to combat the potentially toxic buildup of amyloid. Several 

studies in AD mouse models have shown the use of passive Aβ immunotherapy, 

including antibodies that target various forms of Aβ (Bard et al., 2000; Wilcock et 

al., 2004; Jordão et al., 2010). Other studies have demonstrated that one of the 

primary mechanisms by which anti-Aβ antibodies impact amyloid load is through 

recruitment of microglia and increased microglial phagocytosis of antibody-

opsonized Aβ (Das et al., 2003; Wilcock et al., 2003; Wilcock et al., 2004; 

Koenigsknecht-Talboo et al., 2008). Recent studies have also demonstrated that 

anti-Aβ antibodies can reduce amyloid burden in human patients (Liu et al., 2015). 

However, anti-Aβ antibody approaches continue to fail in the clinic. In fact, one of 

the last hopes for this approach, a primary prevention trial in fAD patients carrying 

a PSEN1 mutation (Tariot et al., 2018), recently reported no benefits, despite 

initiation of treatments up to 8 years prior to symptom onset. Thus, the failure of 
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these antibody trials are likely not a result of the inability of human microglia to 

migrate to and phagocytose amyloid following immunotherapy treatment. Rather, 

these studies suggest that perhaps amyloid plaques are not the key pathological 

component that underlies cognitive dysfunction.  


	 Instead, GWAS studies that have begun to define AD risk genes and the 

response of microglia to AD pathology, strongly implicates the innate immune 

system in Alzheimer’s pathogenesis. While there are of course well established 

differences between the innate and adaptive immune systems, these systems 

frequently work together when the body encounters a disease pathology, a local 

injury, or a pathogenic infection (Town et al., 2005; Ransohoff & Engelhardt, 

2012; Engelhardt & Ransohoff, 2012). In the context of AD, it is clear that this 

important crosstalk between these two arms of the immune system needs to be 

further explored. However, I will first discuss the current state of knowledge 

regarding the potential role of adaptive immunity in AD.


Role of Adaptive Immunity in Alzheimer’s Disease 


	 The idea that the CNS was “immune privileged” has likely contributed to the 

relatively sparse investigation of adaptive immunity in AD and many other CNS 

disorders (reviewed in: Schwartz & Kipnis, 2011). Studies have recently provided 

major advances that have begun to challenge this overly simplistic idea by 

exploring how the BBB functions, identifying and examining brain lymphatic and 
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glymphatic systems, examining the immune cells that circulate through the CSF, 

seeking to better understand the blood CSF barrier (BCSFB), and looking more 

closely into the role of the adaptive immune cells that survey both the healthy and 

diseased CNS. Most peripheral immune cells observed within the heathy brain 

likely play a role in immune surveillance. On the other hand, in the diseased brain 

adaptive immune cells can perform a variety of functions that can either promote 

or in some cases, protect against the development and progression of disease 

pathology. 


T cells


	 The most widely investigated adaptive immune cell population in 

neurodegenerative disorders are T cells. In particular, research on multiple sclerosis 

(MS) has shown that infiltrating T cells play a significant role in disease 

pathogenesis (McIntyre et al, 2020).  In contrast, our understanding of the potential 

role of T cells in AD remains in its infancy. T cells were first reported in the AD 

brain though immunohistological studies over three decades ago (Itagaki et al., 

1988; Rogers et al., 1988; McGeer et al., 1989). However, the relatively small 

number of T cells observed in AD brains, especially in comparison to MS lesions, 

led researchers to conclude that they likely played little to no role in AD. Since 

then, there have been conflicting reports on the presence or absence of T cells in 

AD versus control brains including discussions as to whether T cell infiltration was 
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simply associated with other comorbidities such as stroke (Togo et al., 2002; 

Parachikova et al., 2007; Hartwig, 1995). Several of these studies also reported that 

infiltrating T cells did not closely associate with either amyloid plaque or tau tangle 

pathologies. As the understanding of T cells in other neurological disease such as 

MS has grown, it has become clear that a more thorough examination of T cell 

response in AD is desperately needed. T cells can of course differentiate into 

various subtypes include CD8+ cytotoxic cells, CD4+ T helper subtypes (Th1, 

Th2, Th17), and regulatory T cells (Treg) (Oestreich & Weinmann, 2012; Walsh et 

al., 2014; Hemmer et al., 2015). Each of these different T cell subtypes can provide 

very different functions that could be either beneficial or detrimental in AD by 

interacting with microglia or astrocytes or secreting specific cytokines, chemokines 

or other proteins that mediate their effector functions (Aloisi et al., 2000).


	 The first prominent studies on T cell influence in AD focused on the Treg 

subtype, which play a primary role in modulating autoimmunity and suppression of 

effector immune responses (Fontenot et al., 2003; Sakaguchi et al., 2008; Baruch et 

al., 2015). A study that utilized the 5xfAD transgenic AD mouse model (Oakley et 

al., 2006) in combination with a FoxP3-diptheria toxin receptor (FoxP3-DTR) 

mouse (Mayer et al., 2014), showed that depletion of the Treg population during 

AD pathogenesis was surprisingly beneficial to disease progression (Baruch et al., 

2015). This group found that transient depletion of FoxP3+ Tregs using either the 

genetic model method or a pharmacological approach lead to a significant decrease 
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in the amyloid plaque load, and a corresponding improvement in cognition. The 

researchers argued that the significant decrease in plaque load was due to changes 

in the choroid plexus following Treg depletion which led to an increased ability of 

both monocyte-derived macrophages and repopulating Tregs to infiltrate the AD 

brain. They also made the conclusion that AD inflammation in the brain can result 

in Tregs responding in a detrimental manner that blocks the ability of other 

peripheral immune cells to respond to and infiltrate the AD brain. They further 

argued that temporarily removing Tregs could restore balance to the immune 

system allowing for a beneficial response from other peripheral immune cells, 

which could in turn decrease pathology and inflammation. They also suggested that 

Tregs that repopulate after depletion were now helpful because they have not been 

exposed to the inflammatory environment like the Tregs prior to depletion.


	 However, a second study that examined Tregs in AD contradicted these prior 

results. This study found that transient depletion of Tregs using instead an anti-

CD25 antibody actually increased cognitive deficits without altering Aβ pathology. 

They also found that increasing Treg numbers with IL-2 rescued cognitive function 

(Dansokho et al., 2016). However there are problems with the methods used in 

each of these experiments that may explain these distinct conclusions. Anti-CD25 

antibody is arguably not an optimal method to deplete Tregs since it does not lead 

to depletion of FoxP3+/CD25- Tregs (Fontenot et al., 2003; Fontenot et al., 2005), 

but does deplete CD4+/CD25+/FoxP3- effector T cells (Couper et al., 2009). 
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Likewise, diphtheria toxin-induced Treg depletion would likely produce many 

pleotropic effects including altered BBB function. The use of human IL-2 to 

activate mouse Tregs by Fontenot et. al., is also problematic as human IL-2 can 

effect CD4+ effector T cells and CD8+ memory T cells (Boyman & Sprent, 2012). 

There have been many other studies conducted that show the complicated 

influence that Tregs have in CNS diseases. In other studies, depleting Tregs 

worsened the neurodegeneration observed in both Parkinson’s disease (PD) and 

stroke animal models, while increases in Tregs were beneficial (Reynolds et al., 

2007; Liesz et al., 2009). On the other hand, another study found that depletion of 

T cells was beneficial in a stroke model (Kleinschnitz et al., 2013). Given these 

conflicting reports, it is clear that additional research is needed to fully understand 

how Tregs respond to and influence the progression of AD (Zhou et al., 2009; 

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


	 T cells could provide either beneficial or problematic effects in AD through 

many other potential mechanisms, including secretion of BDNF. Increases in brain 

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

models of AD and PD (Blurton-Jones et al., 2009; Goldberg et al., 2015). Other 

studies have examined mice that have been modified to lack BDNF in both their T 

cells and myeloid cells; leading to worsened outcome in an EAE model. The over 

expression of BDNF in T cells transferred into this model decreased the disease 

compared to GFP-overexpressing T cells (Linker et al., 2010). Another potential T 
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cell mechanism that could influence AD is via modulation of astrocyte funciton. 

The clearance of extra synaptic glutamate is an important role performed by 

astrocytes in the brain since excess glutamate can lead to excitotoxicity. One study 

used primary neurons that were subjected to oxidative stress and incubated them 

with conditioned media from astrocytes co-cultured with T cells. Results 

demonstrated that there was a decrease in neuronal apoptosis compared to naïve 

astrocyte conditioned media. The study also showed that the cytokines produced by 

T cells were alone able to restore the fundamental role of the astrocytes in clearing 

extracellular glutamate (Garg et al., 2008).


	 Another important mechanism by which T cells may influence the 

pathogenesis of neurodegenerative disorders, is by interacting directly with antigen 

presenting cells. The interactions between the adaptive and innate immune systems 

are important for each system to function properly. The adaptive immune system 

requires antigen presentation by innate immune cells in order to properly respond 

to an inflammatory state in neurodegenerative diseases. Earlier studies have argued 

that peripherally-derived dendritic cells (DCs) infiltrate the brain in disease 

conditions and serve as the primary antigen presenting cells (APCs).  Yet in the 

healthy CNS only a small number of DCs can be detected (Ransohoff & 

Engelhardt, 2012). Studies have shown that innate immune cells such as microglia 

and bone marrow derived macrophages can also serve as antigen presenting cells. 

Therefore, it is important to fully understand and examine the role of microglia in 
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AD as antigen presenting cells and how this may influence their interactions with 

infiltrating T cells.    


	 Antigen presentation to T cells involves the process of forming an 

immunological synapse between the antigen presenting cell and the T cell. This 

interaction occurs between major histocompatibility complex class I or class II 

(MHC I or MHC II) molecules expressed on the APC and on the T cell receptor 

(TCR) expressed by CD8+ or CD4+ T cells (Dustin et al., 1998; Comrie et al., 

2015; Markey et al., 2015). There also needs to be binding between Lymphocyte 

Function-associated Antigen 1 (LFA-1) and Intracellular Adhesion Molecule 1 

(ICAM-1; aka CD54) and one or more costimulatory factor for a successful 

antigen presentation to occur in these cells (Dustin et al., 1998; Comrie et al., 

2015; Markey et al., 2015; Ransohoff & Engelhardt, 2012). Dendritic cells in the 

periphery express these APC markers but also express CD11c (Bulloch et al., 2008; 

Prodinger et al., 2011). In a healthy CNS, dendritic cells are the only immune cells 

expressing most of these antigen presenting markers. However, using CD11c green 

fluorescent protein (GFP) and yellow fluorescent protein (YFP) reporter mice 

researchers first identified a small population of microglia that also express CD11c 

(Hanisch & Kettenmann, 2007; Bulloch et al., 2008; Prodinger et al., 2011). 

Plaque-associated microglial have also recently been shown to upregulate CD11c 

and many other APC genes (Deczkowska et al., 2018’ Hasselmann & Coburn et al., 

2019). 
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	 Microglia usually have low levels of APC-associated markers; however they 

have the ability to upregulate these markers and perform antigen presentation in 

the brain (Ransohoff & Engelhardt, 2012; Bennett et al., 2016). When T cells were 

first reported to infiltrate the brain parenchyma of AD patients, concurrent reports 

demonstrated the presence of MHC II positive microglia in the AD brain as well 

(McGeer et al., 1987; McGeer et al., 1988; Styren et al., 1990). In response to 

neurodegeneration and inflammation in the brain, microglia have been shown to 

upregulate several co-stimulatory molecules including 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). After APCs detect antigens through pattern recognition receptors 

and Toll-like receptor family (TLRs), they are induced to upregulate those co-

stimulatory molecules (Town et al., 2005). Aβ is a ligand for both TLR2 and TLR4 

and thus could provide a potential mechanism in which Aβ can induce increase 

microglial expression of APC molecules (Fassbender et al., 2004; Liu et al., 2005; 

Liu et al., 2012). Despite these studies, it remains unclear the extent to which 

microglial upregulation of APC molecules leads to or promotes antigen 

presentation to infiltrating T cells in the AD brain. However, my studies have 

shown that there may be an important role for microglia in presenting antigen to T 

cells which can likely in turn influence the development and progression of AD 

pathology. 
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	 In the field of multiple sclerosis, microglia have previously been shown to 

serve as efficient antigen presenting cells. Studies have compared the antigen-

presenting function of microglia to infiltrating CD11c+ cells and found that during 

EAE microglia upregulate many of the same stimulatory molecules and can induce 

the proliferation of CD4+ helper T cells. Research has also found that microglia 

produce lower levels of Th1 and Th17 cytokines and do not produce Th2 cytokines 

compared to peripheral APCs that infiltrate the CNS (Wlodarczyk et al., 2014). 

This shows that microglia may affect the T cell response in a differential manner 

from that of infiltrating DCs. Although studies have begun to examine the role of 

infiltrating T cells in AD pathogenesis, additional work is needed to better 

understand the influence of both infiltrating and local APCs such as microglia.


Recent Studies on CD8+ T cells in Alzheimer’s Disease


	 Immunohistochemical studies in advanced AD patient brains have shown an 

increased number of CD3+ CD8+ T cells in the hippocampus that significantly 

correlated with tau pathology compared to nondemented controls (Merlini et al., 

2018). In mice models of AD, infiltrating hippocampal T cells correlate with tau 

pathology (Laurent et al., 2017) and amyloid pathology (Ferretti et al., 2016). Most 

recently, studies of AD and control patient CSF revealed an enrichment of effector 

memory CD8+ T cells in AD subjects that were negatively associated with 

cognition. Furthermore, CD8+ T cells were found adjacent to cerebral blood 
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vessels and TCR repertoire analysis revealed AD-associated increases in clonality 

(Gate et al., 2019). Further exploration of CD8+ T cells in AD brains, both in 

humans and mouse models, is clearly needed. My thesis research aimed to examine 

the impact of the adaptive immune system in AD mouse models with a specific 

focus on the infiltration of cytotoxic T cell into the brain. 


	 To further investigate the role of adaptive immune cell infiltration in AD, my 

thesis studies utilized both immune-deficient and immune intact transgenic mouse 

models of AD coupled with bone marrow transplantation, flow cytometry, and 

single cell RNA sequencing. Together these experiments reveal a broad array of T 

cell subtypes that infiltrate the brain and identify specific subsets of CD8 T cells 

that are enriched in response to Aβ pathology or a combination of Aβ and Tau 

pathologies. Examination of T cell receptor (TCR) repertoires further demonstrate 

an amyloid-responsive induction of TCR clonality. Taken together these studies 

provide an important new resource that can be used to guide future investigations 

and further inform our collective understanding of AD immunology.
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CHAPTER ONE


CYTOTOXIC CD8 T CELLS INFILTRATE THE BRAINS OF IMMUNE 

DEFICIENT RAG-5XFAD MICE FOLLOWING BONE MARROW 


TRANSPLANTATION
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INTRODUCTION 


	 The innate immune system, particularly microglia, have been strongly 

implicated in Alzheimer’s disease (AD) pathogenesis. In contrast the role of 

adaptive immunity in AD remains poorly understood still. To investigate the 

impact of adaptive immunity on AD pathogenesis, our lab generated two 

complementary transgenic models of AD. First, to determine whether genetic 

deletion of adaptive immunity alters AD pathogenesis, we backcrossed the well-

established 5xfAD model onto a Rag2/il2rγ double knockout background. 

Hereafter referred to as Rag-5XFAD mice, this model lacks B cells, T cells and NK 

cells and overexpresses mutant forms of APP and PS1, leading to the robust 

development of Aβ plaques. Interestingly, genetic deletion of adaptive immune 

cells in these mice led to a dramatic increase in amyloid beta plaque load, an 

activated microglial neuroinflammatory state, and a corresponding decrease in the 

ability of microglia to phagocytose beta-amyloid. Furthermore, restoration of the 

adaptive immune system via bone marrow transplantation (BMT) led to a 

corresponding decrease in amyloid plaques, indicating a fundamental role for the 

adaptive immune system in AD pathology (Marsh et al., 2016). To further 

investigate the specific role of T cells in these findings, we performed adoptive 

transfer experiments including bone marrow transplantation into Rag-5XFAD  and 

wild-type littermate controls; Rag-WT mice. Immunohistochemistry (IHC) and 
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flow cytometry revealed an increase in CD8+ T cells within the Rag-5XFAD  brain 

parenchyma versus Rag-WT controls, suggesting that beta-amyloid plaque 

pathology promotes the specific recruitment of CD8 T cells to the brain.


MATERIALS AND METHODS


Animals


	 All animal procedures were performed in strict accordance with National 

Institutes of Health and University of California guidelines. 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 cointegrated 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, 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. For bone marrow 

adoptive transfer experiments, strain-matched WT-5XFAD mice were crossed with 
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CAG-eGFP mice (JAX Stock#: 006567), which express “enhanced” GFP under the 

control of chicken beta-actin promoter and cytomegalovirus enhancer, hereafter 

referred to as GFP-5XFAD. 


Tissue Processing


	 Immune deficient (Rag-5XFAD and Rag-WT) mice were sacrificed by 

carbon dioxide asphyxiation and intracardial perfusion was performed with 0.01M 

phosphate buffered saline (PBS). Immediately following perfusion, brains were 

isolated and cerebellum and olfactory bulbs removed and then hemispheres 

separated along the mid-sagittal plane. Half brains were then dissociated using a 

glass homogenizer and a 23% percoll density gradient centrifugation was used to 

remove myelin and debris prior to flow cytometry. The other half of each brain was 

drop fixed in 4% paraformaldehyde for 48 hours at 4°C and then transferred to 

0.01M PBS and 0.02% NaN3 and stored at 4°C. Prior to sectioning, fixed 

hemibrains were cryoprotected in 30% sucrose for three days and then sectioned in 

the coronal plane on a freezing microtome (Leica) at 40µm thickness.


Flow Cytometry


	 Single cell suspensions isolated from the brain, spleen, deep cervical lymph 

nodes, and blood  were immunophenotyped with fluorescent antibodies for the 

following cell surface markers for pan T cells: PE-conjugated CD3e (500A2; BD 
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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). Memory markers: BV421-conjugated CD44 (Biolegend), APC-

conjugated CD62L (Biolegend). Hematopoietic lineage and monocyte markers: 

BUV496-conjugated CD45 (Biolegend), Alexa 700-conjugated CD11b 

(Biolegend). All cells examined by flow cytometry were first FC blocked with anti-

CD16/32 (1:200; BD Biosciences). Cells were examined on a Fortessa flow 

cytometer (BD Biosciences) or BD FACSAria II (BD Biosciences) and analyzed 

with FlowJo v10.7 software (FlowJo; Ashland, OR).


Immunohistochemistry


	 Fluorescent immunohistochemical analysis followed previously established 

protocols (Hasselmann et al., 2019). 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 & 
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BioLegend), CD8 (Clone YTS105.18; AbD Serotec; Raleigh, NC). Sections were 

incubated in primary antibodies overnight followed by detection with either 

appropriate Alexa Fluor® conjugated secondary antibody (Life Technologies) or 

biotinylated secondary antibodies followed by 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.


Confocal microscopy and quantification 


	 Immunofluorescent sections were imaged 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-slices or z-stacks. All image analyses were conducted by a blind 

observer using coded images.


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 and tibias were 

removed, and whole bone marrow harvested by flushing the marrow contents with 
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PBS. Marrow was then treated with Ammonium-Chloride-Potassium (ACK) buffer 

to lyse red blood cells, filtered through a 40µm nylon mesh, and cell numbers 

counted by hemocytometer and automated cell counter. Recipient mice were 

Rag-5XFAD and Rag-WT mice. A total of 13 Rag-5XFAD (5F & 8M) and 9 Rag-

WT (6F & 3M) mice were injected with BM. Each recipient was anesthetized with 

isoflurane prior to receiving 550,000 live cells in 100µl or equivalent volume of 

PBS via retro-orbital injection. To confirm engraftment, mice were bled 3 weeks 

post transplantation and analyzed for the presence of GFP+ B, T, and NK cells by 

flow cytometry. 


Statistical Analysis


	 Statistical analysis was performed using Graphpad Prism 6 software and R. 

Comparisons involving more than two groups utilized one way analysis of variance 

(ANOVA). Comparisons of two groups utilized two-tailed Students t-test. All 

differences were considered significantly different when p<0.05.
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RESULTS 


T cells infiltrate the brain parenchyma of immune deficient AD mice 


	 In previous studies we generated immunodeficient AD mice by backcrossing 

5XFAD mice onto a Rag2 and il2rγ double knockout background 

(RAG2-/-,IL2rɣ-/-,5XFAD+/0). The resulting mice, hereafter referred to as 

Rag-5XFAD, lack T, B, and NK cells and remarkably exhibited a greater than two-

fold increase in beta-amyloid plaque pathology (Marsh et al., 2016). Conversely, 

bone marrow transplantation (BMT) into Rag-5XFAD mice partially reversed this 

effect. In the current study we sought to further determine whether these changes in 

amyloid load might be accompanied by infiltration of specific peripheral immune 

cells into the brain parenchyma. We therefore transplanted GFP-expressing bone 

marrow hematopoietic stem cells (HSCs) into 2-month old Rag-5XFAD mice and 

wild-type ‘Rag-WT’ immunodeficient controls (RAG2-/-,IL2rɣ-/-,WT)(RAG2-/-, 

ɣc-/-, WT) controls (Figure1A). Because Rag-5XFAD and Rag-WT mice lack an 

adaptive immune system, successful engraftment of donor-derived hematopoietic 

cells can be achieved without the need for preconditioning irradiation or 

chemoablation (Marsh et al., 2016).  Four months after BMT, mice were sacrificed 

and brains examined by iImmunohistochemistrycal (IHC), revealing an increase in 

GFP+ donor cell infiltration within 5XFAD brains in comparison to Rag-WT mice 

(Figure 1B,C). Thus, amyloid accumulation or other neuropathological changes 

induced by plaque pathology, promote the recruitment of donor derived immune 
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cells into the brain. Interestingly, GFP+ cells were observed throughout the brain 

of Rag-5XFAD mice including the hippocampus, cortex, and meninges (Figure 

1D,E), but also in greater numbers adjacent to the lateral ventricles (Figure 1F). To 

determine whether GFP+ cells might simply be localized within cerebral blood 

vessels, sections were counterstained with the blood vessel marker GLUT1, 

demonstrating that virtually all GFP+ cells were located within the parenchyma 

(Figure 1G).  


	 As BMT into immune-deficient recipients repopulates various blood 

lineages, we began by examining CD45, a marker that labels all hematopoietic 

cells. As expected, all GFP+ cells within either Rag-5XFAD or RAG-WT recipient 

brains co-expressed CD45. Interestingly, CD45/GFP double-positive cells 

exhibited small circular morphologies that contrasted with a subset of CD45+/

GFP- brain resident cells that based on their morphology likely represent microglia 

(Figure 1H). Further staining with the microglial/monocyte marker IBA-1 revealed 

no examples of GFP-expressing IBA-1 cells (Figure 1I). Thus, donor-derived cells 

did not give rise to brain-infiltrating monocytes or macrophages in this 

chemoablation- and irradiation-free BMT paradigm. Given the ameboid 

morphology of GFP-expressing cells and prior reports demonstrating T cell 

infiltration into AD mouse models (Unger et al., 2020; Ferretti et al., 2016), we 

next examined the pan T-cell marker CD3. IHC staining revealed that virtually all 

GFP+ cells detected in the AD brain co-expressed CD3+ (Figure 1J-L). 
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Interestingly, T cells were sometimes observed adjacent to IBA-1+ microglia 

(Figure 1M-O) and Aβ plaques (Figure 1P) within Rag-5XFAD brains, suggesting 

that activated microglia may play a role in T cell recruitment and/or antigen 

presentation in the AD brain environment. 


	 To further understand whether specific subtypes of T cells are recruited to 

the brains of Rag-5XFAD mice, we next performed flow cytometry (gating 

strategy shown in Figure 6A). This analysis revealed a significant increase in GFP/

CD3/CD8+ T cells (P=0.0390) and a non-significant trend (P=0.4363) toward 

increased GFP+/CD3+/CD4+ T cells in bone marrow transplanted Rag-5XFAD 

mice in comparison to Rag-WT BMT recipients (Figure Q,R). As bone marrow 

transplantation into immune-deficient recipients can induce homeostatic expansion 

it is possible that T cell infiltration might be amplified in this paradigm. Our 

findings in Rag-WT mice suggest this is unlikely to be the case. Nevertheless, we 

sought to either corroborate or refute our initial Rag-5XFAD findings by 

examining immune-intact 5XFAD mice. Both male and female 6-month old 

5XFAD and wildtype littermates (n=6/genotype) were sacrificed via intracardiac 

perfusion of PBS and then brains processed and stained for flow cytometry.  This 

analysis revealed similar results to our Rag-5XFAD studies, demonstrating a 

significant increase in CD8+ T cells in 5XFAD brains versus wildtype littermates, 

but no significant changes in CD4+ cells (Figure 1S).   
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Figure 1. Cytotoxic T cells infiltrate Rag-5XFAD mice brains. (A) Adoptive transfers were 
conducted using GFP+ bone marrow cells into 2 month-old Rag-WT and Rag-5XFAD recipients 
via retro-orbital injections. (B) Increased numbers of GFP+ cells infiltrate the brain parenchyma 
in AD mice (B) but not WT mice (C), GFP cells highlighted with white spots. (D,E) IHC images 
of GFP+ cells in  hippocampus, cortex, and meninges. (F) IHC image showing GFP+ cells 
adjacent to the lateral ventricles. (G) IHC staining of GLUT1 blood vessel marker (purple) 
demonstrates that GFP+ cells are located within the brain parenchyma. (H) IHC staining of 
GFP+/CD45+ cells and GFP-/CD45+ microglia. (I) IHC staining of microglial/monocyte marker 
IBA-1 and GFP cells shows a lack of GFP+ monocyte infiltration. IHC staining of GFP+ cells 
(J), CD3 T cell marker (K) and colocalization of GFP+/CD3+ cells (L). IHC staining of GFP+ 
cells, IBA-1+ (M) and MHCII+ (N) microglia, and Amylo-glo+ plaques (P). (Q,R) Flow 
cytometry analysis of CD8+ and CD4+ T cells in Rag-5xfAD and Rag-WT mice brains. (S) Flow 
cytometry analysis of CD8+ and CD4+ T cells in immune intact 5xfAD and WT mice brains. 
Statistical significance was determined if p <0.05.
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CHAPTER TWO 


EFFECTOR MEMORY CD8 T CELLS INFILTRATE THE BRAINS OF 

IMMUNE INTACT PS-5X MICE ACROSS MULTIPLE AGES
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INTRODUCTION 


	 In the past decade significant advances have been made in our understanding 

of the role of innate immunity in the pathogenesis of Alzheimer’s disease. Many 

studies have employed new tools and genetic models to investigate the interactions 

between the brain’s endogenous innate immune cells, microglia and Aβ and tau 

pathology (Heneka et al., 2015; Jay et al., 2015; Amit et al., 2018; Wes et al., 2016; 

Shi et al., 2018).). Genome-wide association studies (GWAS) also continue to 

implicate microglial-enriched genes in the risk of developing AD (Lambert et al., 

2013;  Bassett et al., 2021). Collectively, these studies have greatly advanced our 

understanding of the role of innate immunity in AD. In contrast, only recently have 

a handful of researchers begun to examine the potential role of adaptive immunity 

in this disease.


	 Given the robust infiltration of CD8+ T cells observed in bone marrow 

transplanted Rag-5XFAD mice, we sought to determine whether a similar effect 

can be observed within immune intact AD mice. Using a bigenic model of AD and 

flow cytometry, I have indeed confirmed that CD8 T cell infiltration is dramatically 

increased in immune intact AD mice. It is crucial to investigate the infiltration of T 

cells in both immune-deficient and immune-intact mice to establish that cytotoxic 

T cells have a role in AD pathology. The immune-deficient mice served as 

preliminary experiments to facilitate the identification of which adaptive immune 

cells infiltrate the AD brain. Studies in immune-intact AD mice have allowed us to 
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further explore the impact of T cells in bigenic Tau-5x mouse brains and to 

compare the varying response of T cells to amyloid, tau, or combined 

neuropathologies.   


 


MATERIALS AND METHODS


Animals


	 All animal procedures were performed in strict accordance with National 

Institutes of Health and University of California guidelines. PS19 transgenic mice 

(Strain #:008169; B6C3F1/J) and 5XFAD mice (Strain #034848, B6 congenic) 

were purchased from the Jackson Laboratories. PS19 mice express mutant human 

microtubule-associated protein tau, MAPT, driven by the mouse prion protein 

(Prnp) promoter. Hemizygous PS19 and hemizygous 5XFAD mice were crossed to 

create a colony of mice that carried one of four genotypes; WT/WT, bigenic PS19+/

0/5XFAD+/0, PS19+/0/WT, or WT/5XFAD+/0. The colony was subsequently 

expanded via additional crosses of PS19 and 5XFAD hemizygous F1 progeny. 


Sex- and age-matched littermates were used for all studies except single cell 

sequencing analysis which focused specifically on female mice from all four 

genotypes.  All animals were group housed on a 12h/12h light/dark cycle with 

access to food and water ad libitum.
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Tissue Processing


	 For immune intact mouse studies, WT, 5XFAD, PS19, and PS-5X mice were 

sacrificed at 6, 9, and 12 months of age by carbon dioxide asphyxiation and spleen, 

deep cervical lymph nodes, and blood were gently removed prior to intracardial 

perfusion with 0.01M phosphate buffered saline (PBS). Hemibrains were 

processed and one side drop-fixed, cryoprotected, and sectioned as described 

above. The other hemibrain was immediately placed in complete RPMI medium, 

cut into fine pieces and placed in dissociation tubes along with Collagenase IV+ 

DNase1 in complete RPMI. Tissue was then placed into a gentleMACS Dissociator 

for 30 mins on the ABDK setting at 37°C and then filtered through 70µm strainers. 

Further removal of myelin and debris was conducted using 23% Percoll density 

gradient centrifugation. After isolation, cells were processed for flow cytometry as 

described below.


Flow Cytometry 


	 Single cell suspensions isolated from the brain, spleen, deep cervical lymph 

nodes, and blood  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) 
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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). Memory markers: BV421-conjugated CD44 (Biolegend), APC-

conjugated CD62L (Biolegend). Hematopoietic lineage and monocyte markers: 

BUV496-conjugated CD45 (Biolegend), Alexa 700-conjugated CD11b 

(Biolegend). All cells examined by flow cytometry were first FC blocked with anti-

CD16/32 (1:200; BD Biosciences). Cells were examined on a Fortessa flow 

cytometer (BD Biosciences) or BD FACSAria II (BD Biosciences) and analyzed 

with FlowJo v10.7 software (FlowJo; Ashland, OR).


In vitro T cell stimulation


	 T cells were isolated from deep cervical lymph nodes of 6-month-old female 

mice using a negative magnetic bead selection and co-cultured with whole brain 

homogenates at a 1:1 ratio. 100,000 brain T cells from either PS-5X mice or WT 

mice were cultured with 100,000 brain cells from either female PS-5X mice or WT 

mice. One mouse per group was used and the same set of cells were run in 

replicate wells. T cells from both genotypes were also cultured alone as a negative 

control. 96-well plates were coated with IgG and 1ug/mL anti-CD28 and T cells 

were activated by adding 1ug/mL anti-CD3 when cultured. T cells were stained 
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with CFSE proliferation dye. Cells were co-cultured for five days and then 

analyzed using a Fortessa Flow Cytometer and FlowJo software v10.7 (FlowJo; 

Ashland, OR). 


Statistical Analysis


	 Statistical analysis was performed using Graphpad Prism 6 software and R. 

Comparisons involving more than two groups utilized one way analysis of variance 

(ANOVA). Comparisons of two groups utilized two-tailed Students t-test. All 

differences were considered significantly different when p<0.05.
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RESULTS


CD8+ T cells infiltrate the brains of immune intact PS-5X mice across 

multiple ages


	 Given the robust infiltration of CD8 T cells observed in bone marrow 

transplanted Rag-5XFAD mice and corroborating evidence of infiltration in 

immune intact 5XFAD mice, we next sought to determine whether accumulation of 

another hallmark AD pathology, neurofibrillary tangles, could similarly induce T 

cell infiltration.  As human AD patients exhibit both amyloid plaques and tau-laden 

neurofibrillary tangles, we also examined the impact of combined amyloid and tau 

pathologies by crossing 5XFAD mice with the PS19 model of tau pathology to 

generate bigenic AD mice that develop both plaques and tangles. PS19 mice 

express a human MAPT transgene carrying the frontotemporal dementia (FTD)-

linked P301S mutation and develop progressive tau hyperphosphorylation and 

tangle formation {Yoshiyama, 2007 #11869}. While the P301S tau mutation leads 

to FTD, not AD, these mice develop neurofibrillary tangle pathology that closely 

mimics that of AD patients and are therefore widely used to examine FTD- and 

AD-related aspects of tau pathology {Gratuze, 2020 #11648;Iba, 2015 

#11649;Sayed, 2018 #11650;Yoshiyama, 2007 #11794}.


	 As amyloid and plaque pathologies can exhibit substantial sex-dependent 

differences and also continue to accumulate as mice age, we examined T cell 

infiltration by flow cytometry in both male and female mice, across three different 
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ages: 6-, 9-, and 12-months of age (gating strategy shown in Figure 6B). At 6-

months of age, sex-specific analysis of female or male 5XFAD mice reveals a non-

significant trend towards increased CD8 T cell infiltration in female mice 

(p=0.0559), but no differences in male 5XFAD mice (Figure 2A). In contrast, tau 

pathology alone has no effect on CD8 recruitment in female mice but leads to a 

significant increase in male PS19 mice (P=0.0007). These sex-dependent 

differences in CD8 T cell recruitment are consistent with prior reports that female 

5XFAD mice exhibit increased plaque pathology at early ages, whereas PS19 male 

mice exhibit increased Tau pathology versus females (Sil et al., 2022, Li et al., 

2016). When amyloid and tau pathologies are combined in 6-month-old bigenic 

PS-5X mice, flow cytometry reveals a greater than 4-fold increase in CD8 T cell 

recruitment to the brain of both female and male PS-5X mice versus wild-type 

littermates (Figure 2A; female P=0.0005, male P=<0.0001).  Representative FACS 

plot of 6-month old wild-type and PS-5X female mice shown in Figure 2A.  

Interestingly, the effects of amyloid, tau, and combined pathology appear to be 

restricted to CD8 T cells, as no differences in CD4 T cell recruitment are detected 

across any genotype.  


	 By 9-months of age, increasing amyloid pathology in female mice is 

associated with a more than 3-fold increase in CD8 T cells recruitment to the brain 

(P=0.0023), but no significant difference in male 5XFAD mice (P=0.9694).  

Combined amyloid and tau pathology also continues to recruit significant numbers 

39



of CD8 T cells into the brains of both male and female 9-month old PS-5X mice 

(Figure 2B; female P=<0.0001, male P=<0.0001), representative FACS plot shown 

in Figure 2B. In contrast, CD4 T cell recruitment continues to show no significant 

differences. Similar results are observed at 12-months of age, except that the 

magnitude of CD8 T cell recruitment continues to be further increased in bigenic 

PS-5X mice with both sexes exhibiting a more than 4-fold increase in CD8 T cells 

in the brain in comparison to wild-type littermates (Figure 2C; female P=0.0496, 

male P=0.0057), representative FACS plot shown in Figure 2C. To further 

understand whether T cell recruitment is dependent on age, flow cytometry data 

was plotted across each of the three timepoints. Analysis by repeated-measures 

ANOVA revealed a significant effect of age on CD8 T cell recruitment in both 

female and male mice (Figure 2D). In contrast, no significant main effect of age 

was detected in CD4 T cell recruitment. To determine whether CD8 T cells can 

also be observed within the brain of PS-5X mice via immunohistochemical 

approaches we examined representative fixed coronal brain sections by confocal 

microscopy.  This analysis revealed evidence of scattered CD8+ immunoreactive 

cells (red) adjacent to both amyloid plaques (blue) and tau immunoreactive 

neurons (white) within the hippocampus (Figure 2E) and multiple other brain 

regions. Taken together, our experiments confirm that either amyloid or tau 

pathology can induce the recruitment of CD8 T cells to the brain, although the 

effects appear to be sex-dependent. Furthermore, we find that combined amyloid 
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and tau pathologies lead to a substantial increase in CD8 T cell recruitment to the 

brain in PS-5X mice that is well beyond that observed in 5XFAD or PS19 mice 

alone, demonstrating that AD pathologies produce a synergistic effect on CD8 T 

cell recruitment to the brain.  
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Figure 2. CD8+ cytotoxic T cells infiltrate the bigenic PS-5X mice model at 6, 9, and 12 
months old. (A) Flow cytometry of live PI- CD45+ CD8+ and CD4+ T cell counts in female and 
male WT (no pathology), 5xFAD (plaque pathology), PS19 (tangle pathology), and PS-5X 
(tangle & plaque pathology) 6mo mice. Representative flow graphs of CD8+ and CD4+ T cells 
infiltrating 6mo female WT and PS-5X mice brains. (B) Flow cytometry of live PI- CD45+ 
CD8+ and CD4+ T cell counts in female and male WT, 5xFAD), PS19, and PS-5X  9mo mice. 
Representative flow graphs of CD8+ and CD4+ T cells infiltrating 9mo female WT and PS-5X 
mice brains. (C) Flow cytometry of live PI- CD45+ CD8+ and CD4+ T cell counts in female and 
male WT, 5xFAD, PS19, and PS-5X 12mo mice. Representative flow graphs of CD8+ and CD4+ 
T cells infiltrating 12mo female WT and PS-5X mice brains. (D) Flow cytometry analysis across 
the three timepoints for T cells counts of female CD8+ T cells, female CD4+ T cells, male CD8+ 
T cells, and male CD4+ T cells for each genotype. Statistical significance was determined if p 
value is <0.05.
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Enrichment of Effector Memory CD8 T cells within the brains of AD 

transgenic mice


	 Recent reports have shown that effector memory CD8 T cells are enriched 

within the cerebral spinal fluid of AD patients and exhibit evidence of T cell 

receptor clonality (Gate et al., 2019). We therefore hypothesized that increased 

CD8 T cells observed within AD transgenic mice might also exhibit an effector 

memory phenotype. Whereas human effector memory cells (TEMRA) can be 

examined via co-expression of CCR7 and CD45RA, these markers do not 

accurately distinguish murine effector memory cells. However, murine effector 

memory cells (TEM) can be measured via a combination of high expression of the 

effector marker CD44 and low expression of the central memory marker CD62L 

(Bachmann et al., 2005; Reiser et al., 2016). Flow cytometry analysis using a panel 

of antibodies against CD45, CD3, CD8, CD4, CD44, and CD62L was performed to 

distinguish between naive (CD44-CD62+), effector (CD44-/CD62-), central 

memory (CD44+/CD62+), and effector memory (CD44+/CD62-) T cell subsets 

(gating strategy shown in Figure 6C). These experiments revealed a significant 

enrichment of effector memory CD8 T cells in male PS-5X mice across all three 

ages and a similar increase in female PS-5X mice at both 9- and 12-months of age 

(Figure 3 A,B,C). Interestingly, both male and female 5XFAD mice and PS19 mice 

also exhibited significant increases in TEM cells versus wild-type littermates at 9-

months of age (Figure 3B). Thus, it appears that either amyloid pathology, tau 
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pathology, or combined pathologies can induce a significant increase in effector 

memory CD8 T cell recruitment to the brain. Whereas effector and central memory 

T cell subsets show no significant differences across any age or genotype, the 

proportion of naive CD8 T cells is significantly reduced in male PS-5X mice at 6- 

and 9-months age and in female PS-5X mice at 12-months of age (Figure 3 A,B,C). 

Results show that almost 80% of CD8 cells are effector memory T cells in 9mo 

female mice and almost 70% in 9mo male mice (Figure 3B). Effector memory cells 

make up almost 50% of CD8 T cells in 6mo female mice, and almost 60% in 6mo 

male mice brains (Figure 3A). Lastly, effector memory cells make up almost 80% 

of CD8 T cells in 12mo female mice and almost 70% in 12mo male (Figure 3C). 

This demonstrates that the majority of infiltrating CD8 T cells are antigen-

experienced and were likely recruited to brain tissue, rather than circulating 

randomly. 
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Figure 3. Effector memory CD8+ T cells infiltrate the brains of bigenic PS-5X mice. (A) 6mo 
female and male PS-5X, PS19, 5XFAD, and WT CD8+ T cells were analyzed via flow with 
memory markers CD44 and CD62L. Memory T cells were gated on as follows: central memory 
(CD44+,CD62L+), effector memory (CD44+, CD62L-), effector (CD44-, CD62L-), or naive 
(CD44-, CD62L+). (B) 9mo female and male PS-5X, PS19, 5XFAD, and WT CD8+ T cells were 
analyzed via flow with memory markers CD44 and CD62L. Memory T cells were gated on as 
follows: central memory (CD44+,CD62L+), effector memory (CD44+, CD62L-), effector 
(CD44-, CD62L-), or naive (CD44-, CD62L+). (C) 12mo female and male PS-5X, PS19, 
5XFAD, and WT CD8+ T cells were analyzed via flow with memory markers CD44 and CD62L. 
Memory T cells were gated on as follows: central memory (CD44+,CD62L+), effector memory 
(CD44+, CD62L-), effector (CD44-, CD62L-), or naive (CD44-, CD62L+). Statistical 
significance was determined if p <0.05.
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Cytotoxic T cells respond and proliferate in an AD environment in vitro


	 To determine whether brain cells from AD mice can elicit T cell 

proliferation, indicative of AD- specific memory T cell activation, we conducted in 

vitro co-culture studies (Figure 4A). T cells were isolated from deep cervical 

lymph nodes via negative magnetic bead sorting, then co-cultured with whole brain 

homogenates. T cells from either PS-5X or WT mice were cultured with brain cells 

from either PS-5X or WT mice. After 5 days of co-culture, the cells were analyzed 

by flow cytometry. Results showed that the T cells responded robustly to an AD 

brain environment. CD8+ T cells from AD mice proliferated significantly when co-

cultured with AD brain cells and had a 2-fold increase compared to CD4+ T cells 

(Figure 4B), suggesting an AD-related antigen-specific response. These T cells 

come from an AD environment where they have been exposed to an AD antigen, 

when they are cultured with brain cells that also come from an AD environment, 

they respond and proliferate. In contrast, very little proliferation was observed 

when T cells isolated from wild type mice were cultured with AD homogenates or 

when T cells from AD mice were cultured with homogenates derived from wild 

type mice. 
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Figure 4. AD cytotoxic T cells proliferate significantly when co-cultured with AD brain cells 
in vitro. (A) Deep cervical lymph nodes were extracted from mice, homogenized, filtered, and 
then T cells were isolated using a negative magnetic bead selection. Whole brains were extracted 
from mice, homogenized, filtered, and then brain cells were isolated as a pellet using 23% 
percoll gradient. Isolated T cells and brain cells were co-cultured at a 1:1 ratio (100,000 cells 
each). T cells from PS-5X (amyloid plaque & tau tangle pathology) and WT (no pathology) 6mo 
mice were co-cultured with brain cells from PS-5X (amyloid plaque & tau tangle pathology) and 
WT (no pathology) 6mo mice. (B) Flow cytometry analysis of CD8+ and CD4+ T cells in 
different co-culture conditions. Statistical significance was determined if p <0.05.
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CHAPTER THREE


SINGLE CELL SEQUENCING REVEALS A DIVERSE ARRAY OF T CELL 

SUBTYPES THAT INFILTRATE THE BRAIN, SHOW A HIGH EXPRESSION 

OF MULTIPLE AD RISK GENES, AND DEMONSTRATE SIGNIFICANT 

CLONAL EXPANSION IN AD MICE
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INTRODUCTION


	 We utilized a novel version of 10x single-cell sequencing, that allows one to 

simultaneously examine both the transcriptome of T cells and the specific T cell 

receptor (TCR) sequences that each cell processes. In doing so this approach 

allows one to not only examine the many different subtypes of T cells that may 

infiltrate the AD brain but also to determine whether infiltrate T cells exhibit 

evidence of clonality that would indicate a highly specific response to restricted 

antigens. Importantly, this new version of the 10X single cell sequencing platform 

enables concurrent sequencing of the T cell receptors (both alpha and beta chains) 

from each cell, thus future experiments can be designed to identify the specific 

antigens that drive any observed clonality. 


MATERIALS AND METHODS


Animals


	 All animal procedures were performed in strict accordance with National 

Institutes of Health and University of California guidelines. PS19 transgenic mice 

(Strain #:008169; B6C3F1/J) and 5XFAD mice (Strain #034848, B6 congenic) 

were purchased from the Jackson Laboratories. PS19 mice express mutant human 

microtubule-associated protein tau, MAPT, driven by the mouse prion protein 

(Prnp) promoter. Hemizygous PS19 and hemizygous 5XFAD mice were crossed to 

create a colony of mice that carried one of four genotypes; WT/WT, bigenic PS19+/
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0/5XFAD+/0, PS19+/0/WT, or WT/5XFAD+/0.  The colony was subsequently 

expanded via additional crosses of PS19 and 5XFAD hemizygous F1 progeny. 


Sex- and age-matched littermates were used for all studies except single cell 

sequencing analysis which focused specifically on female mice from all four 

genotypes.  All animals were group housed on a 12h/12h light/dark cycle with 

access to food and water ad libitum.


Tissue Processing


	 For immune intact mouse studies, WT, 5XFAD, PS19, and PS-5X mice were 

sacrificed at 6, 9, and 12 months of age by carbon dioxide asphyxiation and spleen, 

deep cervical lymph nodes, and blood were gently removed prior to intracardial 

perfusion with 0.01M phosphate buffered saline (PBS). Hemibrains were 

processed and one side drop-fixed, cryoprotected, and sectioned as described 

above. The other hemibrain was immediately placed in complete RPMI medium, 

cut into fine pieces and placed in dissociation tubes along with Collagenase IV+ 

DNase1 in complete RPMI. Tissue was then placed into a gentleMACS Dissociator 

for 30 mins on the ABDK setting at 37°C and then filtered through 70µm strainers. 

Further removal of myelin and debris was conducted using 23% Percoll density 

gradient centrifugation. After isolation, cells were processed for flow cytometry as 

described below.
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Flow Cytometry


	 Single cell suspensions isolated from the brain, spleen, deep cervical lymph 

nodes, and blood  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). Memory markers: BV421-conjugated CD44 (Biolegend), APC-

conjugated CD62L (Biolegend). Hematopoietic lineage and monocyte markers: 

BUV496-conjugated CD45 (Biolegend), Alexa 700-conjugated CD11b 

(Biolegend). All cells examined by flow cytometry were first FC blocked with anti-

CD16/32 (1:200; BD Biosciences). Cells were examined on a Fortessa flow 

cytometer (BD Biosciences) or BD FACSAria II (BD Biosciences) and analyzed 

with FlowJo v10.7 software (FlowJo; Ashland, OR).
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10x scSeq Gene Expression and TCR Profiling


	 A second cohort of 9 month old female mice from each of the four 

genotypes was used for 10X single cell sequencing. Mouse brains were processed 

for cell isolation using the gentleMACS Dissociator as described above and cells 

were then stained with the following antibodies: APC-CD8, APC-Cy7-CD45, 

FITC-CD4, PE-TCRg/d, BV421-CD11b, and PI (all with 1:200 dilution). T cells 

were then sorted on a BD FACSAria II and cells from multiple mice were pooled 

for each genotype into 2 samples each for WT and 5XFAD and 1 sample each of 

PS19 and PS-5x: n=10 WT-1, n=8 WT-2, n=4 5XFAD-1, n=3 5XFAD-2, n=4 

PS19, n=4 PS-5X. A total of six 10X libraries were then generated from these 

samples.; 2 each for WT and 5XFAD and 1 each for PS19 and PS-5X. Single cell 

5’ gene expression libraries and single cell V(D)J enriched libraries were prepared 

according to the 10x Genomics Chromium Next GEM Single Cell V(D)J Reagent 

Kits v1.1 user guide (CG000207 Rev F). The Chromium Single Cell Mouse T Cell 

Enrichment Kit only enriches for αβ TCRs, so 5’ gene expression was obtained for 

all T cells but clonotype data was limited to αβ T cells. The 10x Genomics 

workflow was then followed according to the manufacturer protocol and libraries 

were pooled at equimolar concentrations for sequencing on an Illumina NovaSeq 

6000, targeting ~50,000 reads per cell. Gene expression and V(D)J FASTQ files 

from each sample were aligned to the GRCm38 (mm10) mouse transcriptome with 

the 10x Genomics Cell Ranger 6.0.1 multi command, using references provided by 
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10X Genomics (“refdata-gex-mm10-2020-A” for gene expression and “refdata-

cellranger-vdj-GRCm38-alts-ensembl-5.0.0” for V(D)J alignment). For cellranger 

multi, “expect-cells” was set to 10,000 and all other arguments were set to default. 

Results from all samples were combined using cellranger aggr, with “normalize” 

set to none.


Quality control and filtering of single cell gene expression


	 Analysis of single-cell count and clonotype data was conducted in R using 

the Seurat package (version 4.1.0). A Seurat object was created from the filtered 

count matrix, as output by cellranger aggr, using min_cells = 10 and min_features 

= 200. Cells that contained multiple distinct TCR-β chains, as identified by TCR 

sequencing, were considered doublets and removed from the data set. Cells which 

did not have a recognized TCR and did not express at least one count of Cd3d, 

Cd3e, or Cd3g were also removed from the data set. Remaining cells were further 

filtered to only examine cells that had more than 800 genes expressed, less than 5% 

mitochondrial gene expression, and between 10% and 55% of ribosomal gene 

expression. These parameters were determined by visual inspection of population 

distribution along these variables. To preserve the cluster of proliferating cells but 

remove possible doublets missed by TCR filtering, cells were given a “complexity” 

score, defined as the total count of RNA in the cell divided by the number of genes. 

Cells with a complexity score greater than 4.75 or with more than 20,000 RNA 
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counts were discarded as doublets. After filtering, the data set contained a total of 

16,135 T cells distributed across samples as follows: WT-1 (680 cells), WT-2 (3335 

cells), 5XFAD-1 (2326 cells), 5XFAD-2 (1940 cells), PS19 (2186 cells), and PS5X 

(5668 cells).


Assigning a “stress score” to cells


	 During preliminary analysis, we discovered a batch effect between the first 

sequencing run of samples (WT-1, 5XFAD-1, PS19, and PS-5X) and the second 

run (WT-2 and 5XFAD-2). Differential expression between batches showed many 

genes known to be upregulated in response to heat dissociation of immune cells 

during preparation for RNA sequencing, including heat shock proteins (Hspa8, 

Hspa1a) and other stress-related chaperones (Dnajb1, Fkbp4). Differential genes 

were also enriched for the Reactome pathway “cellular response to heat stress”. 

This effect was most likely attributable to differences in preparation time between 

the two batches. To account for these differences in stress pathways, we created a 

“stress score” for each cell based on expression of 16 genes (Atm, Bag3, Dnajb1, 

Hsp90aa1, Hsp90ab1, Hspa1a, Hspa1b, Hspa4l, Hspa5, Hspa8, Hsph1, Mapkapk2, 

Nup205, Nup98, Rpa3, Sirt1). These genes were selected by starting with the list 

of 83 mouse genes in the Reactome “cellular response to heat stress” pathway, and 

filtering it down to genes that were expressed in at least 5% of cells in the data set 

and which were in the top 4000 most variable genes (as determined by the Seurat 
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function FindVariableFeatures). The Seurat AddModuleScore function was used to 

calculate the stress score for each cell. This score was used as a latent variable in 

downstream analysis. 


Clustering and subpopulation analysis


	 For clustering analysis, the filtered data set was scaled using the Seurat 

integration pipeline. Briefly, the Seurat object was split into multiple objects, one 

per sample. Each sample was scaled separately using SCTransform, regressing out 

total RNA count and stress score. Samples were combined back into one Seurat 

object with IntegrateData, using 4,000 integration features. The integrated data 

was clustered using FindNeighbors and FindClusters using PCA dimensions 1-40 

and a resolution of 0.1. We were also interested in examining CD8+, CD4+, and γδ 

cells separately, so subpopulation analyses were performed as described below:


	 Although αβ T cells can express TCRγ genes at the RNA level, for both 

CD8+ and CD4+ analysis, we chose to remove all cells that expressed any markers 

of γδ (Trdc, Tcrg-V1, Tcrg-V3, Tcrg-V4, Tcrg-V5, Tcrg-V6, Tcrg-V7, Tcrg-C1, 

Tcrg-C3, Tcrg-C4, Trdv1, Trdv2-1, Trdv2-2, Trdv3, Trdv4, Trdv5, Sox13, and Blk), 

regardless of if they seemed likely to be αβ T cells. We noted, however, that Trgv2 

and Tcrg-C2 were expressed in an unusually large number of cells that was 

inconsistent with our own flow cytometry data and with the literature, so we did 

not use those two genes as a γδ marker. 


58



	 For CD8+ analysis, we filtered the data set to retain only cells that expressed 

at least one count of Cd8a or Cd8b1, and did not express Cd4 or any γδ markers 

described above. This left 9,127 CD8+ αβ cells. These cells were re-integrated 

using SCTransform and IntegrateData as above. Data was clustered using PCA 

dimensions 1-40 and a resolution of 0.5. 


	 For CD4+ analysis, we filtered the original data set to retain cells that 

expressed at least one count of Cd4 and did not express either Cd8a or Cd8b1, or 

any γδ markers described above. This left 2,441 CD8+ αβ cells. There were too 

few cells to use the integration pipeline, so SCTransform was run on all cells 

together, using 4000 variable features and regressing out total RNA count and 

stress score. The SCT assay was used to calculate PCA, and data was clustered 

using PCA dimensions 1-25 and a resolution of 0.3.


	 For γδ analysis, we used a more stringent list of markers to retain only cells 

that were highly likely to be true γδ cells. We filtered the original data set to 

contain only cells that expressed at least 1 count of any Tcrδ gene (as alpha 

rearrangement removes the delta locus) or γδ-specific transcription factor (Trdc, 

Trdv1, Trdv2-1, Trdv2-2, Trdv3, Trdv4, Trdv5, Sox13, or Blk). This left 1,828 γδ 

cells. There were too few cells to use the integration pipeline, so SCTransform was 

run on all cells together, using 4000 variable features and regressing out total RNA 

count and stress score. The SCT assay was used to calculate PCA, and data was 

clustered using PCA dimensions 1-30 and a resolution of 0.3.
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Differential expression analysis


	 For all differential gene testing, Seurat’s FindAllMarkers or FindMarkers 

functions were called on log-normalized counts using MAST to test for 

significance and regressing out total RNA count and stress score as latent variables. 

All p-values were adjusted using Bonferroni correction. Genes were considered 

significantly different if adjusted p <= 0.01, log fold-change >= 0.25, and at least 

10% of the cells in the cluster (or genotype) expressed the gene.


Differential composition analysis. 


	 To assess potential differences in population proportion between genotypes, 

given only one to two samples per genotype, we used a modified version of scDC 

(version 0.1.0). Briefly, the scDC_NoClustering method was used to resample cells 

from each sample 10,000 times. This method then counted the number of cells with 

each cluster identity in each resample. To account for the large differences in total 

cell count between samples, re-sampled population counts were normalized to be 

between 0 and the minimum total cell count among the six samples. We then fit a 

generalized linear model to the distribution of counts using the formula 

glm(cellCount ~ cellType*genotype, family = poisson(link=log)) where cellCount 

is the number of cells identified as a certain cell type (cluster) for a certain 

genotype. Statistics from each GLM were pooled into a single statistic as in Cao et 

al., 2019 using the R package mice’s pool function. Significance of the pooled 
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estimates was determined by the univariate Wald test. We found significant 

interactions between multiple clusters and genotypes, so we also conducted post-

hoc pairwise comparisons. For each GLM, we ran the multcomp function glht(fit, 

linfct=emm(pairwise~genotype|cellTypes, adjust="tukey")), which generated 

pairwise comparisons between genotypes within each cluster. Estimates from each 

GLM for each comparison were pooled using mice’s pool.scalar function, using the 

Benjamini-Hochberg correction for multiple comparisons. Population differences 

were considered significant if p <= 0.05.


Code Availability 


	 The code written to process 10X scSeq data is publicly available on GitHub: 

https://github.com/jaclynrbeck/TCellsAD2022
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RESULTS


Single cell sequencing reveals a diverse array of T cell subtypes that infiltrate 

the brains of AD mice 


	 To further investigate the role of T cells in the AD brain environment, we 

profiled T cell gene expression and T cell receptor (TCR) clonality at the single-

cell level using 10x Genomics’ single cell immune profiling. We sequenced CD8+, 

CD4+, and γδ T cells from 9 month old female mice from four different genotypes 

(WT, 5XFAD, PS-19, and PS-5X) (Figure 5A). Each sample contained a pool of T 

cells from multiple mice of the same genotype. Clustering of all samples based on 

gene expression revealed 7 distinct clusters, including cytotoxic cells, naive cells, 

and a large population of γδ-17 cells (Figure 5B). Consistent with our flow 

cytometry data, CD8+ T cells made up the majority of the population of infiltrating 

cells. Additionally, there was a significant increase in the proportion of cytotoxic 

CD8+ T cells in the amyloid-model mice (5XFAD and PS-5X) compared to WT or 

PS19 (Figure 5D,E). This corresponded with a significant increase in the 

proportion of naive-like T cells in the WT and PS19 samples. This suggests that 

amyloid pathology, but not tau pathology, promotes recruitment of antigen-

experienced cytotoxic T cells into the brain. 


	 Differential gene expression between genotypes further supports this. Both 

the 5XFAD and PS-5X cells show significantly increased expression of cytotoxic 

and effector genes including Gzmk, Xcl1, Ccl4, Ctsw, and Cd69, while down-
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regulating genes associated with naive T cells, including Sell, Ccr7, Tcf7, and Lef1 

(Figure 5F). The amyloid models also show increased expression of genes 

associated with tissue residency (Cxcr6, Cxcr3, Itgae, Litaf, and Cd69) and 

proliferative exhaustion (Pdcd1, Ctla4, Lag3, Tigit), revealing a higher level of T 

cell recruitment and clonal expansion in the 5XFAD and PS-5X 

brain. Interestingly, 5XFAD and PS-5X cells also show a significant up-regulation 

of interferon-stimulated genes (ISGs) including Ifit3, Ifitm3, Irf7, and Bst2, with 

PS-5X cells having the largest increase in expression. 


	 We note a disproportionate increase of “activated” CD8+ cells in one of our 

WT samples which is not reflected in the other WT sample or in samples from the 

other genotypes. Cells in the “activated” cluster are the only cells in the data set 

that express high levels of Gzma, Cx3cr1, Zeb2, Klrg1, and S1pr5, and they 

express higher levels of Ifng, Gzmb, Prf1, Klrk1, Ccl5, and Nkg7 than other 

clusters. This suggests that these are highly activated effector cells responding to 

an acute insult. Additionally, of the top 10 clonally-expanded TCRs in this cluster, 

8 belong to this one WT sample. Given the gene expression profile and the amount 

of clonal expansion in these WT cells, we believe the cells are likely to be from the 

same mouse and reflect an anomalous acute immune response not present in the 

other mice. The effect of these cells is visible in population distribution statistics 

(Figure 5D,E) and differential gene expression between genotypes (Figure 5F), so 
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we are cautious about making claims about this cluster or its genetic profile in 

relation to genotype differences.  


T cells show high expression of multiple AD risk genes


	 Recent genome-wide association studies have implicated many immune-

related genes in AD risk.  As microglia are the primary and most abundant immune 

cell within the brain many groups, including our own, have sought to understand 

the impact of AD risk genes on microglia function. However, some of these AD 

risk genes have also been shown to be expressed in adaptive immune cells. To 

better understand whether AD risk genes might influence the infiltration or 

function of T cells, we have examined the expression levels of mouse homologues 

of AD risk genes identified from GWAS genes in our single cell sequencing data. 

Remarkably, we find that many of these AD risk genes are highly expressed in 

multiple subtypes of T cells. 42 AD risk genes were significantly upregulated in at 

least one cluster, including 16 upregulated in the γδ-17 cluster alone (Figure 5G). 

Notably, the risk genes Clnk and Hbegf are almost exclusively expressed in γδ 

cells. Furthermore, these genes are significantly upregulated in T cells and gamma 

delta cells in the bigenic model that develops both hallmark AD pathologies 

(Figure 5). While ongoing studies are further exploring the implications of these 

findings, these data suggest that mutations in AD risk genes may not only alter 
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microglia function but also influence the function and/or infiltration of T cells. 

These findings also show that the role of γδ cells in AD bears further scrutiny.


TCR clonality in AD mice


	 Lastly, single-cell TCR sequencing reveals consistent evidence of significant 

clonal expansion of T cells in AD mice compared to wild-type controls. Clonally 

expanded TCRs were found to be enriched specifically in the cytotoxic CD8 T 

cells, with 9 of the top 10 expanded clonotypes in the data set belonging to cells 

from amyloid-model mice (5XFAD and PS-5X clonotypes), primarily from the 

CD8 cytotoxic cluster. Interestingly both of the amyloid genotypes (5X and 

PS-5X) elicited more TCR response compared to Tau (Figure 5H). Notably, the top 

PS-5X clonotype makes up 7.2% of all PS-5X cells in our data set, and the top 

5XFAD clonotype makes up 4.2% of 5XFAD cells. In contrast, the top clonotypes 

for WT and PS19 cells represent only 1.3% and 1.2% of those groups, respectively.
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Figure 5. All Cells single-cell sequencing. (A) Schematic of workflow to obtain single-cell 
sequencing data. T cells were isolated from half-brains, sorted based on the presence of CD8, 
CD4, or γδ TCR, and then sequenced for both general RNA and TCR-specific RNA using the 
10X Genomics workflow. (B) Clustering of all samples together revealed grouping by common 
T cell phenotypes. The seven clusters were identified by characteristic markers as Naive (Sell, 
Ccr7, Cd44-), Central Memory (Sell, Ccr7, Cd44) + γδ type 1 (Trdc, Nkg7, Il4-, Il17a-), 
Activated (Ccl5++, Cx3cr1, Klrk1), Cytotoxic (Gzmb, Gzmk, Nkg7), CD4 Helper (Cd4, Cd40lg, 
Cd44), γδ type 17 (Trdc, Blk, Il17a), and Proliferating (Mki67, Top2a). (C) Dot plot of the top 5 
most up-regulated genes in each cluster. Dot color represents average expression value in the 
cluster, and dot size represents the proportion of cells in the cluster that express each gene. (D) 
UMAP of cell clusters split by genotype. (E) Population analysis revealed significant differences 
in cluster proportions between genotypes. Significance markers: * = p < 0.05, ** = p < 0.01, *** 
= p < 0.001. (F) Heatmap of the top 100 most up- or down-regulated genes when comparing each 
genotype to WT cells. Mitochondrial and ribosomal genes, as well as genes related to heat stress, 
have been removed from the list. (G) List of GWAS-identified AD risk genes which are 
significantly changed in at least one of the 7 clusters, ignoring genotype. (H) UMAP of the 
location of the top 10 most clonally-expanded clonotypes, split by genotype. 
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Figure 6. Flow cytometry gating strategy for different T cells panels.  (A) GFP+ T cells in the 
BMT immune-deficient Rag-5xfAD mice were gated on as lymphocytes that are singlet, live, 
CD45hi, GFP+, CD4+ or CD8+ T cells. (B) Non-transplanted T cells from immune-intact PS-5X 
mice were gated on as lymphocytes that are singlet, live, CD45hi, CD4+ or CD8+ T cells. (C) 
PS-5X mice were analyzed with memory markers CD44 and CD62L.. These cells are 
lymphocytes, singlet, live, CD45hi, CD8+ that are either central memory (CD44+,CD62L+), 
effector memory (CD44+, CD62L-), effector (CD44-, CD62L-), or naive (CD44-, CD62L+) T 
cells. 
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DISCUSSION


Despite many years of research and considerable progress, Alzheimer’s 

disease continues to represent a major emotional and financial burden to patients, 

caregivers, and society as a whole. Current therapies are largely palliative and once 

promising approaches heralded as “disease-modifying” continue to fail in late 

stage clinical trials.  It therefore remains critically important to continue to improve 

our understanding and to expand our thinking and inquiry regarding the cell types 

and mechanisms that may underlie this devastating disease. Within the last decade 

a great deal of progress has been made in our collective understanding regarding 

the role of innate immunity in AD. Yet innate and adaptive immunity rarely work 

in isolation. Instead complex signaling between innate brain-resident microglia and 

T cells that routinely survey the CNS are likely important in AD and many other 

neurodegenerative disorders.  


To further expand and advance our understanding of the potential roles of 

adaptive immunity in AD, my thesis coupled traditional immunological methods 

such as flow cytometry and bone marrow transplantation paradigms with modern 

approaches such as single cell RNA sequencing and TCR repertoire analysis.  

Using these complimentary methods we discovered that memory CD8+ T cells 

infiltrate the brains of AD mice in vivo and can further respond by proliferating in 

response to an AD-like environment in vitro. Using the Rag-5X FAD immune-

deficient AD mouse model we began by exploring the role of the adaptive immune 
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system in AD via flow cytometry and IHC. Collectively we have found that a 

significant amount of memory cytotoxic T cells respond to AD brain-derived 

signals and infiltrate the brain. We have also learned that infiltrating cytotoxic T 

cells can be detected adjacent to microglia, and sometimes surrounding plaque-

associated microglia within AD mouse brains. We also found that unlike T cells in 

transgenic AD brains, WT mouse T cells do not respond equivalently to transgenic 

AD brain lysates in vitro and do not infiltrate the brain parenchyma of WT mice in 

vivo. 


To understand whether tau pathology or combined amyloid and tau 

pathology in bigenic PS-5X mice can further enhance the recruitment of T cells to 

the brain, I utilized three different immune-intact AD mouse models; 5XFAD mice, 

PS19 Tau mice, and PS-5X biogenic mice that develop both hallmark AD 

pathologies. By examining mice across multiple ages, my studies demonstrated 

that  that, memory CD8+ T cells are significantly elevated in both male and female 

bigenic PS-5X mouse brains at 6 months and 9 months of age. Using these 

immune-intact bigenic mice also we conducted co-culture experiments, 

demonstrating that PS-5X brain tissue samples elicit robust proliferation of  T cells 

derived from PS-5X deep cervical lymph nodes. In contrast, co-culture of PS-5X T 

cells with WT brain tissue samples or WT T cells with wither WT or PS-5X tissue 

samples has little effect on T cell proliferation. These experiments therefore further 

confirm that amyloid and tau pathology induce pathology specific memory CD8 
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which can be activated in response to AD mouse brain samples. While these in 

vitro findings are exciting they also point to the need to pursue additional future 

co-culture experiments to determine whether cytotoxic T cells responses are 

triggered specifically by amyloid pathology or tau pathology alone, or via some 

other downstream pathological component such as neuronal apoptosis. 


	 Our single-cell RNA analysis of infiltrating T cells revealed a significant 

increase in interferon-stimulated genes (ISGs), including Irf7, Ifit3, and Bst2, in 

cytotoxic CD8 T cells from both 5XFAD and PS-5X mice. This suggests that 

amyloid induces pro-inflammatory interferon-responsive signaling between 

cytotoxic T cells and other cell types. However, it is unclear whether this 

heightened INF-responsive signaling arises from other T cells versus degenerating 

neurons, activated microglia, or other brain resident cell types. A prior study 

suggested that type I interferon responses within plaque-associated microglia 

enhances inflammation and drives synaptic loss in AD mice (Roy et al., 2020). 

However, the role and impact of interferon-responsive T cells remains unclear. 

Future studies will likely be needed to determine whether INF-responsive T cells 

similarly drive synaptic degeneration and/or enhance the microglia 

proinflammatory response. 


	 Our single-cell analysis additionally revealed 42 GWAS-identified AD risk 

genes that were significantly upregulated in at least one cluster of T cells, 

demonstrating  that microglia are not the only immune cell population with the 
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brain of AD mice that may be affected by these risk alleles. Surprisingly, the γδ-17 

cluster alone accounted for 16 of these genes, including genes like Clnk that are 

almost exclusively expressed in this cluster. Both neurons and glia directly respond 

to IL-17 (Moynes et al., 2014), and IL-17-secreting γδ cells in the brain have been 

shown to negatively affect cognition in AD (Brigas et al., 2021) and to have 

harmful effects in other CNS diseases (Wo et al., 2020; Chen et al., 2020). Unlike 

αβ TCRs, γδ TCRs are not restricted to MHC I or II binding for antigen 

recognition, and antigen targets of γδ-17 cells are mostly unknown (Chien et al., 

2014; Constantinides et al., 2021). Our data shows that this population of cells 

warrants further investigation, including exploration of potential AD-related 

antigens that might be recognized by γδ cells and examination of interactions 

between these cells and neurons and glia in the AD brain.


	 Our IHC data has shown that T cells are sometimes observed adjacent and 

even surrounded by microglial processes, suggesting that direct interaction and 

perhaps even antigen presentation by microglia occurs within the brain of AD 

mice. If this is indeed the case, it will be important to determine what specific 

antigen(s) these CD8 T cell receptors (TCRs) are responding to. The TCRs of 

cytotoxic T cells are very unique and can respond to a specific antigen that is being 

presented to them by an APC. The 10X single cell sequencing platform used in this 

study enabled concurrent sequencing of T cell receptors (both alpha and beta 

chains) and RNA from each cell, allowing us to correlate clonal expansion with T 
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cell function. We identified several massively clonally-expanded TCRs on CD8 

cytotoxic cells from 5XFAD and PS-5X mice, so further experiments should be 

conducted to identify the specific antigen that these clonotypes recognize within 

the AD brain, and to determine whether this antigen is related to AD pathology or 

AD-related cellular dysfunction. Future experiments can be designed to identify 

the specific antigens that drive this observed clonality. 


	 Cytotoxic T cells are commonly referred to as killer T cells because their 

effector function is to release inflammatory cytokines and enzymes that kill target 

cells. Release of IFNγ, TNFα, granzyme, and perforin mediate these cytotoxic 

effects of CD8+ T cells. Cytotoxic T cells release the protein perforin to destroy 

target cells by creating pores in their membranes that allow granzymes to enter the 

cell and induce apoptosis. Given this important role of perforin in CD8 T cell 

induced cell death, future studies should focus on whether perforin expression is 

necessary to induce the loss of neurons that occurs at later ages in the PS-5X 

bigenic mice or whether CD8 T cells can directly influence the survival and 

turnover of microglia in AD. Likewise, future studies should determine whether 

neuronal loss correlates with a specific T cell subpopulation or T cell receptor 

sequences. Taken together, we have demonstrated that CD8 T cells infiltrate the 

brain of AD transgenic mice and predominantly exhibit an effector memory 

phenotype. These infiltrating CD8 T cells also exhibit TCR clonality in association 

with beta-amyloid and combined amyloid and tau pathologies, interact with brain-
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resident microglia, and express several AD risk genes. While the direct impact of T 

cells on synaptic and neuronal degeneration in AD mice remains unclear, the 

current studies provide an important model, resource, and clues that will can 

inform future studies that seek to further unravel this intriguing and complex 

biology.
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