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ABSTRACT OF THE DISSERTATION

Innate and Adaptive Immunity in Aging and Alzheimer’s Disease

By

Jaclyn Beck

Doctor of Philosophy in Biological Sciences

University of California, Irvine, 2022

Professor Mathew Blurton-Jones, Chair

Alzheimer’s Disease is the most common form of dementia and is the fifth-leading cause of death

in people age 65 and older. Unfortunately, no cure currently exists, and the few treatment options

may temporarily relieve symptoms but have limited long-term effectiveness. Recent genome-wide

association studies (GWAS) have unearthed a strong link between immune-related genes and

AD risk. Both the innate and adaptive immune system have been implicated in the progression

of AD, and much of the neuroinflammation that exists in this disease is thought to be related

to an age-related decline in immune function. Microglia, the innate immune cells of the brain,

become a large source of dysfunctional inflammation as they become chronically activated by

the amyloid-beta (Aβ) plaques and tau tangles that aggregate in the AD brain. The protective

functions of microglia are known to decline with age, yet it is still unclear what separates healthy

and pathogenic aging of these cells. T cells, which typically exist in small numbers in the healthy

brain, infiltrate the parenchyma in large numbers in response to AD-related inflammation. The

mechanisms that recruit T cells to the brain and the effects that these cells have on pathology

remain understudied, especially for CD8+ and γδ T cell subpopulations.

Chapter 1 of this dissertation explores the interaction of infiltrating T cells with amyloid plaques and

tau tangles in AD model mice. In this study, we examined T cells from bone marrow transplantation

studies and from immune-intact AD model mice using flow cytometry, immunohistochemistry,

and single-cell RNA sequencing. We found evidence of significant infiltration of multiple T cell

phenotypes in AD model mice, with CD8+ effector memory T cells forming the largest population.
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We also found clonal expansion of T cells from mice that developed Aβ pathology or Aβ and tau

pathology, but not in mice with tau pathology alone, suggesting that early recruitment and clonal

expansion of T cells is primarily amyloid-driven. These experiments provide an important resource

for future investigations into the role of CD8+ T cells in AD.

Chapter 2 of this dissertation describes the creation of a model of premature aging in human iPSC-

derived microglia, which was developed to facilitate research into human-specific age-related

dysfunction in microglia. To create an aged phenotype in iPSCs, we induced homozygous genetic

knockout of ERCC1, a critical DNA repair enzyme that causes progeroid diseases in patients

with near-total loss of ERCC1 expression. In vitro assays and single-cell RNA sequencing

of xenotransplanted microglia reveal signs of immune dysfunction, early senescence, and an

increase in pro-inflammatory interferon signaling in ERCC1 KO microglia that may indicate

a more aged phenotype. While further examination of this model is required, ERCC1 KO

in iPSCs provides a platform for testing age-related microglial dysfunction in AD and other

neuroinflammatory diseases.
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INTRODUCTION

Alzheimer’s Disease (AD) is a neurodegenerative disease that affects over 6 million people in the

United States. AD is also the most common cause of age-related dementia, and patients with

AD can suffer from an array of cognitive symptoms including memory loss, confusion, difficulties

with decision making, and personality changes [1]. As this disease progresses and additional

brain regions become affected, patients also lose the ability to care for themselves or even move

around, giving rise to other serious health issues including malnutrition, blood clots, and infections.

AD is eventually fatal and is currently the fifth leading cause of death for people 65 and older [1].

Unfortunately, the prevalence of AD represents a growing crisis, as the largest risk factor for AD

is age. About 3% of people ages 65-74 are living with AD, but this number increases drastically

with age such that 32% of people over 85 years of age have AD [1]. A large segment of the

U.S. population, the "baby boomer" generation, is now between the ages of 55 and 75 and as

this generation continues to age, the incidence of AD will likewise continue to rise. By 2050, it is

projected that the amount of people living with AD will more than double, to about 14 million people

suffering from the disease in the US alone [1]. Therefore it is becoming increasingly urgent that

we learn how to detect, prevent, and treat AD before symptoms severely impact people’s lives.

Biological Changes Underlying Alzheimer’s Disease

Two key neuropathological changes within the brain are thought to underlie the development and

progression of AD. The first of these "hallmark" pathologies is the accumulation of amyloid-β (Aβ),

a misfolded 40-42 amino acid peptide that forms insoluble extracellular aggregates termed amyloid

plaques. The second is a buildup of hyper-phosphorylated tau (pTau) protein within neurons, which

forms "neurofibrillary tangles" (NFT) that interfere with neuronal function and axonal transport [2,

3]. Importantly, AD patients also commonly exhibit amyloid buildup within the brain vasculature,

which may reduce blood flow to the brain or increase permeability of the protective blood brain
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barrier (BBB) [3]. Together, Aβ and pTau cause neuronal dysfunction, synaptic loss, and,

eventually, the death of large numbers of neurons. Interestingly, both pathologies build up over

years, with Aβ plaques beginning to accumulate as much as 20 years prior to the onset of dementia

[1, 3–5]. In fact, some models suggest that Aβ plaque load may peak or plateau prior to cognitive

decline [5]. This makes AD difficult to treat, as by the time patients or their families notice cognitive

impairment, their brain has already been degenerating for several years. Unfortunately, the only

currently available medications manage symptoms for a relatively short period of time but fail to

modify pathology or disease progression [1, 2], and late-stage clinical trials targeting removal of

Aβ have largely failed [3, 6]. In order to effectively treat this disease, it is necessary to better

understand what causes Aβ and pTau to accumulate with age.

Genetics and environment both contribute to Alzheimer’s Disease

A small set of dominantly-inherited genetic mutations are known to definitively cause AD in

humans. Yet, these "familial mutations" are rare and these patients only account for between 1

and 5% of all AD cases [1–3]. Nevertheless, a great deal has been learned from the identification

of the three genes that underlie "early onset" or familial AD (FAD). Specifically, mutations in

amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin 2 (PSEN2) result in either

overproduction of Aβ or a shift in the ratio of Aβ species toward an increase in the more neurotoxic

42 amino acid form (Aβ42). In addition, patients with trisomy 21, or Down’s Syndrome, are also

at high risk of developing AD. APP is located on chromosome 21, and thus Down’s Syndrome

patients harbor an extra copy of APP, resulting in increased Aβ production throughout life and a

high incidence of early-onset AD in this population [1].

In contrast to these dominantly-inherited forms of AD, the vast majority (around 95%) of AD cases

are sporadic, or "late onset" AD (LOAD), and have no single genetic cause. However, twin studies

have shown that LOAD is approximately 60–80% heritable, indicating a polygenic influence [7].

That is, while no single gene is responsible for LOAD, combinations of variants in multiple genes

can drive increased risk of developing AD. Recent genome-wide association studies (GWAS) have

identified over 170 risk loci associated with LOAD [8–10]. Variants in genes associated with these
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loci either increase or decrease risk of developing the disease, however possession of a risk allele

does not guarantee disease development or severity. Similarly, people without any known risk

variants may develop AD. One study of patients from ROSMAP, a combined data set consisting

of the Religious Orders Study and the Rush Memory and Aging Project, found that all known AD

risk variants accounted for less than 10% of the variance in AD plaque and tangle severity and

cognitive decline between patients [11]. Clearly, some other environmental, lifestyle, or biological

factors play a significant role in the development and severity of AD.

In fact, several environmental and societal risk factors have been identified. For example, twice

as many women as men have AD, though it is not clear if this is strictly due to biological sex or

to differences in longevity, healthcare, and other socioeconomic factors between men and women

[1]. In addition, lifestyle factors such as diet and exercise, and the presence of co-morbidities

including heart disease, obesity, and diabetes, can all affect the cumulative risk of developing AD

[1]. Regardless of these other factors, age still remains the largest risk factor for LOAD, so it is

critical to study how the aging process may contribute to neurological disease.

Microglia in Alzheimer’s Disease

Aberrant aging of one cell type in particular has recently become a major focus within the field.

Microglia are the brain’s resident innate immune cells. They play a role in both brain development

and maintenance by pruning synapses, removing debris and dying cells, and clearing misfolded

proteins [2–4, 12–15]. Unlike many terminally differentiated cells, microglia are capable of self-

renewal, and will proliferate in response to injury [2, 6, 12, 16, 17].

In the healthy brain, microglia exist along a spectrum from homeostatic to activated. Homeostatic

microglia typically exhibit a ramified morphology with long, thin, branching processes that monitor

neurons and the brain environment for changes [2, 4, 13–15]. They are dispersed homogeneously

throughout the brain, with each cell having a "territory" to survey with their constantly-moving

processes [15]. Microglia also secrete a variety of anti-inflammatory cytokines and growth factors

including IL-10, TGFβ1, and BDNF, which can help mediate injury repair or synaptic remodeling
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[2, 16, 17]. However, microglia can also become "activated" by various factors including signals

from injured neurons, misfolded proteins, and foreign pathogens. When activated, they adopt a

more amoeboid shape and will migrate their processes and even their whole cell body to the site of

injury [2, 12, 13, 15]. Activated microglia tend to secrete a different set of proteins, including pro-

inflammatory cytokines such as TNFα, IL-1β, and IL-6. Activated microglia can also upregulate

phagocytosis machinery and reactive oxygen species (ROS) production to respond to injury or

debris [2–4]. In AD, both the accumulation of Aβ and neuronal dysfunction caused by pTau can

trigger an activated microglial response [2–4, 12, 13], which makes their function or dysfunction in

AD a critical area of study.

Microglia initially protect the brain from disease

In early disease stages, general microglial activation could be protective. In patients with mild

cognitive impairment (MCI), greater microglial activation, as measured by TSPO PET imaging,

corresponded with higher Mini-Mental State Examination (MMSE) scores, larger gray matter

volume, and slower rate of cognitive decline [18]. A similar study found that microglial activation

decreased over time in MCI patients, which corresponded to an increase in amyloid deposition

[19].

One activation profile in particular may be helpful in combating pathology. In both humans and

mice, microglia cluster around Aβ plaques and express markers of activation like CD11c and HLA-

DR [2]. The cells form a physical protective barrier around the plaques, compacting them to reduce

their contact with neurons [20]. These plaque-surrounding cells make up a unique population,

known as "disease-associated microglia" (DAMs) [21]. DAMs in mice upregulate several known

AD risk genes involved in Aβ clearance, such as Apoe and Trem2. Loss of this DAM population

resulted in worsened pathology in AD-model mice [21], suggesting that this specific response to Aβ

plaques may be an essential protective function of microglia. Interestingly, while a DAM population

can be seen in human microglia xenotransplanted into 5xFAD mice [22], microglia from AD patient

tissue only weakly display the DAM phenotype [23]. Instead, they take on a transcriptomic

profile the authors designate as "HAM" (human Alzheimer’s microglia), characterized by enhanced
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changes in genes related to aging. It is unclear whether this change is due to differences in brain

environment between species, or if this perhaps indicates a failure of protective DAM mobilization

in LOAD [23].

Dysfunctional microglia in the AD brain

One of the hallmarks of AD is chronic neuroinflammation, and continuously-activated microglia

may switch from being protective to harmful during the course of the disease. Although the

phagocytic DAM phenotype seems to be protective, there is evidence that microglia are not

efficient at clearing Aβ in AD conditions. Two microglia ablation studies showed that elimination

of microglia in AD mice for several weeks had no effect on plaque number or size, or on amount

of soluble or insoluble Aβ in the brain [24, 25]. Additionally, microglial elimination actually resulted

in improved cognition [24]. This suggests that microglia are not effectively removing Aβ from the

AD brain, and may in fact contribute to neurotoxicity. This deficiency may be a result of aging, as

young microglia are effective at Aβ uptake but lose efficiency in adulthood [26, 27]. The presence

of excess Aβ may also exacerbate this by creating a feedback loop of suppression, as microglia

from AD-model mice down-regulate Aβ-binding receptors and Aβ degrading enzymes while still

producing pro-inflammatory cytokines. The secreted cytokines, especially TNFα and IL-1β, may

result in further downregulation of Aβ clearance-related systems and synaptic dysfunction [27, 28].

Any remaining clearance function in these cells appears to shift from protective to toxic in the AD

brain. Microglia from AD tissue have Aβ fibrils in their endoplasmic reticulum and cell membrane

instead of in lysosomes, which may be due to either buildup of unprocessed fibrils or to production

of fibrils from monomeric or oligomeric Aβ [29, 30]. These studies hypothesized that in addition

to being unable to clear Aβ, microglia may actually a source of plaques in the brain. In support

of this, several studies have noted that the acidic environment of lysosomes is conducive to fibril

formation, whereas the extracellular brain space is not [30–32]. One study in human tissue and

young AD mice found fibril Aβ accumulating in microglia that were not near any plaques, ruling

out existing plaques as a source of the fibrils [32]. The same study showed that with lifelong

microglial elimination in AD mice, plaques do not form in the brain except near surviving microglia.

5



In contrast, a study of an AD mouse model with genetically-deleted microglia (5X-FIRE mice)

found that without microglia to compact them, plaques still form, however they are more diffuse,

and the majority of Aβ shifts to blood vessels instead of brain tissue [33]. Another time-lapse study

in mice observed that over-accumulation of Aβ in the lysosomes of microglia eventually caused

cell death and the release of compacted Aβ, which may act as a "seed" for a new plaque [31].

There is also evidence that microglia increase tau tangle pathology and neurodegeneration.

Microglia play a key role in propagating tau tangles from neuron to neuron, by engulfing tau fibrils

and then excreting them for other neurons to take up [34]. Chronic exposure to tau pathology

appears to cause microglial activation as well as loss of structural integrity, resulting in microglia

that are fragmented [35]. In turn, microglial inflammasome activation seems to exacerbate pTau

formation in neurons. One study found that knockout of Nlrp3 in Tau22 mice results in a decrease

in tau pathology and cognitive decline [36]. Another study was able to induce pTau formation in

young 3xTg-AD mice with injection of lipopolysaccharide (LPS), a potent inflammasome activator

[37]. The authors suggest that pTau formation may be triggered by IL-1β, which is secreted by

activated microglia. Activated microglia also secrete IL-1α, TNFα, and C1q, which has been

shown to induce astrocytes to an activated (A1), neurotoxic state [38]. In addition to astrocyte

neurotoxicity, exposure to tau can directly induce microglial phagocytosis of neurons [39], which

may contribute to neurodegeneration and cognitive decline.

Collectively, these studies suggest that there may be a degenerative feedback loop between

pathology accumulation, microglial activation, neurotoxicity, and microglial dysfunction. Both Aβ

and tau pathology begin accumulating during middle age, so it is critical to understand the interplay

between healthy and dysfunctional microglial aging if we are to understand how AD develops.

Aged Microglia in Health and Disease

Many traits of AD-associated microglia are also present in microglia from "healthy" aged brains.

Some of these commonalities include lowered phagocytic function, increased inflammasome
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function, morphological changes, and dysfunctional immune signaling characterized by an

increase in both pro- and anti-inflammatory cytokines [12, 28, 40–42].

RNA sequencing analysis of aged human microglia revealed a general down-regulation of

genes related to homeostasis and microglia-neuron interaction (CX3CR1, P2RY12, P2RY13, and

CSF1R) coupled with an increase in pro-inflammatory genes (SPP1, APOE, LPL, and LIPA) and

an increase in interferon signaling [43–45]. Many of these changes are reflected in studies of aged

mice, although there are some differences between species [42, 46–49].

Morphological studies have shown that both mouse and human microglia become less ramified

with age, exhibiting shorter and less complex branching [6, 50, 51], however the majority of

observed cells do not resemble amoeboid, classically activated microglia. Aged human, but not

mouse, microglia also have dystrophic processes characterized by swelling, fragmentation, or a

beaded appearance, along with loss of structural integrity of the cell body [6, 12, 35, 52]. This

change seems to correlate with exposure to pTau and an age-related accumulation of intracellular

iron, which causes oxidative stress [52–54]. In mice, aged microglia also exhibit increases in

soma volume and movement [55], decreased process motility, and a decrease in territory covered

by processes [50]. Microglial number and density appear to increase with age, and cell distribution

becomes less even and more clustered throughout the brain [50, 51, 55].

Functional and histological studies in mice have helped shed light on aged microglial behavior

which is not feasible to study in human tissue. Microglia in aged mice adopt a "primed" phenotype

in which they are not especially neurotoxic at rest but will produce a prolonged and exaggerated

inflammatory response to immune insults when compared to activated young microglia [47, 56].

They will also migrate to injury sites and remain aggregated in the area significantly longer than

young microglia [50]. Despite this exaggerated response, aged microglia are less efficient at Aβ

phagocytosis [42], and accumulate myelin basic protein (MBP) that they are seemingly unable to

break down [57]. Aged microglia also harbor a greater number of cell inclusions overall, which

may contain lipid droplets, cellular debris, and lysosomal debris [51], again indicating a failure in

clearance function. Some of these inclusions even appear to contain axon terminals and spines,

suggesting an increased role in neuronal stripping with age [51].
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Neuronal stripping is further supported by the presence of "dark microglia", which are so named

due to their electron-dense interior giving them a dark appearance in electron microscopy images

[58]. These microglia appear to be highly phagocytic and display signs of oxidative stress.

Importantly, they are often seen encircling synapses, axon terminals, spines, and blood vessels,

and they become more prevalent in both aged and AD-model mice [58].

Taken together, these studies show a shift away from homeostais toward inflammation and

neurotoxicity with increased age. Aging microglia exhibit a dysfunctional combination of

both increased and decreased immune signaling, over-reactive but less effective responses

to immune insults, and decreased communication and self-regulation [12, 56]. Age-related

microglial dysfunction largely parallels AD-related dysfunction (Table 1), and it may be that

small perturbations to an already stressed system are enough to drive the brain toward

neurodegeneration.

Human and murine microglia age differently

Despite what mouse studies have shown about microglial aging, caution must be used when

translating this knowledge to human aging. Laboratory mice are kept in relatively sterile conditions,

which limits immune challenges and diseases that may affect murine microglia. Humans, on the

other hand, are exposed to many immune challenges and over a much longer lifespan, which

affects microglial health, behavior, and turnover [59]. Accordingly, many differences between aged

human and murine microglia have already been found across a range of studies.

Comparisons of RNA transcriptomes from human and mouse microglia highlight drastic

differences between species during aging. One study found 572 genes changed with age in

human microglia, however only 40 of those genes overlap with changes seen in aged murine

microglia [43, 49]. Further, only about half of those 40 genes had altered expression in the

same direction between the two species. This leaves only 2% of gene changes in aged murine

microglia that correspond with human microglial changes [43]. It is important to note, however,
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that microglia display region-dependent transcriptome profiles [49], which may affect comparisons

between human and mouse data sets.

Few studies have examined the role of microglia-specific cytokine and chemokine signatures in

aging, as most studies analyze whole brain tissue or mixed glia cultures. Where such cell-specific

data exists, human and mouse measurements often conflict. For example, while several studies of

mouse microglia have shown an increase with age in expression of pro-inflammatory cytokines [42,

47, 48], RNA sequencing data from human cohorts does not show a significant change in these

cytokines with age [43, 44]. Human studies of whole brain tissue have observed an increase in

both pro- and anti-inflammatory cytokines, however it is not clear how much of this contribution is

due to microglia and how much is from astrocytes or other cell types [40, 41].

Morphological differences also exist between aged human and mouse microglia. Microglia in

human tissue have a much larger decrease in branching complexity with age than those in mice,

and the dystrophic processes seen in human tissue are not seen in aged WT or AD-model rodents

[6, 12]. To date, no studies have examined whether dark microglia are over-represented in the

aging human brain as they are in the murine brain, and studies comparing morphology and

inflammatory markers at different ages in human tissue are also lacking. This makes it challenging

to determine whether these characteristics of aged mouse microglia parallel human microglia.

Given these differences and lack of studies comparing young and aged human tissue, several

key aspects of human microglial aging remain unclear, including cytokine production, immune

function, and interaction with neurodegenerative conditions [59]. This disparity highlights the need

for more studies of human microglia and better models of human aging, which could in turn benefit

neurodegeneration research and drug discovery.
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Feature Aging AD Sources
Hu Ms Hu Ms

Gene Changes

Immune Response (APOE, SPP1, MHC II/HLA) ↑ ↑ ↑ ↑ [21, 23, 37, 44–47, 60, 61]
Immune Response (TREM2) ↑↓ ↑↓ ↑ ↑ [21, 44, 46, 47, 60, 62]
Immune Response (TLRs) ↓ ↑ ns ↑↓ [23, 43, 44, 46, 47, 61, 62]
Priming (CLEC7A, MRC1, MSR1) ↓ ↑ ns ↑ [21, 23, 44, 46, 47, 61, 63]
Priming (AXL, ITGAX/CD11c, LGALS3) ns ↑ ns ↑ [21, 23, 43, 44, 46, 47, 60, 61, 63]
Cytokines (IL-1β, TNFα, IL-6) ns ↑ ns ↑ [23, 28, 42–44, 46–48, 61, 64]
Homeostasis (P2RY12, P2RY13, CX3CR1) ↓ ↓ ns ↓ [21, 23, 43–47, 49, 61, 63]

Morphology and Function

Cell Clustering ↑ ↑ ↑ ↑ [28, 35, 51, 53, 55]
Ramification, Branching Complexity ↓ ↓ ↓ ↓ [35, 50, 55, 65]
Number and Density ? ↑ ? ↑ [50, 51, 57, 65]
Dark Microglia ? ↑ ? ↑ [58]
Dystrophic Processes ↑ ns ↑ ns [6, 35, 53]
Motility ? ↓ ? ↓ [27, 43, 49, 50]
Aβ Clearance ? ↓ ? ↓ [24–28, 42]

Table 1: Key changes seen in microglia with aging and AD in human and mice. Arrows indicate direction of change from young to
aged and age-matched to AD microglia, respectively. Legend: (ns): The associated gene was not significantly up- or down-regulated
in the referenced data sets. (↑↓): The referenced data sets conflict on direction of change. (?): This feature has not been adequately
studied in the referenced species.
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T Cells in Alzheimer’s Disease

Microglia have become a popular area of study in AD research since the discovery that many

AD risk variants, such as TREM2, MS4A6A, and CD33, are highly or exclusively expressed by

microglia in the brain [2–4, 8, 9, 14]. However, recent studies have also shown significant infiltration

of T cells into the brain in multiple neurodegenerative diseases, with both beneficial and harmful

effects [66–72]. Yet, the role of T cells in AD remains understudied, and research on this topic

is complicated by these cells’ adaptability and the multiple T cell sub-types that can exhibit vastly

different behaviors.

T cell development creates a highly flexible immune response

To understand how T cells migrate into the brain and how different phenotypes influence AD, it is

important to discuss T cell development. Lymphocyte progenitors form in the bone marrow but

then migrate to the thymus, an immune organ located in the upper chest just above and in front of

the heart, to mature into T cells. Once in the thymus, each progenitor commits to the T cell lineage

and begins rearranging pieces of its genome to create a unique T cell receptor (TCR) sequence

[73, 74].

Each cell’s signature receptor is created from a combination of either TCRα and TCRβ genes,

creating an αβ TCR, or TCRγ and TCRδ genes, resulting in a γδ TCR. The number of possible

combinations of rearranged αβ or γδ genes ensures that each developing T cell has a unique TCR

with the potential to recognize an enormous range of antigens. These genome rearrangements

permanently alter the T cell’s DNA, so any future proliferation of a given T cell will result in clones

with identical TCRs to the original [73–75].

T cell receptors cannot recognize free-floating antigen. Rather, they require other cells to

"present" antigens on their surface, usually via major histocompatibility complex (MHC) class I

or II molecules [73, 74]. T cells that express the co-receptor CD8 are restricted to binding to MHC

class I molecules for antigen recognition. MHC I molecules are expressed by most nucleated
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cells in the body, allowing infected cells of any type to present pieces of internal pathogens for

T cells to recognize. T cells that express CD4 can only bind to antigens presented on MHC

class II molecules. MHC II molecules are selectively expressed by antigen-presenting immune

cells (APCs) like dendritic cells, macrophages, and B cells. A small population of T cells remain

double-positive for CD4 and CD8, and can therefore recognize both types of MHC molecules.

Nearly all CD4+ and CD8+ cells are αβ T cells, while most γδ cells are CD4-CD8- and can bind to a

variety of molecules other than classical MHC I or II complexes, many of which are still unknown.

The majority of T cells in both humans and mice have αβ TCRs, with only a small percentage

carrying γδ TCRs [76–78].

Naive T cells

T cells which have fully formed but have not yet recognized their antigen are called "naive" T cells.

Naive cells circulate through the lymphatic system and lymphoid organs until they either encounter

an antigen they recognize or die from lack of stimulation [79].

Effector T cells

When a naive T cell recognizes its antigen, typically in the thymus or lymph nodes, it will become

activated and rapidly proliferate to produce clones with identical TCRs. These clones, or effector

T cells (TEff), have varying functions that are determined by expression of specific co-receptors

and by cytokines in the surrounding environment [80, 81]. Most CD4+ cells will become "helper"

T cells, of which there are at least 7 distinct sub-types that secrete cytokines that recruit, activate,

or otherwise affect other immune cells. CD8+ cells will generally become cytotoxic "killer" T cells,

which induce apoptosis in infected cells bearing the recognized antigen. A small population of

CD4+ or CD8+ cells will become regulatory T cells (Treg) with immunosuppressive functions. γδ T

cells take on several different phenotypes that can be helper-like or cytotoxic. After 4-5 days of

proliferation, effector cells leave the thymus or secondary lymphoid organ and follow a gradient of

chemokines to the site of infection. Once there they secrete their type-specific effector cytokines,

which have a range of effects including recruitment of other immune cells, induction of apoptosis

in infected cells, and reinforcement of immune cell survival [80].
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Memory T cells

When the infection is resolved, TEff cells undergo "clonal contraction" to reduce the population of

expanded clones. Loss of IL7R on activated effectors reduces their responsiveness to the survival

cytokine IL-7, and prolonged loss of this signal eventually induces apoptosis. A small number of

TEff cells retains or re-expresses IL7R, however, and these survive as "memory" T cells to guard

against future re-infection. These cells can survive for decades and have a lower threshold for

activation than naive T cells, allowing them to quickly proliferate into effectors if they encounter

their antigen again [82].

Memory T cells typically take on one of three phenotypes. Central memory (TCM) cells are naive-

like and express CD62L/SELL and CCR7, which allows them to re-enter the lymphatic system to

circulate. Effector memory (TEM) cells are CD62L-CCR7- and express receptors for inflammatory

cytokines that allow them to rapidly respond to re-infection. Finally, resident memory (TRM) cells

express CD69, and are also CD62L-CCR7- but do not circulate at all [80–82].

T cells infiltrate the brain in response to neuroinflammation

The central nervous system has multiple protective barriers to prevent activated (and potentially

neurotoxic) immune cells from reaching the brain. Both the blood-brain-barrier (BBB) and the

blood-leptomeningeal-barrier (BLMB) consist of blood vessels and capillaries that are surrounded

by pericytes and astrocytes, which physically block immune cells from entering the CNS [83, 84].

However, a small number of T cells and other components of the adaptive immune system do enter

and populate the CNS under normal "healthy" conditions [83–86]. Studies have found T cells in

the cerebral spinal fluid (CSF), meninges, and, to a lesser extent, the brain parenchyma itself

in healthy brain tissue [83, 85]. One possible entry point is the choroid plexus, which produces

cerebral spinal fluid (CSF) and may act as a "gate" to allow T cells through. The environment

of cytokines and surface proteins in the choroid plexus skews T cells toward a neuro-protective

phenotype, which would ensure that infiltrating T cells are largely non-cytotoxic under normal

conditions [83, 84]. Indeed, the majority of T cells in the CSF and meninges appear to be CD4+
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memory T cells, while the majority of parenchymal T cells are CD8+ memory cells which are

neither activated, proliferating, nor senescent [86].

However, under inflammatory conditions, the BBB and BLMB can become permeable to activated

immune cells due to dysregulation of the physical barrier provided by pericytes and astrocytes [83].

The number of T cells in the brain drastically increases in multiple neurodegenerative diseases,

including Multiple Sclerosis (MS), Parkinson’s Disease (PD), and Alzheimer’s Disease (AD) [66–

72, 87]. In all three diseases, massively clonally expanded CD8+, CD4+, and γδ cells have been

found in patient blood, cerebral spinal fluid (CSF), and/or brain tissue, some of which target self-

antigens like myelin components and α-synuclein [66–69, 72, 88]. Although CD4 T cells are more

well-studied in these diseases, the majority of brain-infiltrating T cells appear to be CD8+ [68–70,

72, 87, 89].

In AD, amyloid and tau pathology appear to encourage T cell recruitment to the brain, although the

exact mechanisms remain unclear. A study of AD model mice that developed amyloid pathology,

but not tau tangles, showed increased numbers of CD8+ T cells specifically in amyloid-burdened

areas of the brain [89], and CD8+ T cells have been observed adjacent to Aβ plaques in AD

patients [69]. Similarly, tau pathology alone resulted in significant infiltration of CD8+ T cells in

tau model mice [90], although another study found that T cells were not significantly spatially

associated with pTau+ neurons in these mice [70]. Increased numbers of CD8+ T cells were

also seen in patients with frontotemporal dementia associated with the P301L tau mutation,

which causes aggregation of tau protein in the brain [90]. Interestingly, a study of AD patient

hippocampus tissue found that, in late stages of AD, the number of T cells in the hippocampus

correlated with the amount of tau pathology but not with the amount of amyloid pathology [71]. It

is clear from these studies that Aβ and tau can separately play a role in recruitment of T cells to

the brain parenchyma, but that more complicated dynamics are involved when both pathologies

are present.
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Microglia and T cell interactions influence disease severity

The innate and adaptive immune system heavily reinforce each other, and there is evidence of

both beneficial and harmful communication between T cells and microglia in neurodegeneration.

T cells have been observed adjacent to microglia in the hippocampus of AD patients and near MS

lesions [66–68], and have been observed aiming cytotoxic granules at macrophages and microglia

in MS [68].

T cells are able to directly interact with microglia via surface signaling. Microglia express both

MHC I and MHC II proteins, and they are the main MHC II antigen presenting cell in the brain

[67]. Therefore, a single microglia can present antigen to both CD4 and CD8 T cells to activate

them. Interestingly, microglia up-regulate both MHC I and II in AD patients, and increased MHC

II is correlated with an increase in cognitive deficits [67, 91]. This suggests a negative role

for CD4 T cell activation in cognitive decline. Indeed, activated T-helper 1 (TH1) cells secrete

IFNγ, TNFα, and GM-CSF, which in turn activate microglia further [72, 92]. This effect was seen

with adoptive transfer of amyloid-reactive CD4 T cells into AD model mice, which was shown

to increase microgliosis, accelerate memory impairment, and worsen amyloid pathology [92].

Activated CD4 T cells have been shown to be similarly harmful in MS and PD model mice [66, 67],

demonstrating a feedback loop between microglial activation, CD4 T cell activation, and worsening

neurodegeneration.

In contrast, some studies have found that T cells also help boost protective functions in glia. One

study found that AD mice without T cells, B cells, or NK cells had increased microglial activation,

decreased glial phagocytosis, and a two-fold increase in amyloid burden compared to immune-

intact AD mice [93]. Another study of AD mice found that prolonged ablation of Foxp3+ Tregs,

which suppress other T cells, resulted in increased T cell infiltration, reduced gliosis, lowered

plaque burden, and improved cognition compared to control AD mice [94]. These two studies

suggest that communication between T cells and glia is critical in maintaining glial phagocytic

function in AD.
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CD8+ and γδγδγδ T cells affect synaptic function and cognition

Although many studies focus on CD4+ T cells in AD, CD8+ and γδ T cells are also capable of

directly affecting glia and neurons, often resulting in a detrimental effect on cognition. A study

of human AD patients found that increased numbers of CD8+CD45RA+ T cells (TEMRA) in the

brain negatively correlated with cognition [69]. In AD model mice, one study found that depletion

of CD8+ T cells resulted in increased expression of neuronal genes related to synaptic plasticity

without affecting plaque load [70]. Another study found that depletion of T cells from tau model

mice, where the majority of brain-infiltrating T cells are CD8+, resulted in rescue of spatial memory

deficits and a reduction in microgliosis without affecting tau pathology [90]. Experiments on 3xTg

model mice, which develop both amyloid and tau pathology, revealed a buildup of IL-17-secreting

immune cells in the brain and meninges, most of which were γδ T cells. Anti-IL-17 antibody

treatment in these mice improved short-term memory without affecting amyloid or tau pathology

[95], suggesting that activated γδ-17 cells have a harmful effect on cognition. Together, these four

studies suggest that CD8+ and γδ T cells either directly or indirectly affect neuronal health and

synaptic function more than they affect pathology-clearing mechanisms of glia.

Although it is clear that certain T cell phenotypes can either improve or worsen AD

symptoms, these conflicting interactions do not happen in isolation and their mechanisms remain

understudied. It is therefore critical to investigate the factors that drive recruitment and activation

of different T cell populations in AD, with an eye toward therapeutically influencing these systems

for better patient outcomes.
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Introduction

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

over 6 million people in the United States alone [1]. AD is a progressive and debilitating disease

that gradually impairs memory and cognition, eventually robbing patients of the ability to perform

basic daily functions [1]. AD neuropathology is primarily characterized by the accumulation of two

hallmark protein aggregates; amyloid plaques and neurofibrillary tangles that are composed of

insoluble beta-amyloid (Aβ) and hyperphosphorylated tau respectively [96]. These key pathologies

are further accompanied by microgliosis and progressive neuronal and synaptic loss [97–99].

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. Much of this progress has been inspired

by Genome-wide association studies (GWAS) that have identified over 80 loci linked to AD risk,

many of which are associated with changes in expression of microglial genes [8–10, 100]. These

discoveries have in turn lead to development of exciting new tools and approaches including

stem cell-based modeling of human microglial function and novel genetic and pharmacological

approaches to examine the interactions between microglia, the brain’s endogenous innate immune

17



cells, and Aβ and tau pathology [24, 101–105]. Collectively, these studies have greatly advanced

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

groups begun to examine the potential role of adaptive immunity in this disease.

For many years, the brain was considered “immune privileged” implying that peripheral immune

cells were largely excluded from the parenchyma in most neurological diseases, including AD

(reviewed in [85]). However, recent studies have provided increasing evidence that peripherally-

derived immune cells can indeed reach the brain and despite limited numbers, could mediate

profound effects in various neurodegenerative diseases [69, 94, 105, 106]. Despite this progress,

the frequency and precise subtypes of adaptive immune cells that reach the brain parenchyma in

AD and AD mouse models remains unclear.

Initial histological studies found evidence of increased CD3+ T cells within AD brain tissue,

but there remained skepticism as to whether those cells were recruited to the brain as a

consequence of AD pathologies versus co-morbidities, such as stroke [107]. Subsequent studies

of advanced AD patient brains revealed increased numbers of CD8+ T cells in the hippocampus

that significantly correlated with tau pathology [71], suggesting a potential relationship between

neurofibrillary tangles, neurodegeneration, and T cell recruitment. Additional studies in AD mouse

models also began to provide evidence that various T cell populations including CD4, CD8,

and T regulatory cells can infiltrate the brains of amyloid or tau-expressing transgenic mice and

correlated with and in some cases influenced disease progression [89, 90, 94]. Most recently,

studies of AD and control patient CSF revealed an enrichment of effector memory CD8+ T cells

in AD subjects that were inversely associated with cognition. Examples of CD8+ T cells were also

found adjacent to cerebral blood vessels, and TCR repertoire analysis revealed AD-associated

increases in clonality [69].

To further investigate the role of adaptive immune cell infiltration in AD and the relationship

between T cell recruitment and amyloid and tau pathologies, we utilized both immune-deficient

and immune intact transgenic mouse models coupled with bone marrow transplantation, flow

cytometry, and single cell RNA- and T cell receptor- (TCR) sequencing. Our experiments revealed

a broad array of T cell subtypes that infiltrate the brain of transgenic AD mice and identified specific
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subsets of CD8 T cells that are enriched in response to Aβ pathology or a combination of Aβ and

tau pathologies. Analysis of AD GWAS variants found evidence that specific T cell subpopulations

express relatively high levels of AD risk genes. In addition, TCR repertoire analysis revealed an

amyloid-associated induction of CD8 T cell clonal expansion. Taken together, this study provides

an important new resource that can be used to guide future investigations and further inform our

collective understanding of AD immunology and the role of T cells in this disease.

Methods

Animals. All animal procedures were performed in strict accordance with National Institutes of

Health and University of California guidelines. 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.

Immune-deficient mice. 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 [93]. Briefly, 5XFAD mice (MMRRC Strain: 034848-JAX), express two co-integrated

and co-inherited transgenes coding for mutant human amyloid precursor protein (APP) and

Presenilin-1 (PS1). The APP transgene includes three familial AD mutations (Swedish, Florida,

London) and the PS1 transgene includes two mutations (M146L & L286V) [108]. Congenic C57Bl6

5XFAD mice were crossed with Rag2/Il2rγ double knockout mice (Taconic #4111) [109], 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 wild-type mice for the AD transgenes

hereafter referred to as Rag-WT. For bone marrow adoptive transfer experiments, WT-5XFAD mice

were crossed with CAG-eGFP mice (JAX Stock#: 006567), which express “enhanced” GFP under

the control of chicken beta-actin promoter and cytomegalovirus enhancer, hereafter referred to as

GFP-5XFAD.
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Immune-intact mice. PS19 transgenic mice (Strain #:008169; B6C3F1/J) and 5XFAD mice

(Strain #034848, C57BL6 congenic) were purchased from the Jackson Laboratories. PS19 mice

express mutant human microtubule-associated protein tau (MAPT) driven by the mouse prion

protein 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. Strain-matched littermates from each of the four genotypes were

used for all experiments.

Tissue Processing. Immune deficient (Rag-5x and Rag-WT) mice were sacrificed by carbon

dioxide asphyxiation and intracardiac perfusion with 0.01M phosphate buffered saline (PBS).

Immediately following perfusion, brains were isolated and cerebellum and olfactory bulbs removed

and hemispheres separated along the midsagittal plane. Half brains were then dissociated using

a glass homogenizer on ice 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.

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 intracardiac perfusion with 0.01M phosphate buffered

saline (PBS). Hemibrains were processed and one side drop-fixed, cryoprotected, and sectioned

as detialed 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).

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). Flow cytometry gating schema are provided in Figure S.1.

Immunohistochemistry and confocal microscopy. Fluorescent immunohistochemical analysis

followed previously established protocols [22] and the following primary antibodies: Anti-GFP

Alexa 488 conjugated (Life Technologies); Anti-GFP (Millipore; Temecula, CA); Iba1 (Wako;

Richmond, VA), CD3e (Clone 500A2; BD Biosciences), CD4 (Clone RM4-5; AbD Serotec

& BioLegend), CD8 (Clone YTS105.18; AbD Serotec; Raleigh, NC). Sections were rinsed,

permeabilized with 0.2% Tx100, and blocked in 5% goat serum for one hour and then

incubated in primary antibodies overnight at 4◦C. Following three rinses in PBS, sections were

incubated with appropriate Alexa Fluor® conjugated secondary antibodies (Life Technologies)

and/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. 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 represent confocal maximum projection z-stacks. In some non-quantified images,

brightness and contrast were slightly adjusted or channels were pseudocolored for clarity.
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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 5X mice or WT female mice

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

both genotypes were also cultured alone as a negative control. 96-well plates were coated with

IgG and 1µg/mL anti-CD28 and T cells in each well were activated by adding 1µg/mL anti-CD3

when cultured. T cells were stained with CFSE proliferation dye, co-cultured for five days, and then

analyzed using a Fortessa Flow Cytometer and FlowJo software v10.7 (FlowJo; Ashland, OR).

Bone Marrow Adoptive Transfer. Adoptive transfer experiments were performed according to

previously published protocols [93]. 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 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 2-month old Rag-5XFAD and

Rag-WT mice. A total of 13 Rag-5X (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 Student’s t-test. All differences were considered

significantly different when p<0.05.

10x Single Cell Sequencing of Gene Expression and TCRs. 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,
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PE-TCRg/d, BV421-CD11b, and PI (all with 1:200 dilution). CD4+, CD8+, and γδ+ 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. Single cell 5’ gene expression libraries and single cell

V(D)J enriched libraries were prepared according to the 10x Genomics Chromium Single Cell 5’

Reagent Kits User Guide v2 (Dual Index) (CG000331 Rev C). 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 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 for gene expression

and 5,000 reads per cell for TCR expression. 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 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) [110]. 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
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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 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) [111–113]. Differential genes were also enriched for the Reactome pathway

“cellular response to heat stress” [114, 115]. 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 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 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
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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 [75, 116], for both CD8+ and

CD4+ analysis, we chose to remove all cells that expressed any markers of γδ lineage (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 ). 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 [76–78], so we did not use those two genes as a γδ marker. 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 Cd8a, Cd8b1, or any γδ markers described above. This left

2,441 CD4+ 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 gene, as alpha rearrangement removes the delta locus [75], or γδ-specific

transcription factor (Trdc, Trdv1, Trdv2-1, Trdv2-2, Trdv3, Trdv4, Trdv5, Sox13, or Blk ). We then

removed all CD8+ and CD4+ cells from this group, as most of these cells were Trac+Trdc- and

had a recognized αβ TCR. This left 1,062 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, stress score, and sample. The SCT assay was used to calculate PCA, and

data was clustered using PCA dimensions 1-30 and a resolution of 0.2. The γδ-1 cluster was
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further sub-clustered using FindSubCluster with a resolution of 0.2 to separate naive cells from

effector cells.

Differential expression analysis. For all differential gene testing, Seurat’s FindAllMarkers

or FindMarkers functions were called on log-normalized counts using MAST [117] 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) [118]. 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 [118] using the R

package mice’s pool function [119]. Significance of the pooled 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")) [120], 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.

Creation of an epitope database. To look for possible epitope matches for our sequenced

clonotypes, we created a database of known TCR / epitope pairs by combining data from the
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Immune Epitope Database (IEDB) [121] and VDJdb [122]. IEDB data was exported to a CSV file

using the search function with the following parameters: Epitope: linear peptide, Epitope Source:

(blank), Host: Any, Assay: T Cell only, Assay (Outcome): Positive only, MHC restriction: Any,

Disease: Any. VDJdb data was exported to a CSV file using the search function with the following

parameters: Species: Human, Monkey, Mouse, Gene (Chain): TRA, TRB, CDR3 Length: 5 to 30,

Substitutions: 0, Insertions: 0, Deletions: 0, Class: MHC I, MHCII, Assay Type: all boxes selected,

Sequencing: all boxes selected, Minimal confidence score: 0. All other fields not specified here

were left blank or unselected. Both files were downloaded on January 23, 2022. For each

database file, entries with TCR sequences less than 5 amino acids long were removed, and the

remaining sequences had the initial “C” and ending “F” or “W” trimmed from the sequence. Slight

differences in source organism naming between IEDB and VDJdb were corrected to be consistent

between both sets of data, and duplicate entries were deleted. The remaining TRA sequence

entries from both databases were combined into one file, and TRB entries were combined into a

separate file.

Epitope matching. We used TCRMatch [123] to identify potential epitope matches for our

clonotypes. Briefly, this program uses a BLOSUM62 matrix to score amino acid similarity between

a query sequence and TCRs in the database. The scores are then normalized to between 0 and

1, with 1 being a perfect match. Prior to running the program, we split our list of clonotypes into

TRA and TRB sequences and trimmed the initial “C” and ending “F” or “W” from each sequence.

TCRMatch was run with a cutoff score of 0.9, and we compared our TRA sequences to the

combined database’s TRA sequences, and our TRBs were compared to the database’s TRBs

separately. After TCRMatch generated matches and scores, we conducted post-processing to

map the separated TRA and TRB matches back to complete clonotypes. For each clonotype, if

both the TRA and TRB matched the same epitope, their scores were averaged to create a final

score for that epitope. If only one chain had a match to an epitope, that score was left as-is.

The highest-scoring epitope among single-chain or paired matches for all epitopes was used to

determine the most likely match to the clonotype. Any final matches with a score >= 0.97 were

considered probable matches for that clonotype, resulting in 3,787 clonotypes that matched at
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least one TCR/epitope pair. We allowed multiple final epitope matches if their scores were equal

and that score was the highest score for the clonotype.

Code Availability. The code written to process 10x scSeq data is publicly available on GitHub:

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

Results

Cytotoxic CD8 T cells infiltrate the Brains of Immune Deficient Rag-5XFAD Mice

following Bone Marrow Transplantation

In previous studies we generated immunodeficient AD mice by backcrossing 5XFAD mice

onto a Rag2 and il2rγ double knockout background (RAG2-/-,IL2rγ-/-,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 [93]. Conversely, when

wildtype bone marrow was transplanted (BMT) into Rag-5XFAD mice amyloid levels were

reduced. 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-/-,IL2rγ-/-,WT) (Figure 1.1A). 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 that can disrupt the blood

brain barrier [93]. Four months after bone marrow transplantation (BMT), mice were sacrificed

and brains examined by immunohistochemistry (IHC), revealing an increase in GFP+ donor cell

infiltration within 5XFAD brains in comparison to Rag-WT mice (Figures 1.1B–C). Thus, amyloid

accumulation or other neuropathological changes induced by plaque pathology, promote the

recruitment of donor derived immune cells into the brain. Interestingly, GFP+ cells were observed

throughout the brain of Rag-5XFAD mice including the hippocampus, cortex, and meninges
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(Figures 1.1D–E), but also in greater numbers adjacent to the lateral ventricles (Figure 1.1F). 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 brain parenchyma (Figure 1.1G).

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 1.1H). Further staining with the microglial/monocyte marker IBA-1 revealed no examples

of GFP-expressing IBA-1 cells. 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 [70, 89], 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+ (Figures 1.1J–

L). Interestingly, T cells were sometimes observed adjacent to IBA-1+ microglia (Figures 1.1M–O)

and Aβ plaques (Figure 1.1P) 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. This analysis revealed a significant increase

in GFP/CD3/CD8+ T cells (P=0.0390), but no significant changes in GFP+/CD3+/CD4+ T cell

numbers (P=0.4363) in bone marrow transplanted Rag-5XFAD mice in comparison to Rag-

WT BMT recipients (Figures 1.1Q–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 brains were
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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 1.1S).

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 [124]. 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 [124–126].

As amyloid and plaque pathologies can exhibit substantial age and sex-dependent differences we

examined T cell infiltration by flow cytometry in both male and female mice across three ages: 6-,

9-, and 12-months of age. 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 1.2A). 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 [127, 128]. 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 (female P=0.0005, male P=<0.0001) (Figure 1.2A). Representative
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Figure 1.1: Cytotoxic T cells infiltrate Rag-5XfAD mice brains. (A) Adoptive transfers were
conducted of GFP+ bone marrow cells into 2 mo Rag-WT and Rag-5xfAD via retro-orbital
injections. (B) Increased numbers of GFP+ cells infiltrate the brain parenchyma in AD mice (B)
but not WT mice (C). (D,E) IHC images of GFP+ cells in hippocampus, cortex, and meninges.
(F) IHC image showing GFP+ cells in lateral ventricles. (G) IHC staining of GLUT1 blood vessel
marker. (H) IHC staining of GFP+/CD45+ cells and GFP+/CD45+ microglia. (I) IHC staining of
microglial/monocyte marker IBA-1 and GFP cells. 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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FACS plots of 6-month old wild-type and PS-5X female mice are shown in Figure 1.2A and gating

strategies are provided in Figure S.1. Interestingly, the effects of amyloid, tau, and combined

pathology appear to be restricted to CD8 T cells, as no significant 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 of CD8 T cells into the brains of both male and female 9-month old PS-5X

mice (female P=<0.0001, male P=<0.0001) (Figure 1.2B). 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 expand 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 (female P=0.0496, male P=0.0057) (Figure 1.2C). 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 1.2D). 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 1.2E) 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 magnitude of these effects

appear to be sex dependent. Furthermore, we find that combined amyloid 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 1.2: CD8+ cytotoxic T cells infiltrate the bigenic PS-5X mice model at 6, 9, and 12
months old. (Caption on next page.)
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Figure 1.2: 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.

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 [69]. 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 [81, 129]. 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 (Figure S.1C). 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 (Figures 1.3A–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 1.3B). Thus, it appears that either amyloid

pathology, tau 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
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Figure 1.3: Effector memory CD8+ T cells infiltrate the brains of bigenic PS-5X mice.
(Caption on next page.)
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Figure 1.3: 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.

12-months of age (Figures 1.3A–C). This analysis demonstrates that almost 80% of CD8 cells are

effector memory T cells in 9 month old PS-5X female mice and almost 70% in 9 month old male

PS-5X mice (Figure 1.3B). Thus, the majority of infiltrating CD8 T cells are antigen-experienced

and were likely specifically recruited to brain tissue. Additionally, flow cytometry results showed

that at 6 months of age CD4 T cells were mainly effector T cells, whereas by 9 and 12 months of

age brain-infilatrating CD4 cells are mainly effector memory cells (Figures S.2A–C).

Cytotoxic T cells respond and proliferate in an Amyloid-enriched in vitro

environment

To determine whether brain tissue from AD mice can elicit T cell proliferation, indicative of AD-

specific memory T cell activation, we conducted in vitro co-culture studies (Figure 1.4A). 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 5X or WT mice were cultured with

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

cytometry. Results showed that 5X-experienced T cells responded robustly to an amyloid enriched

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

brain cells exhibiting a 2-fold increase compared to CD4+ T cells (Figure 1.4B), suggesting an

AD-related antigen-specific response. 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. Taken together these results
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suggest that antigen-experienced CD8 T cells can proliferate in response to an Amyloid-enriched

environment in vitro.

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 next profiled T cell gene

expression and T cell receptors (TCRs) at the single-cell level using 10x Genomics’ single cell

immune profiling. We isolated and sequenced CD8+, CD4+, and γδ T cells from 9 month old female

mice from each of the four different genotypes (WT, 5XFAD, PS-19, and PS-5X) (Figure 1.5A).

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 population of γδ-17 cells (Figures 1.5B, S.3). 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 (Figures 1.5D–E). This corresponded with a significant

increase in the proportion of naive-like T cells in the WT and PS-19 samples. This suggests that

amyloid pathology promotes the recruitment and expansion of cytotoxic T cells into the brain.

Differential gene expression between genotypes provided further evidence that amyloid pathology,

but not tau pathology alone, alters T cell activation state. For example, both 5XFAD and PS-5X

T cells show significantly increased expression of cytotoxic and effector genes including Gzmk,

Xcl1, Ccl4, Ctsw, and Cd69, while down-regulating genes associated with naive T cells, including

Sell, Ccr7, Tcf7, and Lef1 (Figure 1.5F). 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. Examination of these gene profiles at

the single-cell level reveals distinct sub-populations of exhausted cells and interferon-stimulated
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Figure 1.4: 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 5X (amyloid plaque pathology) and WT (no pathology) 6mo mice were
co-cultured with brain cells from 5X and WT 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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cells in the cytotoxic cluster (Figures 1.5G, S.3). Together with the differential expression results,

this suggests that these two phenotypes may be over-represented in the 5XFAD and PS-5X mice

and therefore increased in response to amyloid pathology.

We noted 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 this

“activated” cluster are the only cells in the data set that express high levels of Gzma, Cx3cr1,

Zeb2, Klrg1, and S1pr5, and they also 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 single 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 (Figures 1.5D–E) and differential gene expression

between genotypes (Figure 1.5F), so we are cautious about making claims about this specific

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

[8–10]. As microglia are the primary and most abundant immune cell within the brain many groups

have sought to understand the impact of AD risk genes on microglia function. However, some of

these AD risk genes are also expressed in adaptive immune cells. To better understand whether

AD risk genes might influence the infiltration or function of T cells, we examined the expression

levels of mouse homologues of AD risk genes identified from GWAS studies in our single cell

sequencing data. Remarkably, we find that many of these AD risk genes are highly expressed in

multiple T cells subtypes. 42 AD risk genes were significantly upregulated in at least one cluster,

including 16 upregulated in the γδ-17 cluster alone (Figure 1.5H). Notably, the risk genes Clnk and

Hbegf are almost exclusively expressed in γδ cells. These data suggest that mutations in AD risk
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Figure 1.5: Single cell sequencing of infiltrating T cells reveals a variety of phenotypes.
(Caption on next page.)
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Figure 1.5: Single cell sequencing of infiltrating T cells reveals a variety of phenotypes. (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. Cell populations were randomly
downsampled for each genotype to match the smallest sample size, in order to reveal population
differences. (E) Population analysis revealed significant differences in cluster proportions between
genotypes. Error bars show maximum and minimum values for genotypes that have two samples.
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)
Single-cell heatmap of scaled expression values for key genes used to identify T cell phenotypes.
Cells are grouped by cluster. (H) List of GWAS-identified AD risk genes which are significantly
changed in at least one of the 7 clusters when compared to all other cells, ignoring genotype.

genes not only alter microglia function but may also influence the function and/or infiltration of T

cells. These findings also suggest that the specific role of γδ cells in AD bears further scrutiny.

T cells exhibit clonal expansion in response to amyloid pathology

Single-cell TCR sequencing further revealed 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 cytotoxic CD8 T cells (Figure 1.6A), with 7 of the top 10 expanded clonotypes in the

data set belonging to cells from amyloid-model mice (5XFAD and PS-5X clonotypes). Conversely,

at 9 months of age tau pathology alone fails to stimulate clonal expansion beyond WT levels

(Figure 1.6B). 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 7.5% of 5XFAD-1 cells. In contrast, the top clonotypes for

WT and PS19 cells represent only 3.6% and 1.2% of those groups, respectively.

To examine whether any TCR clonotypes recognize known antigens, we used TCRMatch [123] to

compare clonotype sequences from our data set to two databases of experimentally determined

TCR/epitope pairs, the Immune Epitope Database (IEDB) [121] and VDJdb [122]. We found that
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Figure 1.6: Locations of top 10 most-expanded clonotypes. (A) UMAP showing that the top 10
most clonally expanded clonotypes are primarily located in the CD8 cytotoxic cluster. (B) UMAPs
split by genotype show large clonal expansion in the 5XFAD and PS-5X samples. Percentages
are calculated as the number of cells with a given clonotype divided by the total number of the
sample’s cells with any identified clonotype.

out of 10,481 clonotypes, only 3,787 (36%) had high similarity in either the alpha chain or beta

chain to a TCR/epitope pair in the databases, matching to epitopes of many common viruses

like Influenza A and mouse cytomegalovirus. However, 59 of the top 100 expanded clonotypes

had either no match or did not score above the threshold for a probable match, indicating a need

for future studies to investigate and identify the antigens that are recognized by these clonally

expanded TCRs.

Analysis of CD8 T cell gene expression reveals different activation states

To examine the CD8 T cells in more detail, we next subset our single cell data set to contain

only cells that express Cd8a or Cd8b1, without expression of Cd4 or γδ-specific markers, and re-

clustered the cells. This revealed several more sub-populations of CD8 cytotoxic cells that appear

to reflect different stages of T cell activation, including a unique cluster that expresses high levels of

interferon response genes (ISGs) (Figures 1.7A, 1.7C, S.4A). This cluster appears to be primarily

made up of PS-5X and 5XFAD cells. Although individual comparisons between genotypes for this

cluster were not significant (Figures 1.7B, 1.7D), we did find significant interactions between the
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Figure 1.7: Analysis of C84+ T cell RNA and TCR expression. (Caption on next page)
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Figure 1.7: Analysis of C84+ T cell RNA and TCR expression. (A) Clustering of CD8+ T cells
after removal of CD4+ cells, γδ cells, and double-positive cells. The nine clusters were identified
by characteristic markers as Cytotoxic 1 and 2 (Gzmk, Fasl, Ifng), Naive (Sell, Ccr7, Cd44-),
Central Memory (Sell, Ccr7, Cd44), Exhausted (Pdcd1, Tigit, Ctla4), Activated (Ccl5++, Cx3cr1,
Klrg1), Early Activation (Ccl5++, Itga4++, Slamf6), Interferon Responding (Ifit3, Stat1, Irf7 ), and
Proliferating (Mki67, Top2a). (B) UMAP of clusters split by genotype. Cell populations were
randomly downsampled for each genotype to match the smallest sample size, in order to reveal
population differences. (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) Population analysis revealed significant differences
in the Naive cluster between genotypes. Error bars show maximum and minimum values for
genotypes that have two samples. (E) Locations of the top 10 clonally expanded clonotypes
assigned to CD8+ cells. Percentages are calculated as the number of CD8+ cells with a given
clonotype divided by the total number of the sample’s CD8+ cells with any identified clonotype.
(F) Pseudotime analysis reveals cell progression from the Naive cluster toward the Activated, IFN
Responding, and Exhausted clusters. (G) Expression of several key proliferative exhaustion genes
across pseudotime shows that the Cytotoxic 1, Cytotoxic 2, and Exhausted clusters are partially
differentiated by stages of exhaustion.

IFN Responding cluster and the PS-5X genotype (p < 0.001), and between the IFN Responding

cluster and the 5XFAD genotype (p = 0.0011). We also found that the main “body” of cytotoxic

cells was split into three subclusters (Cytotoxic 1, Cytotoxic 2, and Exhausted) that were not

acutely activated and had similar expression of hallmark cytotoxic genes (Ifng, granzymes, Prf1).

Trajectory analysis and differential gene expression along pseudotime revealed that these three

clusters appear to be stages of proliferative exhaustion, with cells in Cytotoxic 1 being the least

exhausted and cells in the Exhausted cluster expressing the highest levels of exhaustion genes

(Figures 1.7F–G). Lastly, analysis of clonotypes for CD8+ T cells revealed a similar pattern to

that observed in Figure 1.4, with the largest clonal expansion detected in the PS-5X and 5XFAD

samples (Figure 1.7E). Interestingly, the majority of the cells within these top clonotypes were

located within the “Exhausted” cluster.

Subcluster analysis of CD4 and γδγδγδ T cells

We further performed subtype-specific analysis of CD4+ T cells and γδ T cells to identify smaller

populations that were not evident in the combined full data set UMAP. The majority of CD4+ T

helper cells appeared to exhibit a Th1 transcriptomic profile, as evidenced by high expression
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of the Th1-specific markers (Ifng, Tnf, Cxcr3) and low or absent expression of Il4 and Il17a

(Figures S.4B, S.5A–D). Surprisingly, we also detected a population of CD4+ cells that expressed

many cytotoxic genes and had a large amount of clonal expansion, primarily from one 5XFAD

sample (Figures S.5E–F). Most γδ cells in our data set were type 17 (γδ-17) T cells, which are

analogous to Th17 cells and have been shown to primarily secrete IL-17 and IL-22. We also found

a small group of type 1 γδ cells (γδ-1), which were cytotoxic and exhibit similar gene expression

profiles to innate natural killer (NK) cells (Figure S.6). For both CD4 and γδ cells, there were not

enough total cells to determine genotype-level differences in population distribution. As we only

sequenced αβ TCRs, we were unable to perform clonotype analysis of the γδ cells.
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CHAPTER 2

Validation of ERCC1 knockout as a model of premature aging

Jaclyn Beck, Jean Paul Chadarevian, Christina Tu, Sepideh Kiani Shabestari, Morgan Coburn,

Joia Capocchi, Hayk Davtyan, Jonathan Hasselmann, Alyssa Bilheimer, Mathew Blurton-Jones

Introduction

Microglia are the brain’s resident innate immune cells. They play a role in brain development

and maintenance by pruning synapses, removing debris and dying cells, and clearing

misfolded proteins [2–4, 12–15]. These functions are also necessary in protecting against

neurodegenerative diseases, such as Alzheimer’s disease (AD), where the buildup of misfolded

proteins contributes to neuronal dysfunction and death. Recent genome-wide association studies

(GWAS) have identified microglia as key players in the development and progression of AD.

A majority of known late-onset AD risk genes, such as TREM2, MS4A6A, and CD33, are

preferentially or exclusively expressed by microglia in the brain [2–4, 8, 9, 14]. The risk-increasing

variants of these genes are typically associated with loss of functional and neuroprotective

responses to Aβ, and/or increased activity of immune-dampening pathways [2, 3, 8], both of which

imply that normal microglia function serves a protective role in the aging brain.

However, buildup of Aβ fibrils and oligomers and hyperphosphorylated tau promotes chronic

inflammation, and persistently-activated microglia can convert from protective to detrimental states

as AD progresses [24, 27, 28, 31, 32, 34]. Importantly, many features of AD-associated microglial

dysfunction seem to be an exacerbation of age-related traits rather than a novel pattern of

dysfunction [23, 40]. Much of the inflammation and dysfunction present in AD is also present

in "healthy" aged brains. Both aging and AD-associated glia exhibit a decrease in lysosomal

function coupled with an increase in immune signaling, including up-regulation of the complement
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pathway, inflammasome activity, and phagocytic machinery, and a general increase in both pro-

and anti-inflammatory cytokine production [12, 28, 40–42].

Analysis of RNA from human brain tissue revealed a general decline with age in genes related

to microglia-neuron interaction (CX3CR1, P2RY12, P2RY13, CSF1R, TREM2, and TYROBP)

and immune signaling through toll-like receptors (TLRs 1, 5, 6, 7, and 10) [62]. Single-cell

RNA sequencing of human microglia from healthy aged donors further demonstrated that a large

proportion of aged cells are characterized by high expression of SPP1, APOE, LPL, and LIPA [45],

revealing a population of pro-inflammatory lipid-processing microglia. Many, but not all, of these

changes are also reflected in studies of aged mice [42, 46–49].

Aging microglia exhibit a dysfunctional combination of both increased and decreased immune

signaling, over-reactive but less effective responses to immune insults, and decreased

communication and self-regulation [12, 56]. Taken together, these age-related changes show

a shift away from homeostasis toward inflammation and neurotoxicity. These changes largely

parallel those seen between AD and healthy brains, and it may be that small perturbations to an

already stressed system are enough to drive the brain toward neurodegeneration. Therefore, it is

critical to understand the interplay between healthy and dysfunctional microglial aging if we are to

understand how AD and other neurodegenerative diseases develop.

However, it is extremely difficult to study glial aging in humans. Biological samples are only

available from biopsies or post-mortem tissue, making in vivo functional or longitudinal studies

impossible in living humans. Studies in mice provide a useful substitute, however caution is

necessary when applying findings to humans. Studies have revealed large differences between

mouse and human microglia, including differing responses to cytokines, low transcriptomic overlap

in aging and disease, and lack of homology in key microglial genes [43, 59].

Given these differences and lack of studies comparing young and aged human tissue, very little

is known about many aspects of microglial aging in humans, including proliferative ability, cytokine

and chemokine production, immune function, and, importantly, interaction with neurodegenerative

conditions [59]. This disparity highlights the need for more studies of human microglia and
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better models of human aging, which may in turn shed light on the processes driving AD-related

dysfunction.

One potential solution is to use human induced pluripotent stem cells (iPSCs) and subject them

to differing environments to explore aging-related mechanisms. However, iPSC reprogramming

essentially "rejuvenates" cells to an embryonic-like state. The reprogramming process results

in lengthened telomeres, increased mitochondrial fitness, and decreased levels of senescence

markers p16INK4A and SA-β-Gal [130, 131]. Any existing damage to DNA is also repaired, and

genome-wide tri-methylation (H3K9me3) is increased to levels found in younger cells [132]. These

changes have a profound effect on cell health and behavior, and this youthful phenotype persists

beyond differentiation to somatic cells. iPSC-derived neurons exhibit a fetal rather than adult

phenotype regardless of donor age or disease state [133, 134], and xenotransplanted iPSC-

derived microglia retain a fetal or infant-like profile even in adult mice [22]. These issues make

it challenging to study age-related neurodegeneration in iPSCs, despite the many benefits that

iPSCs offer. This necessitates finding methods of retaining or re-introducing an aged phenotype

into iPSCs to improve iPSC-driven study of neurodegeneration.

Our study sought to create and validate a model of aging in iPSC-derived microglia by genetic

knockout of ERCC1 (excision repair cross-complementation protein 1). This protein is a necessary

component of nucleotide excision repair, which recognizes and repairs single-strand DNA damage.

Patients with severe loss-of-function mutations in ERCC1 develop rapid aging diseases like

Cockayne Syndrome (CS) or Cerebro-Oculo-Facio-Skeletal Syndrome (COFS), which include

dementia and neurodegeneration as a key symptom [135, 136].

Mouse studies have shown that ERCC1 knockdown (ERCC1∆/-) results in microglia that

show signs of age-related dysfunction in young mice [47, 137], but a similar approach has

not been explored in human cells. Therefore, our study examines whether ERCC1 KO in

human iPSC-derived microglia (iMGLs) will produce an aged phenotype both in vitro and when

xenotransplanted into chimeric mice, which provide an in vivo environment for the further

maturation of human microglia [22]. To examine the effects of ERCC1 deletion, we used several

assays to quantify proliferation and phagocytic function of ERCC1KO iMGLs in vitro, bulk RNA
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sequencing to analyze transcriptomic changes at baseline and after exposure to Aβ in vitro,

and single-cell RNA sequencing of xenotransplanted microglia (xMGs) to determine if ERCC1KO

microglia exhibit an aged-like phenotype.

Methods

Cell Lines

Human iPSC control line

For all studies, we used a human iPSC line provided by the University of California Alzheimer’s

Disease Research Center (UCI-ADRC). The iPSC line (designated "ADRC5") was generated from

subject fibroblasts under approved IRB and hSCRO protocols and provided by the Institute for

Memory Impairments and Neurological Disorders. The ADRC5 line is from a female donor and

does not harbor any FAD-causing mutations, nor any LOAD-associated high- or medium-risk

alleles like APOE4 or TREM2 R47H.

Creation of ERCC1KO iPSCs using CRISPR

Homozygous deletion of ERCC1 was achieved on the ADRC5 iPSC line using CRISPR/Cas9,

which introduced a frame shift resulting in a premature stop codon in exon 2 on both alleles

for the gene ERCC1. 2×105 induced pluripotent stem cells were isolated following Accutase

enzymatic digestion for 3 min at 37◦C. Cells were resuspended in 100 µL nucleofection buffer

from Human Stem Cell Nucleofector Kit 2 (Lonza). The suspension was combined with 50 µg

of RNP complex formed by incubating Alt-R S.p. HiFi Cas9 Nuclease V3 (IDTDNA) with fused

crRNA:tracrRNA (5’ CTCTGTGTAGATCGGAATAA; IDTDNA) duplex for 15 min at 23◦C. The

suspension was transferred to the Amaxa Nucleofector cuvette and transfected using program

B-016. Cells were plated in TeSR™-E8™ (STEMCELL Technologies) media with 0.25 µM

Thiazovivin (STEMCELL Technologies) overnight to recover. Cells were digested the following
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day with Accutase and single-cell plated to 96-well plates in TeSR™-E8™ media with 0.25

µM Thiazovivin and CloneR (STEMCELL Technologies) supplement for clonal isolation and

expansion. Genomic DNA was extracted using Extracta DNA prep for PCR (Quantabio) from

a sample of each clone upon passage and amplified for sequencing using Taq PCR Master Mix

(ThermoFisher Scientific) and the following primers: ERCC1_F 5’AGATGTCCTCTGCTCACCCC

and ERCC1_R 5’GGAGTCATCCCTAGAACAGCG. PCR product from promising clones was

transformed using TOPO TA Cloning Kit for Subcloning, with One Shot TOP10 (ThermoFisher

Scientific) for allele-specific sequencing. Stable clones were further analyzed by array CGH (Cell

Line Genetics) and found to be karyotypically normal before proceeding with experiments.

Cell Culture

iPSC maintenance

iPSCs were grown in 6-well plates coated with 1 mg/mL Matrigel (Corning), and media was

replaced daily with 1.5 to 2.5 mL of fresh media (TeSR-E8, STEMCELL Technologies). When

colonies reached sufficient size, 6-8 days after seeding, cells were either frozen for storage in liquid

nitrogen using BamBanker Cell Freezing Medium (Wako) or passaged using ReLeSR (STEMCELL

Technologies) into fresh wells. Passaging was typically done at a ratio of 1:6 (one confluent well

split into six new wells) using TeSR-E8 media supplemented with 5 µM thiazovivin (STEMCELL

Technologies). 24 hours after passaging, media was changed to TeSR-E8 without thiazovivin, and

daily feedings continued as above.

iHPC differentiation

Frozen iPSCs were thawed into Matrigel-coated 6-well plates with TeSR-E8 and 5 µM thiazovivin.

Cells were grown to confluence and passaged an additional two times prior to differentiation to

allow for cell cycle recovery after freezing. Upon reaching confluence after the last passage, iPSCs

were passaged into fresh Matrigel-coated wells and differentiated to CD43+ iHPCs according to
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[138]. Briefly, iPSCs were passaged to new wells at a concentration of approximately 80 colony

aggregates per well, in TeSR-E8 with 5 µM thiazovivin. The next day ("Day 0" of differentiation),

TeSR-E8 medium was removed and replaced with 2 mL/well of Medium A from the STEMdiff

Hematopoietic Kit (STEMCELL Technologies). On Day 2 of differentiation, 50% of the media was

replaced with fresh Medium A. On Day 3 (or day 4, if colonies had not yet taken on the flattened

morphology shown in [138]), Medium A was removed and replaced with 2 mL/well Medium B. On

days 5, 7, and 9, 1 mL/well fresh Medium B was added to existing media. Non-adherent cells

(iHPCs) were collected on days 10 and 12. Conditioned media was returned to wells on day 10 to

allow for collection on day 12. The collected iHPCs were either frozen in BamBanker Cell Freezing

Medium or passaged into fresh wells for iMGL differentiation.

iMGL differentiation

iMGL differentiation was carried out as in [138]. Fresh or thawed iHPCs were added to Matrigel-

coated 6-well plates at 105 cells per well, in 2 mL/well basal iMGL medium. iMGL medium

consisted of DMEM/F12, 2X insulin-transferrin-selenite, 2X B27, 0.5X N2, 1X GlutaMAX, 1X non-

essential amino acids (NEAA), 400 µM monothioglycerol, and 5 µg/mL human insulin. Immediately

before feeding, media was supplemented with 100 ng/mL IL-34, 50 ng/mL TGFβ1, and 25 ng/mL

M-CSF. iMGLs were fed every other day up through day 24 by adding 1 mL/well basal media

plus cytokines to existing media. On days 12 and 25, partial media changes were performed as

follows: All but 1 mL of conditioned media from each well was collected and centrifuged at 300xG

for 5 minutes. Collected media was aspirated and the cell pellet was resuspended in 1 mL/well

fresh media plus cytokines. 1 mL/well of resuspended cells were added back to wells. On day 25,

the fresh media included the three cytokines listed above plus 100 ng/mL CD200 and 100 ng/mL

CX3CL1. On day 27, 1 mL/well of maturation media (iMGL media containing all 5 cytokines) was

added to the existing media. Cells were ready for experimentation on day 28 but could be kept in

culture for up to one week if fed every other day with maturation media.

For some studies, a shorter 2-week differentiation protocol was used. On day 12 of differentiation,

media was partially changed as in the 4-week protocol, but the fresh media was maturation media
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as in day 25 of the 4-week protocol. On day 14, 1 mL/well of maturation media was added, and

cells were ready for experimentation on day 15.

In Vitro Assays

Western blot

Levels of ERCC1 and DNA damage were quantified using Western blot. Primary antibodies

used for Western blot include ERCC1 (Cell Signaling Technology, Abcam), GAPDH, Lamin B1,

p16INK4A (Abcam), XPF, and XPA (Cell Signaling Technology).

To obtain whole-cell lysates, cells were lysed in 1X RIPA buffer with added 1X Halt Protease

Inhibitor Cocktail and 1X Halt Phosphatase Inhibitor Cocktail (ThermoFisher Scientific). Lysates

were stored at -80◦C until analysis. All lysate concentrations were quantified using the Pierce BCA

Protein Assay Kit (ThermoFisher Scientific) prior to use in Western blots.

Phagocytosis assays

Phagocytosis was measured kinetically using the Incucyte Live Imaging System (Sartorius).

iMGLs were plated at 6x104 cells per well in 96-well plates coated with fibronectin. 100 µL iMGL

media with 1:1000 NucLight Rapid Red Reagent (Sartorius) was added to each well and plates

were incubated at 37◦C for 1 hour or overnight to allow the iMGLs to adhere. 20 µL of iMGL media

mixed with phagocytosis substrate was then added to each treatment well, and 20 µL of unaltered

iMGL media was added to each control well. Plates were placed inside the IncuCyte, imaged every

15 minutes to 4 hours at 10X magnification, and analyzed using the provided Incucyte software. If

experiments continued beyond 48 hours, cells were fed by adding an additional 50 µL fresh iMGL

media every 2 days.

Final concentrations for substrates were as follows: 2 µg/mL and 5 µg/mL fibril Aβ42, and 25 µg/mL

and 50 µg/mL pHrodo-tagged synaptosomes.
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Preparation of fibril Aβββ42

1 mg of fluorescent monomeric Aβ42 (AnaSpec) was dissolved in 100 µL 1% NaOH to a

concentration of 1 mg/mL. The mixture was further diluted to 100 µg/mL with nuclease-free water,

and incubated at 37◦C for 7 days to create fibrils.

Proliferation and differentiation

3 wells each of WT and ERCC1KO cells were counted manually every 4 days during iMGL

differentiation beginning on day 2. Wells were scraped with a cell scraper to collect both adherent

and non-adherent cells, and cells were centrifuged at 300xG for 5 minutes. Conditioned media

was placed into fresh Matrigel-coated plates, and the cell pellet was resuspended in 1 mL fresh

media. 10 µL cells were added to 10 µL of Trypan Blue and counted in the TC20 Automated Cell

Counter (Bio-Rad). Fresh media was added to resuspended cells to total 1 mL/well, and 1 mL/well

of cell mixture was added to wells with conditioned media.

RNA extraction and sequencing of in vitro cells

To perform bulk RNA sequencing of iMGLs, mature WT and ERCC1KO iMGLs were collected from

6-well plates with approximately 1x106 cells per sample, and 4-5 samples per group. RNA was

extracted using the RNeasy Mini Kit (Qiagen), including the optional DNase digestion steps. RNA

pellets were re-suspended in RNAse-free water, quantified with NanoDrop, and frozen at -80◦C.

Samples were sequenced using the Illumina HiSeq 4000 System. One group of 4 WT and 4 KO

samples was exposed to 1 µg/mL fibril Aβ42 for 24 hours prior to lysis.
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Mouse Studies

Mice

We used three mouse strains for transplant experiments. For the pilot 2-month transplant study,

we used hCSF1-WT and hCSF1-PS5x mice. The hCSF1-WT model lacks T cells, B cells, and NK

cells, and contains humanized CSF1 to promote human hematopoietic cell survival and deletions

in Rag2 and Il2rγ to enable xenotransplantation (Rag2-/-; Il2rγ -/y; CSF1h, The Jackson Laboratory

#017708). hCSF1-PS5x mice were generated by backcrossing 5XFAD mice (MMRRC Strain

#034848-JAX) and PS19 mice (Jax #008169) onto the hCSF1 background as detailed in [139].

For the 4-month transplant study we used MITRG mice, which also lack T cells, B cells, and

NK cells, and contain several humanized proteins to promote microglial growth (Rag2-/-; Il2rγ -/y;

CSF1h; IL-3/CSF2h; TPOh, The Jackson Laboratory).

Xenotransplantation

Xenotransplants of iHPCs were conducted using our established and validated protocol [22].

Briefly, iPSCs were differentiated to iHPCs as in [138]. For the 2-month pilot study, iHPCs were

transplanted into female postnatal day 3 (P3) hCSF1-WT or hCSF1-PS5x pups. For the 4-month

study, iHPCs were transplanted into female postnatal day 2 (P2) MITRG pups. Prior to transplant,

pups were placed on ice for 2-3 minutes to induce hypothermic anesthesia. After confirming

anesthesia, pups were injected with 1 µL of iHPCs (62.5K cells/µL in sterile DPBS) at each of 8

injection sites (4 locations at 2 depths). After injection, mice were returned to their home cages

and weaned at P21.

Brain tissue and xMG collection

Animals were euthanized and brain tissue collected as in [22]. Briefly, mice were administered

Euthasol, and after verification of loss of consciousness, intracardially perfused with ice cold 1X
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DPBS. Half brains from each mouse were reserved for single-cell RNA sequencing. The other half

of each brain was drop fixed in 4% (w/v) PFA for 48 hours, and then cryoprotected in 30% (w/v)

sucrose. Preserved brains were sliced into 30 µm thick coronal sections on a sliding microtome,

and collected in PBS with 0.05% sodium azide.

Immunohistochemistry

Tissue sections were blocked for 1 h in 1X PBS, 0.2% Triton X-100, and 10% goat or donkey

serum. After blocking, tissue was placed in 1X PBS, 1% goat or donkey serum with primary

antibodies, and left overnight on a shaker at 4◦C. Sections were incubated in fluorescent

secondary antibodies for 1 h at room temperature, washed, and mounted on microscope slides.

Tissue was imaged using the Olympus FluoView Confocal Microscope. Images were analyzed

using Imaris, ImageJ, and a modified version of 3DMorph [140] (see below). Primary antibodies

included Iba-1, human Ku80, and HLA-DR.

Morphological analysis

Morphological analysis on stained brain slices was done using a modified version of 3DMorph

[140]. Some key changes we have implemented include additional thresholding to find cell nuclei

prior to cell segmentation, nucleus-based segmentation rather than size-based segmentation, and

alteration of segmentation algorithm to use geodesic distance rather than Euclidean distance.

A full list of modifications and code can be accessed on GitHub at https://github.com/

jaclynrbeck/3DMorph.

10x single cell RNA sequencing of xMGs

Single-cell RNA sequencing was carried out on xMGs from 4-month-old female MITRG mice.

Extraction was performed as in [141]. Briefly, anesthetized mice were intracardially perfused with

1X DPBS, half brains were dissected, and the cerebellum was removed. Brains were manually
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homogenized using a 7mL Dounce homogenizer and then run through a pre-soaked 70 µm filter.

The sample was pelleted by centrifugation, resuspended in 30% Percoll overlaid with 2 mL of

1X DPBS, and centrifuged again. The myelin band and supernatant were discarded and cell

pellets were resuspended in 80 µL MACS buffer (0.5% BSA in 1X DPBS) + 20 µL Mouse Cell

Removal beads (Miltenyi) and incubated at 4◦C for 15 min. Magnetically labelled mouse cells

were separated using LS columns and the MidiMACs separator (Miltenyi) while the unlabeled

human cells were collected in the flow through. Human cells were then pelleted by centrifugation

and dead cells were magnetically removed using the Dead Cell Removal kit, Annexin V (Stem Cell

Technologies) according to manufacturer protocol. Live cells were centrifuged, resuspended in

50–100 µL of MACS buffer, and concentrations were determined by counting on a hemocytometer.

Final cell concentrations were then adjusted to 900-1,000 cells/µL per sample.

Libraries were prepared from 3 WT and 3 KO samples, according to the 10x Genomics Chromium

Single Cell 3’ Reagent Kits User Guide (v3.1 Chemistry) except that sample volumes containing

25,000 cells were loaded onto the 10X Genomics flow cell in order to capture around 10,000 total

cells. The 10x Genomics workflow was then followed according to the user guide and libraries

were sequenced on an Illumina NovaSeq 6000 targeting 50,000 reads per cell. FASTQ files

from each sample were aligned to the human GRCh38 transcriptome using the CellRanger 6.0.1

count command, using the "refdata-gex-GRCh38-2020-A" pre-built reference provided by 10x

Genomics. The count command was run with "expect-cells" set to 10,000, "include-introns", and

all other arguments set to default. Results from all samples were combined using the CellRanger

aggr command, with “normalize” set to none.

Samples were extracted and sequenced in two separate batches, with Batch 1 containing 2 WT

and 2 KO samples and Batch 2 containing 1 WT and 1 KO sample.
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Data Analysis

Statistical methods

An unpaired, two-tailed student’s T test was used to determine statistical significance in Western

blot and IHC data. For Incucyte assays, 2-way ANOVAs with post-hoc pairwise comparisons were

conducted to examine interactions between iMGL genotype and time.

Analysis of Bulk RNA sequencing data

Bulk FASTQ files were preprocessed using BBDuk [142] to filter out ribosomal RNA and PhiX

reads, trim Illumina adapters, and to quality trim any base pairs below a PHRED score of

10. FASTQC [143] was then performed to verify the quality of the sequencing files and all

files were determined to be of sufficient quality for downstream processing. Reads were then

pseudoaligned to the human GRCh38.p12 transcriptome (Ensembl release 94) [144, 145] using

Kallisto [146]. Transcripts were summarized to the gene level in R using tximport [147], and

differential gene expression (DGE) analysis was performed using DESeq2 [148] after removing

genes with summed counts < 10. An FDR cutoff of 0.05 was used to determine significance for

DGE analysis.

DGE sets were analyzed for comparisons between in vitro WT and ERCC1KO iMGLs, with or

without exposure to Aβ. Gene Set Enrichment Analysis (GSEA) [149] was performed using

pre-ranked analysis to analyze pathways that are enriched in these DGE sets. Results were

ranked by sign(fold change)∗-log10(adjusted p value) for analysis. Results were compared

to MSigDB’s Gene Ontology database (c5.all.v7.1.symbols.gmt) and REACTOME database

(c2.cp.reactome.v7.1.symbols.gmt). DGEs were also compared to existing human microglia bulk

RNA sets and analyses across a range of ages [43, 150].
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Analysis of single cell RNA sequencing data

Single-cell analysis was conducted in R using the Seurat package (version 4.1.0) [151]. A Seurat

object was created from the filtered count matrix of all samples, as output by CellRanger aggr,

using min_cells = 10 and min_features = 200. The data set was filtered to retain only cells that had

at least 1,200 genes expressed, less than 5% mitochondrial gene expression, and between 1.2%

and 20% ribosomal gene expression. Batch 1 (containing 2 WT and 2 KO samples) had higher

overall counts for every sample, so Batch 1 samples were additionally thresholded to retain cells

with at least 2,000 expressed genes. To remove potential doublets, 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 4.0 were removed. These parameters were determined by visual

inspection of cell distribution along these variables.

As there were clear batch differences between samples, LIGER was used to integrate the samples

for clustering and display. The LIGER functions optimizeALS and quantile_norm were run with

k=40, and the resulting dimensional reduction was added back to the Seurat object. The Seurat

functions RunUMAP, FindNeighbors, and FindClusters were run using the LIGER reduction with

dimensions 1-40 and a cluster resolution of 0.1. At this point, three small clusters were removed

due to high expression of hemoglobin genes (HBA1, HBB, HBD) or high expression of monocyte

genes (RNASE1, SELEOP, CD163) in combination with low expression of microglial marker genes

(CX3CR1, P2RY12, P2RY13). This left a total of 36,437 cells distributed across samples as

follows: WT-1 (4,189 cells), WT-2 (4,838 cells), WT-3 (9,550 cells), KO-1 (3,061 cells), KO-2 (6,560

cells), KO-3 (8,269 cells).

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,

percent mitochondrial genes, and percent ribosomal genes 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.
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Gene Ontology analysis was performed using PANTHER, using differentially expressed genes as

input. GO terms with an enrichment FDR ≤ 0.05 were considered significant. Single cell gene

set enrichment analysis (GSEA) was performed using the R package fgsea (version 1.16.0) [149,

152]. The list of differentially expressed genes (DEGs) between ERCC1KO and WT cells was input

using the average log-2-fold change as the rank. DEGs were compared to the Reactome pathway

gene set [114], which was retrieved using the R package msigdbr (version 7.4.1) [153]. Reactome

terms with a p value ≤ 0.05 were considered significant.

Results

Creation of ERCC1 genetic knockout iPSCs

To create a model of premature aging in iPSCs, CRISPR gene editing was used to knock out

the ERCC1 gene on a healthy patient cell line referred to as "ADRC5". Patient studies show that

COFS and CS only manifest in patients homozygous for disease-causing ERCC1 mutations which

result in almost no expression of ERCC1 [135, 136], so we created a homozygous knockout of the

ERCC1 gene by introducing a premature stop codon in exon 2 of both alleles (Figure 2.1A). The

unaltered wild-type line (ADRC5-WT) was used as an isogenic control.

Although Sanger sequencing revealed homozygous incorporation of premature stop codons within

exon 2, Western blots of ERCC1 expression levels surprisingly revealed that the ERCC1KO line

still has some expression of ERCC1 (Figures 2.1B–C). Exon 2 is contained in every known splice

variant of ERCC1, however it is possible that this cell line was able to up-regulate an unknown

variant to maintain some ERCC1 function. The ERCC1KO line exhibited reduced growth rates,

suggesting that in vitro selective pressure may have promoted the induction of a novel splicing

variant to provide some degree of ERCC1 activity and iPSC survival. However, we have also

been unable to rule out other explanations such as antibody non-specificity or antibody detection

of truncated non-functional ERCC1 protein. Regardless of the reason, the significant decrease
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Figure 2.1: Verification of ERCC1 knockout in the ADRC5 iPSC line. (A) Chromatogram of
ADRC5 clone shows homozygous deletion in exon 2 of the ERCC1 gene, leading to premature
stop codons approximately 150 base pairs downstream. (B) Example lanes from a Western blot
of ADRC5-WT and ADRC5-ERCC1-KO iPSCs. (C) Western blot data shows a large decrease but
not complete knockout of ERCC1 expression in ERCC1KO iPSCs. n = 4 WT, 4 KO samples.

in ERCC1 protein expression in ERCC1KO cells was enough to cause noticeable differences in

microglial function in the experiments detailed below.

DNA damage and iMGL differentiation are affected by ERCC1 KO

After verification of ERCC1 protein reduction, we next assessed levels of DNA damage with

Western blots of WT and KO iMGLs. We examined γH2AX, a marker for double-stranded breaks,

p16INK4A, a marker of cell senescence, XPF, which forms a dimer with ERCC1, XPG, which
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cuts DNA on the opposite side of the damage as ERCC1-XPF, and XPA, which recognizes DNA

damage in the NER pathway. As expected, levels of XPF were decreased in ERCC1KO cells

(Figure 2.2B). There was no significant difference in the expression of p16INK4a, XPG, or XPA

(Figures 2.2C–E). Unexpectedly, the level of γH2AX was significantly lower in ERCC1KO cells

(Figure 2.2F), and this particular result has been replicated in multiple experiments.

This unusual result could have a number of potential explanations. For example, DNA damage,

especially double-strand breaks, can prevent cells from proliferating [154, 155]. Positive selection

pressure on iPSCs and iHPCs would therefore select for ERCC1KO cells with the least DNA

damage. ERCC1 also creates DSBs to facilitate ICL repair [156, 157], and loss of ERCC1 would

result in decreased creation of DSBs from this source of damage. It is important to note that these

blots were normalized with Lamin B1, which is known to decrease with lowered levels of ERCC1

[158, 159], and the normalized values for ERCC1KO cells may have been slightly altered by this

effect.

To examine proliferation and survival, WT and KO cells were counted after HPC differentiation and

periodically during the iMGL differentiation cycle. While cells from both lines grow comparably

at the iPSC stage, ERCC1 KO has a clear detrimental effect on differentiation from iPSCs to

iHPCs (Figure 2.2G) and from iHPCs to iMGLs (Figures 2.2H–I). Live imaging experiments using

Caspase 3/7 as a marker for apoptosis revealed that mature ERCC1KO iMGLs do not have a

significantly increased rate of death compared to WT iMGLs. This makes it likely that the effect

on differentiation is due to decreased proliferation or a lowered ability to differentiate, rather than

increased cell death.

ERCC1 KO significantly impacts microglial phagocytosis in vitro

We conducted several live imaging experiments on iMGLs in an Incucyte Live Cell Analysis System

to examine the impact of ERCC1 KO on microglial-specific functions like phagocytosis. iMGLs

were given either pHrodo-tagged synaptosomes or fluorescent fibril Aβ42, both of which only
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Figure 2.2: Analysis of DNA damage markers and differentiation. A) Example lanes from
a Western blot, normalized to Lamin B1. B) XPF expression is decreased in ERCC1KO iMGLs.
C-E) No significant difference was found in p16, a marker of senescence, or XPG and XPA,
markers of DNA damage. F) γH2AX expression was surprisingly lowered in ERCC1KO iMGLs.
n = 3 WT, 3 KO samples. G) Cell count of WT and ERCC1KO HPCs gathered from using one
StemDiff Hematopoietic Differentiation Kit each on iPSCs from each genotype. H) Cell count of
iMGLs created from a 12-day differentiation of HPCs. Each genotype started differentiation with
1.2 million HPCs. I) Manual count every 4 days of iMGLs during differentiation. Each genotype
started with 600,000 HPCs.
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fluoresce brightly when in an acidic environment like a cell lysosome (Figure 2.3A). We found

that ERCC1 KO had a significant effect on phagocytosis of both substrates.

ERCC1KO cells had significantly reduced uptake of synaptosomes in a dose-dependent manner.

We found that after 18 hours, nearly 100% of WT cells contained synaptosomes, regardless

of dose, but only 60-70% of the KO cells had detectable fluorescence from synaptosome

uptake (Figure 2.3B). Additionally, among the cells that had detectable internal fluorescence, the

average level of fluorescence inside of each cell was much higher in WT cells than in KO cells,

independent of dose (Figure 2.3C). Assuming brightness is correlated with internal concentration

of synaptosomes, this suggests that KO cells did not ingest as many synaptosomes as WT cells.

These two measures indicate that ERCC1 KO decreases a cell’s ability to recognize or ingest

synaptosomes. This result would be consistent with a more aged phenotype, as a major function

of young microglia is synaptic pruning and this function is down-regulated after puberty [160].

In contrast, ERCC1 KO seemed to slightly increase Aβ phagocytosis. We found that initially, more

ERCC1KO cells than WT cells had detectable levels of Aβ inside them, independent of dose, but

that this gap narrowed over the course of 24 hours (Figure 2.3D). This suggests an initial increased

activation in KO cells that normalizes to WT levels over time. Curiously, we found no difference in

the amount of Aβ ingested between WT and KO cells with detectable fluorescence (Figure 2.3E).

From this data it appears that ERCC1 KO does not unilaterally decrease phagocytic function but

rather affects cells in a substrate-dependent manner.

ERCC1 KO changes expression of over 400 genes in vitro

Bulk RNA sequencing of in vitro WT and KO iMGLs revealed 443 significantly differentially

expressed genes with a log fold change ≥ 1 or ≤ -1 (Figure 2.4A), one of which was ERCC1.

1482 genes were changed in total, including those with a log fold change < 1. Of those genes,

67 genes were known to change with aging according to [43] (Figures 2.4B–C). Oddly, many of

the aging-related genes were changed in the opposite direction as expected. We hypothesize

that this may be due to changes induced by the in vitro environment. Specifically, iMGLs are
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Figure 2.3: ERCC1 deletion affects microglial phagocytosis of synaptosomes and Aβββ.
A) Example images from the Incucyte Live Imaging System, containing iMGLs, pHrodo-tagged
synaptosomes, and nuclear marker NucLight Rapid Red Reagent. B) Percentage of each cell
population with detectable synaptosome fluorescence. C) Mean intensity of each each detectable
synaptosome cluster. D) Percentage of each cell population with detectable Aβ fluorescence. E)
Mean intensity of each detectable Aβ cluster.
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grown by themselves with no neurons or other glia for interaction. iMGL media also contains

homeostasis-inducing cytokines including TGFβ and CD200, which may be preventing some of

the expected priming, activation, and dysfunction we would expect from aging cells. Significant

changes in gene expression between in vivo and in vitro microglia have been documented [161],

which demonstrates the necessity of using in vivo models. Another potential explanation is the

type of comparisons carried out in [43], where the youngest patient in the study was 34 years old.

Therefore, gene changes from that data set reflect changes with aging from adulthood onward,

while we expect our data to be more similar to a comparison between older adult microglia and

fetal microglia.

Some gene changes hint at mechanisms that may drive the alteration of differentiation and

phagocytosis seen in (Figure 2.3). ERCC1KO cells significantly up-regulate MSR1, a receptor for

Aβ, which could explain the increased initial response to Aβin phagocytosis assays. Conversely,

they down-regulate C2, a necessary component of the synapse engulfment pathway [160], which

would result in lower synaptosome phagocytosis. This finding is also consistent with a study

finding downregulation of C2 with age in human microglia [43].

To assess which functions and pathways were most affected by these gene changes, we

performed Gene Set Enrichment Analysis (GSEA) on this data (Figure 2.4D). Only one GO term

(Cell Adhesion) is up-regulated, while 34 are down-regulated. The majority of down-regulated GO

terms involve immune response, indicating a general decrease in immune function in ERCC1KO

cells.

ERCC1 KO changes genetic response to Aβββ

Bulk RNA sequencing was also performed on iMGLs that had been exposed to fibril Aβ42 for

24 hours. As seen by the clustering in (Figure 2.5A), Aβ exposure has a stronger effect than

genotype on gene expression. However, when analyzing only the Aβ-exposed groups, nearly 2500

genes are changed between ERCC1KO and WT iMGLs (Figure 2.5B). MSR1, a receptor for Aβ,

is up-regulated in ERCC1KO cells, while other immune-response genes including CD14, LGALS3,
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Figure 2.4: Differential gene expression between WT and ERCC1KO iMGLs. A) Top 100
differentially-expressed genes (DEGs). Microglia "signature" genes [161] are highlighted. B)
Significantly-changed genes known to increase with aging according to [43]. C) Significantly-
changed genes known to decrease with aging according to [43]. D) Gene Ontology (GO) terms
that are enriched in the set of DEGs.

and IL1A are down-regulated. Surprisingly, TREM2, another Aβ receptor, is down-regulated in

ERCC1KO iMGLs exposed to Aβ, which could indicate some dysfunctional signaling.

We also conducted GSEA on the set of genes changed between ERCC1KO and WT iMGLs

when exposed to Aβ. 161 GO terms were significantly enriched in this gene set (FDR ≤ 0.05)

(Figure 2.6). Interestingly, exposure to Aβ causes ERCC1KO cells to up-regulate several DNA

repair mechanisms, including double-strand break repair. In addition to a general decrease in

immune response, ERCC1KO iMGLs also down-regulate GO terms related to protein processing
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and clearance, including "Macromolecule Catabolic Process," "Proteolysis," and "Regulation of

Protein Catabolic Process." However, in contrast to the "primed" phenotype of aged and Ercc1∆/-

microglia in [47, 137], ERCC1KO cells exposed to Aβ appear to down-regulate both cytokine

production and cytokine response (Figure 2.3D).

Transplanted ERCC1KO iHPCs successfully differentiate into microglia

Our lab has developed a reliable protocol for transplanting iHPCs into chimeric mice, where the

iHPCs proliferate, differentiate to microglia, and spread throughout the brain [22]. Although mice

with body-wide Ercc1-mutations have good survival until 4-6 months of age [47, 137, 162], it was

unknown whether ERCC1KO iHPCs could be successfully transplanted into chimeric mice and

whether they would survive as microglia.

We conducted a preliminary 2-month-long transplantation study with WT and ERCC1KO iHPCs.

Cells were transplanted into female hCSF1-WT and hCSF1-PS5x mouse pups on postnatal day 3,

and the transplanted mice were sacrificed at 2 months of age. Two PS5x mice were used due to a

limited number of WT pups, however at 2 months these mice should not have developed enough

amyloid pathology to significantly affect the microglia for the purposes of this study. Transplants

were done as follows:

iHPC Genotype Number of Mice Transplanted

ERCC1KO 4 WT / 0 AD
WT 2 WT / 2 AD

Mouse brain tissue was stained with antibodies against Iba-1, human Ku80, and HLA-DR and we

imaged the dentate gyrus (DG, gray matter) and the fimbria fornyx (fi, white matter) of each mouse.

Overall brain engraftment for both WT and ERCC1KO cells was poor, possibly due to performing

transplants on P3 instead of P1 or P2, however both cell lines presented with a high number of

human microglia in the DG and fi (Figures 2.7A–B). Analysis of these images show that there was

no significant difference between WT and ERCC1KO xMGs in count or morphology (Figure 2.7C).
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Figure 2.5: Differential gene expression upon exposure to fibril Aβββ. A) Comparison of
exposed and non-exposed iMGLs reveals that Aβ exposure has a stronger effect on gene
expression than genotype. B) Top 100 differentially expressed genes between ERCC1KO and
WT iMGLs after 24 hours of Aβ exposure.
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Figure 2.6: GSEA for differential gene expression after Aβββ exposure. A) Enriched GO terms
that are up-regulated in ERCC1KO iMGLs after exposure to Aβ. B) Enriched GO terms that are
down-regulated in ERCC1KO iMGLs after exposure to Aβ. Only the top 50 down-regulated GO
terms are shown.

This transplant study showed that the ERCC1KO iPSC line is capable of proliferating and

differentiating in the mouse brain to roughly the same extent as the WT iPSC line, and can survive

at least two months in the murine brain without apparent detrimental effects.

Transplanted ERCC1KO microglia display signs of immune dysfunction

To examine whether ERCC1KO microglia exhibit signs of premature aging in vivo, we transplanted

WT and ERCC1KO iHPCs into female WT-MITRG pups and sacrificed the mice when they were 4

months old. We then performed single-cell RNA sequencing on purified xMGs from the mice.

Dimensional reduction and clustering of all samples shows a large population of homeostatic

microglia, which express HEXB, P2RY12, and CX3CR1, and multiple smaller specialized

clusters (Figure 2.8A). These include disease-associated microglia (DAM), characterized by high
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Figure 2.7: Xenotransplanted ERCC1KO microglia survive in the murine brain. A-B) Iba+
ERCC1KO microglia in the Dentate Gyrus (A) and Fimbria Fornix (B) of a 2 month old mouse. C)
No significant difference was seen between WT and ERCC1KO microglia along multiple measures.
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Figure 2.8: Single-cell RNA sequencing reveals a largely homeostatic population. A) UMAP
of combined WT and KO cells reveals clusters based on different microglial functionality. B) No
significant difference in population distribution was seen between WT and ERCC1KO microglia. C)
The top 5 most up-regulated genes in each cluster. Sample n = 3 WT, 3 KO.

expression of multiple DAM markers including TREM2, APOE, and ITGAX/Cd11c, two clusters

that express high levels of interferon response genes (ISGs), and a cluster with high expression

of CD34 and MHC II genes (Figure 2.8C). Surprisingly, we saw no significant differences in

population composition between WT and KO samples (Figure 2.8B), suggesting that in the

absence of any major immune challenge, the ERCC1KO cells remain largely homeostatic.

Differential gene expression (DGE) analysis between WT and KO xMGs revealed 1,080

significantly changed genes, many related to essential immune functions (Figure 2.9A). ERCC1KO
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cells have increased expression of genes related to interferon signaling (BST2, STAT1, MX1, IRF7)

and several genes that have been shown to be enriched in DAMs (CLEC7A, ITGAX, AXL, SPP1,

APOE). However, these cells also exhibit decreased expression of some other activation genes

including TSPO, CD68, and LPL, and downregulated expression of complement-related genes

(C1QA, C1QB, C1QC, C2) and several HLA genes. Consistent with the observed lack of changes

in the DAM cluster, these data suggest that the precise "activation state" of ERCC1KO cells is more

nuanced than a typical amyloid-responsive DAM phenotype.

Gene set enrichment analysis (GSEA) of differential genes further revealed an increased

enrichment of Reactome pathways related to interferon signaling and cytokine signaling in

ERCC1KO microglia, despite their largely homeostatic phenotype. In contrast, ERCC1KO microglia

exhibit decreased enrichment for pathways related to response to reactive oxygen species,

autophagy, complement signaling, and antigen presentation (Figure 2.9B). Combined, this

suggests a dysregulation of important immune functions as well as a decreased ability to deal

with stress in ERCC1KO cells.
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Figure 2.9: Differential gene expression analysis of WT and KO cells. A) The top 100 up- or
down-regulated genes between KO and WT samples. B) Reactome pathways that are positively
or negatively enriched in ERCC1 KO cells.
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DISCUSSION

Despite 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 [163]. It therefore remains critically important to improve

our understanding of the cell types and mechanisms that underlie this devastating disease. Within

the last decade, a great deal of progress has been made in our collective understanding regarding

the role of microglia and 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 and sometimes infiltrate the CNS are likely important in the development and

progression of AD and other neurodegenerative disorders.

T cells infiltrate the brain in AD and respond to amyloid pathology

To further advance our understanding of the potential role of adaptive immunity in AD, we coupled

traditional immunological methods, including flow cytometry and bone marrow transplantation

paradigms, with modern approaches such as single cell RNA sequencing and TCR repertoire

analysis. Using these complementary methods, we have found that memory CD8+ T cells infiltrate

the brains of AD mice in vivo and proliferate in response to an AD-like environment in vitro. We

first explored the role of the adaptive immune system in AD by using bone marrow transplantation

into the Rag-5XFAD immune-deficient AD mouse model. These initial experiments demonstrated

that a significant amount of memory cytotoxic T cells respond to AD brain-derived signals and

infiltrate the brain. Our immunohistochemical analysis further revealed that transplanted T cells

can be observed adjacent to and even surrounded by microglial processes, confirming that direct

interaction and even antigen presentation by microglia which can express both MHCI and MHCII

molecules likely occurs within the brain of AD mice [67, 91].
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To further understand which aspects of AD pathology enhance the recruitment of T cells to the

brain, we utilized three different immune-intact AD mouse models: 5XFAD mice which develop

amyloid plaques, PS19 mice which develop tau tangles, and PS-5X biogenic mice that develop

both hallmark AD pathologies. We examined mice across multiple ages finding that memory

CD8+ T cells are significantly elevated in both male and female bigenic PS-5X mouse brains at 6-,

9-, and 12-months of age.

Using co-culture experiments we further demonstrated that 5X brain samples elicit robust

proliferation of T cells derived from 5X deep cervical lymph nodes. In contrast, co-culture of 5X T

cells with WT brain tissue samples or co-culture of WT T cells with either WT or 5X tissue samples

has little effect on T cell proliferation. These experiments further confirm that amyloid-associated

pathology induces memory CD8 activation in response to AD mouse brain samples. While these

in vitro findings are exciting, they also point to the need to pursue additional experiments to

determine whether cytotoxic T cell responses are triggered specifically by amyloid pathology itself

or in response to some other downstream pathological component such as neuronal apoptosis.

To examine infiltrating T cells at the single cell level, we conducted single cell sequencing of

RNA and T cell receptors (TCRs). Our RNA-seq analysis of infiltrating T cells revealed that the

majority of sequenced cells expressed markers of memory T cells and were antigen-experienced.

Many of these cells also expressed markers of tissue residency, suggesting that they had ceased

circulating and instead remained within the brain. The largest population of brain-infiltrating cells

were CD8+ cytotoxic T cells, with smaller populations of CD4 helper and γδ cells also detected.

Corroborating our flow cytometry and co-culture experiments, we detected a significant increase

in the proportion of antigen-experienced CD8+ cytotoxic T cells in the 5XFAD and PS-5X mice,

but not PS19 or WT mice, suggesting amyloid-driven recruitment of CD8 T cells to the brain.

Differential gene expression analysis between genotypes 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. Clustering analysis also revealed a distinct sub-population of cells

that express high levels of these genes, composed primarily of PS-5X and 5XFAD cells. This

suggests that amyloid induces pro-inflammatory interferon-driven signaling between cytotoxic T
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cells and other cell types. However, it is unclear whether this heightened interferon signaling

arises primarily from T cells or from other cell types such as degenerating neurons or other brain

resident cells. Type I interferon responses from plaque-associated microglia have been shown to

enhance inflammation and drive synaptic loss in AD mice [164]. However, the role and impact of

interferon-responsive T cells remains unclear. Future studies will likely be needed to determine

whether IFN-responsive T cells similarly drive synaptic degeneration and/or enhance the microglial

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 within the brain of AD mice that may be affected by these AD 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 [165], and IL-17-secreting γδ cells in the brain have been shown to negatively affect cognition

in an AD mouse model [95] and to elicit harmful effects in other neurological diseases [78, 166].

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 [77, 167]. 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 as well as the impact of γδ cells on AD neuropathologies.

Finally, 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 cell function. We identified several clonally-expanded TCRs within CD8

cytotoxic cells from 5XFAD and PS-5X mice. Furthermore, we compared these TCRs to databases

of known TCR/epitope pairs, and many of these clonal TCRs show little-to-no similarity with

known mouse TCR sequences, suggesting they are responsive to novel, as of yet unidentified

antigens. While the prevalence of these novel clones in 5XFAD and PS-5X mice suggests they

may recognize amyloid-related epitopes, it is also quite possible that these TCRs bind to other

neoepitopes that are exposed in response to AD neuropathologies. Fortunately, novel approaches
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have recently been developed to utilize paired alpha and beta TCR sequences to specifically

identify candidate antigens [168]. Thus, future studies can utilize the current dataset to pursue

this goal.

Taken together this study has shown that cytotoxic T cells infiltrate the brains of AD model mice

and adopt an effector memory phenotype indicative of an antigen-experienced and proliferative

response. Single cell sequencing coupled with TCR repertoire analysis further demonstrates that

these phenotypes are induced by amyloid-related processes and that AD risk genes expression

is enriched within these infiltrating T cell populations. Based on these findings, future studies

should determine the impact of specific T cell subpopulations and AD risk gene expression on AD

pathologies, synaptic loss, and neurodegeneration.

Validating ERCC1 KO as a model of aging in iPSCs

To investigate the uniquely human aspect of aging microglia, we endeavored to induce an

aged phenotype in iPSC-derived microglia through genetic knockout of ERCC1. We created an

iPSC line with homozygous knockout of ERCC1, although these cells appear to still have some

remaining expression of ERCC1 protein (Figure 2.1B) and RNA (Figure 2.9A). However, ERCC1

expression is reduced enough in the ERCC1KO line to significantly affect microglial proliferation

and immune function.

We found a large reduction in yield of ERCC1KO cells during differentiation from iPSC to iMGL.

Live imaging studies found no evidence of an increased rate of apoptosis in ERCC1KO cells, and

we found that xenotransplanted ERCC1KO microglia were able to engraft and survive in the murine

brain for at least 4 months. This suggests that lower yield is likely to be caused by a deficit of either

proliferation or the ability to differentiate, rather than increased cell death.

To examine whether ERCC1 KO induced age-related changes in phagocytosis, we quantified

microglial uptake of synaptosomes and fibril Aβ42 in vitro. We found that ERCC1KO iMGLs have

reduced phagocytosis of synaptosomes in vitro but are more quickly activated by Aβ. Reduced
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synaptosome ingestion is consistent with known age-related changes in microglial pruning.

Microglia prune synapses during early brain development, but this function decreases after

puberty [160, 169]. Studies of microglial aging also show that C2, a necessary protein in synapse

phagocytosis, is down-regulated with aging [43, 150]. We found that C2 is significantly decreased

in ERCC1KO microglia in both our in vitro bulk RNA and our xMG single-cell RNA sequencing

data, suggesting that ERCC1KO iMGLs display alterations in synaptosome phagocytosis that are

consistent with aging.

Conclusions about age-related amyloid phagocytosis are more conflicted. Some studies in mice

have shown that phagocytosis of Aβ is reduced in aged microglia [26, 42], while others show

increased expression of phagocytic receptors for Aβ, such as MSR1 and MRC1, with age in mice

[46, 47], or no significant change of major Aβ receptors in humans [43, 150]. Both MSR1 and

MRC1 are up-regulated in ERCC1KO microglia in vitro, which may explain the increased initial

response to Aβ seen in live imaging experiments (Figure 2.3D). However, neither of these genes

are significantly changed in ERCC1KO xMGs in WT mice, and without exposure to Aβ in vivo it is

unclear whether these cells will have an increased or decreased response.

When we compared differentially expressed genes between WT and ERCC1KO microglia with

other human and mouse microglial aging data sets [43, 47, 150], we found that many genes in

our data set overlapped the reference sets but with the opposite direction of change (Figure 2.9B).

However, there are several confounding issues when comparing our data to these reference sets.

Age-related transcriptomic changes in human microglia and mouse microglia do not have high

overlap [43], so differences between our data and mouse data are to be expected. Both human

data sets obtained microglia from post-mortem tissue with varying post-mortem intervals before

collection, and samples were from a few specific brain regions in the cortex and midbrain. In

contrast, our xMGs were extracted from entire half-brains and therefore include microglia from

all brain regions and from both gray and white matter. Brain region has a significant effect on

microglial transcriptome [49], so we might expect to see some differences between our cells and

the human aging data sets because of this.
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Despite these differences, we did find signs of immune dysregulation and senescence in xMG

single cell RNA sequencing. ERCC1KO xMGs up-regulate many genes related to interferon

signaling despite lack of immune challenge, similar to findings in microglia from aged mice [46, 47,

49]. These cells also up-regulate multiple markers of activation (APOE, ITGAX, AXL) while down-

regulating others (TSPO, CD68, multiple HLA genes), suggesting possible immune dysfunction.

ERCC1KO xMGs also up-regulate several genes relating to cell cycle arrest, including TP53 (p53)

and RB1, and in combination with dysfunctional activation and up-regulation of pro-inflammatory

TNF and anti-inflammatory TGFβ1, this suggests that ERCC1KO cells have a more senescent

phenotype.

While ERCC1KO microglia show multiple genetic and behavioral changes associated with aging,

further exploration is necessary to determine if this model sufficiently creates an aged phenotype.

We do not have data on what a "real" aged xMG transcriptome would look like, so xenotransplanted

WT and KO cells should be examined from both young mice and very aged mice to provide a

direct comparison between ERCC1KO cells and aged xMGs under our experimental conditions.

Additionally, xenotransplanted mice were raised in a fairly sterile and controlled environment, so

they have not been subjected to the many serious immune challenges a human might encounter

in their lifetime. As a consequence, we found that the majority of ERCC1KO cells from these mice

were homeostatic, similar to WT cells (Figure 2.8). Future experiments should examine whether

delivering an immune insult, such as injection of LPS or buildup of Aβ pathology, will result in

chronic activation or priming of ERCC1KO cells consistent with aged microglial responses.
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APPENDIX A: Supplemental Figures

Figure S.1: 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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Figure S.2: Brain Memory CD4+ T cells. (Caption at end of appendix.)
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Figure S.3: Gene expression plots of cluster-defining genes. UMAPs of key genes used
to annotate clusters, as well as several genes showing regions of tissue residence, interferon
response, and proliferative exhaustion.
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Figure S.4: Gene expression plots of CD8- and CD4-specific clustering. (Caption at end of
appendix.)
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Figure S.5: Analysis of CD4+ T cell RNA and TCR expression. (Caption at end of appendix.)
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Figure S.6: Analysis of γδγδγδ cell RNA expression. (Caption at end of appendix.)
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Figure S.2: Brain Memory CD4+ T cells. (A) 6mo female and male PS-5X, PS19, 5XFAD,
and WT CD4+ 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 CD4+ 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 CD4+ 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.

Figure S.4: Gene expression plots of CD8- and CD4-specific clustering. (A) UMAPs of
cluster-defining genes used for CD8-specific cluster annotation, followed by a UMAP showing
the CD8 cell cluster locations in the full data set. (B) Expression of cluster-defining genes for
CD4-specific cluster annotation, followed by a UMAP showing the CD4 cell cluster locations in the
full data set.

Figure S.5: Analysis of CD4+ T cell RNA and TCR expression. (A) Clustering of CD4+ T cells
after removal of CD8+ cells, γδ cells, and double-positive cells. The six clusters were identified by
characteristic markers as T Helper (Itgb1, Fasl, Tnfrsf4), Naive (Sell, Ccr7, Cd44-), Cytotoxic (Prf1,
Gzmk ), Activated (Ccl5++, Cx3cr1, Klrg1), T-regs (Foxp3, Il2ra, Ikzf2), and Proliferating (Mki67,
Top2a). (B) UMAP of clusters split by genotype. Cell populations were randomly downsampled for
each genotype to match the smallest sample size, in order to reveal population differences. (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) Population analysis did not reveal significant differences in cluster proportions between
genotypes. Error bars show maximum and minimum values for genotypes that have two samples.
(E) UMAPs showing expression of several cytotoxic genes is high in both the “Cytotoxic” and
“Activated” clusters, revealing a population of cytotoxic CD4+ cells. (F) Locations of the top 10
clonally expanded clonotypes assigned to CD4+ cells. Percentages are calculated as the number
of CD4+ cells with a given clonotype divided by the total number of the sample’s CD4+ cells with
any identified clonotype.

Figure S.6: Analysis of γδγδγδ cell RNA expression. (A) Clustering of γδ T cells after removal
of CD8+ and CD4+ cells. The three clusters were identified by characteristic markers as γδ-
17 (Il17a, Rorc, Blk ), γδ-1 (Ccl5, Nkg7, Ifng), and Naive/CM-like γδ (Sell, Ccr7, Ccl5, Nkg7 ).
(B) UMAP colored by genotype. (C) Dot plot of the top 5 most up-regulated genes in each
cluster. (D) Population analysis did not reveal significant differences in cluster proportions between
genotypes. Error bars show maximum and minimum values for genotypes that have two samples.
(E) Expression UMAPs of key genes used for cluster annotation, followed by a UMAP showing the
γδ cell cluster locations in the full data set.
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