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Abstract

The amyloid hypothesis hinges on the predominant clinical role of the amyloid beta (AB) peptide in
propagating neurofibrillary tangles and eventual cognitive impairment in Alzheimer’s disease (AD). Recent
research in the AD field has identified the brain resident macrophages, known as microglia, and their
receptors as integral regulators of both the initiation and propagation of inflammation, AB accumulation,
neuronal-loss, and memory decline in AD. Emerging studies have also begun to reveal critical roles for
distinct innate immune pathways in AD pathogenesis, which has led to great interest in harnessing the

innate immune response as a therapeutic strategy to treat AD and other neurodegenerative diseases.

In this dissertation, we highlight recent advances in our understanding of innate immunity and inflammation
in AD onset and progression. Additionally, we discuss findings outlining the ability of many AD risk factors
to influence disease progression via modulation of microglia and immune responses. Microglia remain a
highly targetable cell in neurodegenerative diseases including AD and Multiple Sclerosis (MS). These cells
harbor machinery capable of addressing and clearing disease pathology; therefore, enhancement of
microglial function is a highly sought-after clinical target. The delineation of specific microglial signaling
molecules that modulate cellular response to neurodegenerative pathology is critical for novel treatments

that avoid off-target effects during disease.

Utilizing the 5xFAD mouse model of AD, we unearth the mechanisms by which previously under described
signaling pathways influence microglial response to AR pathology. We identify SYK as the master
coordinator of microglial activation to pathology seen in AD. In fact, SYK is necessary for microglial
clearance of AR in 5xFAD mice and damaged myelin pathology in a model of MS. In addition, we find that
SYK directs neuroprotective and targetable downstream signaling to promote phagocytosis of AR,
including a specific arm of the AKT pathway. These findings uncover a novel microglial signaling molecule
that drives cellular function during neurodegeneration and may aid in understanding the continued

intricacies of microglial responses during disease.

Additional studies outlined in this dissertation delve into the role of CARD9, a molecule found in microglia
and related to fungal response. Using the 5xFAD model, we observe that CARD9 protects against
pathology accumulation and regulates microglial cell number and morphological activation. In addition, we
observe that the activation of CARD9 drives AB clearance. Altogether, these data indicate a novel role for

CARD?9 in regulating microglial response and ultimately pathology progression in AD.

In summary, this dissertation emphasizes the critical nature of microglial signaling downstream of several
receptors implicated in AD. Our work contributes to a more complete understanding of microglial function
and upon further investigation may inform consequential therapeutic targets for neurodegenerative

disease.
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Chapter 1

Introduction

1.1 AD pathology:

Alzheimer’'s disease (AD) is a neurodegenerative disease characterized by neuronal loss,
neuroinflammation, and pronounced memory decline(1, 2). Risk factors for developing this
neurodegenerative disease include age, genetics, sex, brain injury, and various environmental factors (3).
Regardless of origin, neuropathologies consistent among AD patients are amyloid beta (AB) and
neurofibrillary tangle (NFT) deposition (4). AB can deposit in the brain decades prior to clinical symptom
onset and stimulate other AD pathologies such as hyperphosphorylated tau (p-Tau) aggregation which
triggers subsequent NFTs and neuronal death (5-9). These NFTs can mediate neuronal damage that
propagates mild cognitive impairment (MCI) and dementia (10). Given that AB accumulation precedes
NFT formation and memory decline by many years, the focus on AB production has dominated AD
research (10). AB is a cleavage product of amyloid precursor protein (APP) (11). APP cleavage can follow
two pathways: amyloidogenic and nonamyloidogenic. The former has a cleavage event spurred by [3-
secretase and y-secretase to produce neurotoxic AB, while the latter undergoes APP cleavage by a-
secretase and y-secretase to generate distinct products, some of which have important neuroprotective
functions (11, 12).

The AB peptide can act as a building block to produce several distinct higher-order forms of AR, some
of which are more neurotoxic than others (11). For instance, monomers of AB peptide can accumulate to
form oligomers that can travel throughout the brain and constitute the soluble fraction of AB levels in the
AD brain (11). AB oligomers are the most toxic form of AB and have been shown to incite synaptic
dysfunction and neuronal cell death signaling (13). AR oligomers can seed A fibrils to promote the
formation of AR aggregates known as “plaques” (14). Monomers of the AB peptide can have varying
lengths depending on their cleavage (11). However, AB42 and AB40 are the most prevalent in AD
pathogenesis, with AB42 being more likely to incorporate into AR aggregates (15). AD brains are also
marked by dystrophic neurites (16). Dystrophic neurites exhibit axonal transport defects and are often
found surrounding AB plaques (4). Recent evidence suggests that dystrophic neurites can directly
contribute to AD pathology propagation by promoting (-secretase-mediated cleavage of APP and

subsequent AR peptide generation (17).

1.2 Biomarkers:



The identification of biomarkers relating to AD risk and pathology prior to clinical onset has become
an important area of focus in hopes of manipulating AD onset and progression. For decades, the diagnosis
of AD relied on post-mortem brain histological assessment to identify A and NFT pathologies. However,
recent technological advancements in genetic testing, PET imaging, and sampling of the cerebrospinal
fluid (CSF) and blood have opened doors to the possibility of earlier AD diagnosis. There is great hope
that the identification of reliable AD biomarkers will move the field toward preventative medicine; however,

continued progress on this front is needed to make this a reality.

There are two classifications of AD based on disease origin and onset: (1) early-onset AD (EOAD)
(also known as familial AD or FAD) and (2) late-onset AD (LOAD). EOAD accounts for 5% of all AD cases
and is primarily caused by mutations in APP, presenilin-1 (PSEN1), and presenilin-2 (PSEN2), all of which
can lead to elevated levels of total AB and increased production of AB40 and AB42 (18, 19). EOAD often
occurs in individuals younger than 65 years of age (20). In contrast, the origin of LOAD is linked to an
interplay between genetic mutations, environment, and neuroinflammatory responses (21). Interestingly,
many of the mutations linked to LOAD risk are known to affect innate immune signaling pathways (Table
1.1). The most common variant associated with LOAD risk is apolipoprotein E gene (APOE) €4 allele (18).
APOE has three isoforms which include €2, €3, and €4, with €4 being the allele exerting the greatest AD
risk (22). In homeostasis, APOE is synthesized for lipid transport (23). However, during stress, APOE €4
is markedly more susceptible to proteolytic cleavage to generate products that promote NFT formation
and mitochondrial dysfunction, both of which can contribute to AD progression (23). In addition, APOE
has been reported to promote AB aggregation and is often found in large quantities within AB plaques,
further implying its role in AD pathogenesis (24, 25). Patients with the APOE ¢4 allele are at 3-times higher
risk for developing AD (22). The combination of APOE €4 and chronic inflammation further increases risk
for these carriers, emphasizing an important link between genetics and inflammation in AD risk (26). LOAD
is also associated with mutations in receptors expressed by microglia, the brain’s resident immune cells
(27). Recent research shows that multiple microglial receptors are critically involved in A clearance and

that mutations in multiple microglial immune receptors dramatically increases the risk for LOAD (27).

Table 1.1. AD GWAS variants associated with innate immune signaling

Gene Function Variant function in AD References
APOE Lipid transport AB aggregation (23, 24, 28)
APP transcription

Tangle pathology
Mitochondrial dysfunction

TREM2 Inflammatory response AR accumulation (29-31)
Phagocytosis Impaired microglial response
Cellular metabolism
CD33 Cellular activity inhibition AB accumulation (32-35)
CLU Extracellular chaperone Binding of AR (36-38)

Lipid transport
Immune modulation

Complement
ABCA7 Lipid homeostasis APP processing regulation (32, 39, 40)
Cell membrane transport ApB secretion



Impaired phagocytosis

BIN1 Endocytosis Tau propagation (41, 42)
Inflammation Neuronal degeneration
Calcium homeostasis
CR1 Complement AR accumulation (36, 43)
Microglial phagocytosis Inflammation
SORL1 Endocytosis APP processing (44)
Lipid metabolism AB accumulation
IL-34 Survival and differentiation AR neurotoxicity (45-47)
of monocytes
MS4A Calcium signaling Reduced sTREM2 production (32, 33, 48, 49)
gene cluster  Immunity
CD2AP Cytoskeletal dynamics Enhanced AB generation (32, 33, 50)
Endocytosis Tau-induced toxicity
Synapse function
EPHA1 Immunity Uncharacterized (32, 33, 51)
Endocytosis
INPP5D Immunity Inhibition of TREM2 signaling (52, 53)
Myeloid cell regulation
SHARPIN Inflammation Attenuated inflammatory (54)
NF-kB activation response
TREML2 Microglial proliferation Neuronal degeneration (55)
SPPL2A TNF signaling Immune cell regulation (38, 56)
HLA-DR Immunity AR accumulation (38, 57)

Antigen presentation

Inflammation

Diagnosing AD in patients has become amenable with the use of positron emission tomography (PET)
imaging of AB and tau in the brain (58). PET imaging is able to detect high levels of AB in the brains of
patients with cognitive impairment, allowing for highly sensitive diagnosis of AD (59-61). In addition, the
detection of tau using PET has proven to aid in the tracking of AD progression (58, 62). An early diagnosis
of AD is also made possible with PET imaging of the initial inflammation of disease, which is often
characterized by microglial activation (63). Biomarkers in the CSF and blood are also used to diagnose
and detect AD progression (64). CSF markers include levels of AR and tau, with AD patients presenting
with a decrease in Ap42 and a significant increase in phosphorylated and total tau (65, 66). Blood is an
alternative medium to measure for AD biomarkers, and is especially attractive due to its low invasiveness
and medical cost (67). Blood biomarkers for AD include decreased levels of AB42, a lower AR42:ABR40
ratio, and increased tau (67). In addition, the level of neurofilament light chains (NfLs) is another blood
marker for AD (68). Increased levels of NfLs in the blood is distinct in EOAD patients prior to symptom
onset, and changes in NfL levels are often greatest when AD patients transition from the presymptomatic
to symptomatic stages of AD (68). Therefore, NfLs can be used to predict AD onset and track its

progression in a non-invasive manner.

1.3 Innate immunity in AD:

While numerous physiological functions have been assigned to AB and tau, there is still a general lack of

consensus as to what roles these AD-related molecules play in homeostasis. Interestingly, it has
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recently been proposed that AB may help provide protection against pathogens by functioning as an
antimicrobial peptide (AMP) (Figure 1.1) (69). Such studies demonstrate that AB oligomers are critically
involved in limiting both fungal and bacterial infections in cell culture, C. Elegans, and mice (70).
Additionally, bacterial infections have been shown to incite the seeding of AB in the 5xFAD AD mouse
model (70). AB’s AMP function may explain why the peptide has been conserved across a breadth of
species for hundreds of millions of years (71). Further implicating AB in the innate immune response is
the finding that certain microorganisms’ cell membranes are covered with amyloid-like fibrillous
structures (72). Bacteria with these amyloid structures, also known as curli fibrils, present a pattern
recognized by receptors on immune cells to initiate signaling to remove these invaders (73, 74). A
similar response is elicited when AR itself is recognized by microglial pattern recognition receptors
(PRRs) in the brain (75). Unfortunately, chronic innate immune activation augmented by sustained A
recognition provokes inflammation that can lead to further propagation of AD pathologies and

neurodegeneration (2, 76).

Although the explicit link between AB-seeding and tau accumulation has remained elusive, recent
research has begun to shed light on this topic (5). For instance, it has been demonstrated that AB-induced
dystrophic neurites accumulate endogenous tau that eventually form into neurofibrillary tangles that
correlate with cognitive deficits (5). During homeostasis, endogenous tau participates in the assemblage
and stabilization of microtubules in neurons, and, as a result, tau is believed to play functionally important
roles in neuronal transport (77). However, the detachment of tau from microtubules and
hyperphosphorylation of tau can incite aberrant microglial activation and proinflammatory cytokine
production (78). This feedback drives further production of pathogenic tau to enter a cycle that perpetuates
its overproduction and neurotoxicity (78). Interestingly, herpes simplex virus (HSV-1), which infects two-
thirds of the global population, has been shown to phosphorylate tau (79, 80). In accordance with this
finding, antiviral medication has been reported to decrease phosphorylated tau accumulation and AB load
(81). A clinical trial is currently investigating the efficacy of the antiviral drug valacyclovir for AD patients
with HSV-1 or HSV-2 (82). This further suggests a link between both neuropathologies of AD and the

innate immune response that requires further exploration.
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Figure 1.1. The antimicrobial protection hypothesis of amyloid beta and Alzheimer’s disease. The cleavage of the amyloid precursor protein
(APP) can produce amyloid beta (AB) in its monomeric form. The oligomerization of AB is thought to help protect the brain against CNS-invading
microbes. AP oligomers are believed to limit pathogen spread in the brain by promoting the production of reactive oxygen species (ROS) and
also by physically encapsulating microbes to limit invasion of host cells. In line with this reasoning, many different microbes have been found to
associate with AB upon examination of post-mortem AD brains. While the antimicrobial functions of AR can potentially play beneficial roles, this
process must be tightly controlled as the formation of AR aggregates in response to infection can incite the spread of pathological AR plaques.

1.3.1 The role of microglia in homeostasis and AD:

As current AD research acknowledges the role of the innate immune response and neuroinflammation
in driving neurodegenerative disease, microglia have taken center stage (83). Mounting research suggests
that LOAD is, at least in part, mediated by the failure of microglia to properly clear A (84). In fact, frequent
variants identified with genome-wide association study (GWAS) in AD patients link mutations in microglia
pattern recognition receptors (PRRs) with disease risk (85). Despite microglia being integral for proper
phagocytosis and degradation of AR, their chronic activation can also provoke maladaptive
neuroinflammatory responses with the potential to propagate AB production and neuronal distress (86).
This has sparked controversy over the enigmatic roles of microglia in AD (86-88), which will be discussed

in greater detail throughout this review.

During development, microglia arise from progenitor cells originating in the yolk sac before populating
the brain (89). In homeostasis, microglia have been shown to undergo self-renewal to maintain their
numbers in the central nervous system (CNS) (89). Microglia act as innate immune sentinels of the brain
parenchyma, and perform classical macrophage functions such as coordinating phagocytic disposal of
debris and inflammatory cytokine production (90). However, microglia have additional functions in
neurogenesis, blood-brain barrier (BBB) permeability, vasculogenesis, myelination, synapse pruning, and
neuronal connectivity (90). Microglial morphology transforms during activation, going from a highly
branched or “ramified” state during homeostasis to an “ameboid” activated state in response to infection,
injury, protein aggregate deposition, and other overt activators of innate immune signaling (91). Microglia

express a repertoire of cell surface receptors known as PRRs that enable them to sense and respond to
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a diverse array of immunostimulatory triggers in the CNS (92). Microglia associated with disease are
commonly found to be in an activated state and upregulate PRR expression (93). Accordingly, microglia
are capable of sensing endogenous damage/danger-associated molecular patterns (DAMPs) as well as
exogenous pathogen-associated molecular patterns (PAMPs) (92). Microglia can also sense
neurodegeneration-associated molecular patterns (NAMPs) that are generated in AD and other forms of
neurodegenerative disease (94). In turn, the heterogeneity of microglia populations based on activation

state and cell surface receptor expression has piqued interest in their distinct roles in health and disease.

1.3.2 Microglia receptors implicated in AD:

TREM?Z -

One of the best-characterized microglia PRRs involved in AD is triggering receptor expressed on
myeloid cells 2 (TREM2) (Figure 1.2). TREM2 engages with DAP12 as an adaptor protein, and upon
TREM2 activation, the phosphorylation of the DAP12 immunoreceptor tyrosine-based activation motif
(ITAM) is stimulated, leading to the recruitment of spleen tyrosine kinase (SYK) to these sites (29).
Engagement of the TREM2 receptor is believed to stimulate pathways responsible for cytoskeletal
reorganization, myeloid cell survival, phagocytosis, and the production of pro-inflammatory cytokines (29).
The rare Arginine-47-Histidine (R47H) mutation of TREM2 significantly increases LOAD risk (95, 96). This
R47H mutation is thought to contribute to AD risk by limiting proper TREM2-mediated sensing of lipids by
microglia (97). TREMZ2 recognizes AR, lipids released from damaged neurons, and the AB chaperone
APOE in AD (97-99). Activation of TREM/DAP12 signaling limits AR accumulation and other harmful forms
of AD pathology, as well as modulates cytokine production (29). Therefore, disruption of TREM2/DAP12
signaling can markedly contribute to the progression of A pathology in AD (29). An additional mechanism
by which TREM2 limits AB pathology is by promoting plaque compaction (100). Plaque morphology is
dynamically regulated by microglia, with less-compacted and fibrillous plaques being more neurotoxic than
compact plaques (101). Microglia function as a physical barrier to protect neurons from the neurotoxicity
of AB plaques and curtail further AR seeding (101, 102). Such studies suggest that the loss of Trem2
function impairs microglial sensing of AR, leading to defective AB clearance, increased AB plaque toxicity,

and neuronal dystrophy in 5xFAD mice (97, 100).
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Figure 1.2. Microglial surface receptors that coordinate innate immune responses in AD. TREM2 recognizes AR, lipids released from
damaged neurons, and the A chaperone APOE in AD. TREM2 activation critically contributes to AB clearance and regulates downstream
cytokine production. AB activation of scavenger and Fc receptors (FCRs) coordinates microglial-mediated AR clearance. Axl and Mer receptor
activation prompts AR clearance while suppressing pro-inflammatory cytokine production. In contrast, CD33 and CD22 bind sialic acid that
decorates AB plaques, and inhibit downstream signaling events that are required for beneficial microglial responses and AR clearance. RAGE,
Clec7a, and TLRs are also known to modulate microglial cytokine production in response to AR and DAMPs associated with AD.

Patients with the TREM2 R47H mutation and mice with Trem2 deficient microglia also present with
enhanced autophagy stemming from the dysregulation of the mammalian target of rapamycin (mTOR)
signaling (103). This amplification of autophagy impairs microglial response to AB and suggests that
TREM2 also regulates AD pathology through the maintenance of proper microglial metabolism (103).
Recent studies also show that genetic ablation of TREM2 in APPPS1 AD mice (APPPS1;Trem2”) and
loss-of-function TREM2 mutations in humans both result in reduced association of APOE with AR plaques
(104). As a result, these APPPS1;Trem2” mice have increased seeding of AR compared with APPPS1
controls (104). Microglia depletion was also found to significantly reduce APOE levels that were associated
with AB plaques, which further implicates a TREM2-APOE pathway in microglia (104). Interestingly,
crosstalk between TREM2 and APOE has also been reported to promote a transcriptional shift in microglia

during AD, which can further propagate neuronal loss (105).
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Recent studies also suggest the proteolytic cleavage of TREM2 and the subsequent secretion of
soluble TREM2 (sTREMZ2) can ameliorate AD-related disease progression in mouse models. sSTREM2 is
found at higher levels in the CSF of AD patients, and as such, has been proposed as a potential future
biomarker for disease (106). The supplementation of STREM2 into the brain of 5xFAD mice influences
microglia signaling to improve AR clearance preventing further neuritic dystrophy while promoting
microglia proliferation and migration (107). Continuation of sSTREM2 supplementation, using an adeno-
associated virus (AAV) mediated expression technique, was also found to rescue memory and long-term
potentiation (LTP) deficits seen in the 5xFAD mice (107). Overall, these studies implicate beneficial roles

for TREM2 in the context of proper AR sensing and clearance.

CD33 & CD22 -

Microglial sialic-acid binding immunoglobulin-like lectin (Siglec) receptors have also been shown to
play important roles in AD and aging. For instance, CD33, also known as Siglec-3, is another microglial
receptor implicated by GWAS in AD risk (32). CD33 binds the sialic acids found ubiquitously on cell
membranes (108, 109). In addition, sialic acids are also decorated on the glycoproteins and glycolipids
found in AB plaques, and can, therefore, stimulate CD33 signaling in the AD brain (108). However, in
contrast to TREM2 which signals utilizing ITAMs, CD33 has intracellular immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) (108). The phosphorylation of ITIMs promotes the docking of Src homology 2
domain-containing phosphatases (SHPs) to inhibit downstream microglial signaling mediated by ITAMs
that would have otherwise led to the removal of A in the brain parenchyma (108). The CD33 rs3865444°
AD risk allele leads to increased CD33 receptor expression which results in impaired AB42 phagocytosis
(34). Increased expression of CD33 is significantly associated with a higher clinical score in AD patients
and elevated AD pathology (110, 111). Further implicating CD33 in AD risk, 5XxFAD mice lacking Cd33
(5xFAD;Cd33”) have decreased AB burden and improved memory compared with Cd33 sufficient 5xFAD
mice (112).

More recent studies demonstrate that like CD33, CD22 (also known as Siglec-2), can also hinder
microglial phagocytosis in aging and models of AD (113). For instance, Cd22 is found upregulated in
aged microglia, and antibody-mediated blockade was shown to increase A clearance (113). In addition,
microglia in aged mice take on an age-related transcriptional profile that under continued inhibition of
Cd22, is reverted to a more homeostatic state (113). The inhibition of Cd22 also ameliorates age-related
cognitive decline (113). In summary, both CD33 and CD22 are negative regulators of microglial phagocytic

functions in AD that have emerged as attractive therapeutic targets.

CLECTA -
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Recent studies have shown that the receptor CLEC7A, also known as Dectin-1, is dynamically
upregulated by microglia in AD, particularly in microglia in intimate contact with A plaques (105). CLEC7A
has been best described in fungal infections where it has been shown to coordinate cytokine production
and phagocytosis (114). Similar to TREM2, CLECT7A signals through its intracellular ITAM (114). Although
the exact role of CLEC7A in AD remains to be determined, emerging evidence indicates that changes in
microglial Clec7a expression are associated with AD progression (105). In fact, increased microglial
Clec7a expression is a hallmark of numerous neurodegenerative disorders and aging (93). Interestingly,
multiple human studies have begun to link fungal infections with AD. This work has identified that fungi
can be detected in the brains of AD patients (115-117). Levels of chitinase, the enzyme that breaks down
chitin found in fungal cell walls, have also been reported to be elevated in the CSF of AD patients (118).
This has led to growing speculation that during CNS fungal infections, neuroinflammatory responses and
AR production are mounted to protect the brain from the fungal pathogens (119). However, the downside
of this is that it may inadvertently set AD pathology in motion. The essential role that CLEC7A is known to
play in numerous fungal infections coupled with the pronounced upregulation of microglial CLEC7A
expression observed in AD progression, points toward a potentially important role for CLEC7A in AD.

However, additional studies probing the specific involvement of CLEC7a in AD pathogenesis are needed.

AXL and MER —

Both Axl and Mer are TAM receptor tyrosine kinases important for influencing microglial response to AD
pathology (120). Foundational work characterizing these receptors establishes Axl as an inhibitor of
cytokine receptor signaling (121), and Mer as a driver of microglial clearance of apoptotic cells (122).
Interestingly, Ax/ expression increases in microglia within the AD brain environment, designating Ax/ as
an AD-associated gene (123). In fact, recent work describes how the loss of Axl and Mer impedes
microglial clearance of AR plaques in APP/PS1 mice. (120). However, the same study simultaneously
observes that APP/PS1 AxI"Mer’ mouse brains unexpectedly contain less dense core plaques and have
worsened fear acquisition compared with APP/PS1 controls (120). These data, along with findings that
microglial depletion in 5xFAD mice eliminates AR plaque formation and instead drives alternative AR
pathology (124), may suggest an intriguing role for microglia as the constructors of higher-order and less

neurotoxic AR architecture.
RAGE —

The binding of AB to the microglial receptor of advanced glycosylation end products (RAGE)
stimulates NF-kB activation resulting in increased production of pro-inflammatory cytokines (125). RAGE

is a PRR found on many immune cells that can be upregulated in response to increased ligand production

during injury, aging, and neurodegeneration (126, 127). In addition to being a potent inducer of NF-kB
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signaling and downstream inflammation, RAGE has also been shown to promote microglial survival and
proliferation in a MAPK-dependent fashion (127, 128). In the context of neurodegenerative disease,
overexpression of RAGE in the mAPP AD mouse model triggers IL-18 and TNF-a production (129). RAGE
has also been reported to instigate A accumulation in the brain by aiding in the transport of AB across
the BBB and into the brain (130). Additionally, RAGE signaling in microglia can incite AR accumulation
and amplify memory deficits (129). The exaggerated inflammation incited by this AR and RAGE interaction
can compromise neuronal health and in turn, negatively affect memory in AD mouse models (125). Despite
increased RAGE expression found in the brains of AD patients, clinical trials targeting RAGE have yielded

underwhelming results (131, 132).

Complement associated receptors: CR3 and C1gR -

CR3 and C1gR are microglial receptors that can coordinate deleterious synapse pruning in AD
(133). The complement receptors CR3 and C1gR are activated by the complement cascade proteins C3
and C1q, respectively (133). In homeostatic neurodevelopment, C3 and C1q contribute to proper synapse
pruning and are required to sculpt healthy synaptic connections (134). In contrast, reactivation of C3 and
C1q signaling during aging is believed to cause detrimental synapse loss in the hippocampus, the brain
structure critical for learning and memory (135, 136). In fact, aged C3-deficient mice exhibit decreased
synapse loss, reduced neuronal loss, and improved memory compared with age-matched WT controls
(135). In the context of AD, genetic ablation of C3 in APPPS1 AD mice results in reduced synapse loss,
lower numbers of microglia interacting with AR plaques, and improved behavior despite increased A load
(137). However, CR3 deficiency in APP AD mice has been shown to limit AR levels by a mechanism
involving increased expression of proteolytic enzymes that are known to breakdown A in the extracellular
compartment (138). In turn, the presence of C3 or CR3 in WT mice actually enhances Ap42 fibrillar
phagocytosis (139). These findings suggest enigmatic roles for CR3 in modulating the AD brain

environment, which are likely impacted by the kinetics and model of disease.

Recent studies demonstrate that microglial-derived C1q is typically found to be elevated in the
hippocampus of aged mouse brains and AD human brains (136, 140, 141). C1q tags synapses that are
meant to be eliminated by microglia (142). However, C1g-mediated synaptic tagging and subsequent
microglial clearance can result in synapse loss in the hippocampus, specifically to the engram cell
synapses, which are known to be involved in memory storage (142). Interestingly, the deletion of microglia,
impairments in microglial phagocytosis, and inhibition of the complement pathway have all been shown to
block this synapse loss and preserve memory in mice (142). Collectively, this illustrates that complement
signaling regulated by microglia is needed to ensure proper synapse formation in neurodevelopment.
However, unchecked activation of this pathway can propagate aberrant synapse loss and contribute to

subsequent aging-induced memory decline and AD-associated phenotypes in mouse models.
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1.3.3 Microglial clearance of AB and tau:

Clearance of AD pathology by microglia is executed by several discrete processes. These include
receptor-mediated phagocytosis and endocytosis, expression of degradative factors, extracellular
chaperone-mediated clearance, and induction of autophagy (143). Each mechanism allows for
homeostatic maintenance of the brain parenchyma, and can potentially be targeted to ameliorate AB and

tau accumulation in disease.

Clearance by phagocytosis and endocytosis —

Microglial phagocytosis and endocytosis is a critical method of AR clearance, and as a result, there
has been tremendous interest in targeting these processes to treat AD. Receptors that mediate this form
of clearance include TREM2, toll-like receptors (TLRs), scavenger receptors, and Fc receptors (FcRs)
(Figure 1.2) (143). In recent years, TREM2 has emerged as a major mediator of AR endocytosis. Details
regarding how TREM2 mechanistically coordinates endocytic clearance of A can be found earlier in the
review. TLRs are highly expressed by microglia in the brain. Microglial TLRs have been reported to bind
oligomeric and fibrillar forms AB and this is thought to initiate a signaling cascade that promotes
subsequent phagocytic clearance of AR (144). Consistent with this idea, genetic deletion of TLR2 and
TLR4 in transgenic mouse models of AD has been shown to promote increased AR deposition and this is
generally believed to result from deficits in phagocytosis (145, 146). TLR co-receptors including the TLR4
coreceptor and LPS detector CD14 have also been implicated in AD (147). In a similar fashion to TLRs,
CD14 is thought to orchestrate the phagocytosis of fibrillar AR (148). The endocytosis of AB in both fibrillar
and oligomeric forms can also be stimulated by class A and class B scavenger receptors. For example,

the scavenger receptors CD40 and CD36 have been described to initiate AB endocytosis (143).

Lastly, AB plaques that have been bound by either host-derived or engineered anti-Ap antibodies
can be phagocytosed following engagement of FcRs on microglia (149). Engineered anti-Af3 antibodies
and vaccine strategies that elicit robust anti-Af antibody production have been shown to promote
impressive clearance of A from the brains of AB-overexpressing AD mouse models (150). FcR-mediated
phagocytosis of AR complexes coated with antibodies is thought to be a major mechanism promoting AR
reduction following anti-AB antibody infusions and anti-AB vaccination (150). Unfortunately, recent clinical
trials in AD patients testing antibody-mediated AR reducing strategies have not been promising (151).
Current thinking is that anti-AB antibodies were introduced too late in the disease process to protect
neurons that were either already lost or well on their way to neuronal demise. Despite this setback, hope

still remains that earlier interventions with anti-AB antibodies may still hold clinical promise. However, for

18



this to become a reality, improved AD diagnostic biomarkers to identify high-risk patients at earlier stages

of disease are required.

Clearance by degradative factors —

In addition to phagocytic pathways, microglia are able to clear AD pathology through their production
of degradative factors. These mechanisms include the use of insulin degrading enzyme (IDE), neprilysin,
endothelin degrading enzyme (EDE), and the proteasomal degradation pathway (143). IDE, neprilysin,
and ECE are all metalloendopeptidases known to degrade AR (143). IDE can be produced by microglia
and secreted into the extracellular space to degrade monomeric A (152). Interestingly, there is a link
between taking statins, which lower cholesterol, and a decreased risk for AD (153). One mechanism by
which statins are believed to deter AD development is via their promotion of microglial IDE production to
degrade AB (153). Neprilysin is another important enzyme in the breakdown of AB (154). In fact, an age-
related neprilysin decline in AD brains is thought to contribute to the increased levels of AB that occurs
with aging (154). In line with this hypothesis, areas of the brain with high AB plaque load, such as the
hippocampus, are known to have decreased neprilysin levels (155). In addition, genetic ablation of
neprilysin in APP transgenic AD mice has been reported to cause increased AR deposition in the brain
and more severe cognitive decline (156). Similar to IDE and neprilysin, ECE can also promote A
degradation and ECE-deficient mice have increased AB burden in the brain (157). Finally, the proteasomal
degradation of AD pathology is regulated by the ubiquitin proteasome system (UPS) (158). This system
tags mis-folded proteins with ubiquitin to mark them for proteasomal degradation (66). In AD, this process
is believed to be impaired, which in turn leads to increased retention of tau and A aggregates in the brain
(66).

Extracellular chaperone-mediated clearance —

Extracellular chaperone-mediated clearance is another mechanism by which AB can be cleared from the
brain. It has been shown that APOE binds to AR and acts as a chaperone to promote its clearance via
endosomes (159). The chaperone function of APOE is thought to prompt microglial response to A
plaques, driving AB compaction and in turn, reducing neuronal damage (160). Interestingly, an APOE-
TREM2 pathway has emerged in which TREM2 function is shown to be critical for the APOE association
with AB plaques to promote plaque compaction (104). The binding of APOE and AR to microglial lipoprotein
receptor-related protein 1(LRP-1) receptor is also thought to initiate signaling through JNK and NF-kB
pathways to promote pro-inflammatory cytokine production (161). The AD risk variant, APOE ¢4, is
characterized to be less effective at these chaperone-mediated AR clearance duties in addition to inciting

an increase in neuroinflammation (159).
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Autophagic clearance -

Autophagy acts as an additional mechanism for the clearance of AB. Autophagy is a lysosome-dependent,
homeostatic process, whereby organelles and proteins such as AB are broken down and recycled (162).
Interestingly, autophagy is linked with many aspects of the innate immune response, including the
regulation of pro-inflammatory cytokine production (162). Fibrillar AR can be cleared by microglial
autophagy, and the impairment of this process has been shown to propagate NLRP3 inflammasome
activation (163). In addition, treatment with trehalose to enhance autophagy markedly decreases tau
aggregation in cell culture settings and can reduce neuronal tau inclusions in a tauopathy mouse model
(164, 165). Dystrophic neurites are also known to accumulate autophagic vesicles, further supporting a
potential role for autophagy in regulating neuronal health (166). In line with a beneficial role for autophagy
in AD, boosting autophagic signaling has been shown to ameliorate memory deficits in AD mice (167).
Therefore, modulating autophagy presents another potential therapeutic avenue for the treatment of AD

that will surely be intensely pursued in future studies.

1.3.4 Disease associated microglia:

The dispute surrounding whether microglia exert beneficial or detrimental roles in AD remains a
hotly debated topic. Single-cell RNA-seq recently identified a new subset of microglia known as “disease
associated microglia” (DAM) (93). In the past, microglia were largely thought of as a homogenous cell
population. However, this diversified transcriptional profile of microglia in the AD, multiple sclerosis, and
aging brain environment has prompted many new questions surrounding their role in disease onset and
progression. DAMs are classified by two distinct stages: the initial TREM2-independent Stage 1 and
TREM2-dependent Stage 2 (93). Stage 1 and 2 DAMs are identified by their downregulation of
characteristic homeostatic microglial genes (i.e. P2ry12, Cx3cr1, and Tmem119). Stage 1 DAMs
upregulate phagocytic related genes such as Apoe and Dap12 while Stage 2 DAMs upregulate Clec7A
and Trem2 (93). As previously discussed in this review, APOE variants are a major risk factor for LOAD,
while TREM2, DAP12, and CLECT7A are receptors previously described in phagocytic pathways (23, 29,
114). Initiation of this shift of microglia from a homeostatic phenotype to the DAM signature is believed to
be dependent on sensing of NAMPs, engagement of TREM2 signaling, and extended interactions of

microglia with AR plaques (94).

The DAM subtype is accepted to serve in a beneficial capacity through their coordination of A
clearance (93). However, this function remains strictly regulated by the inhibitory signaling of CX3CR1,
perhaps acting as a harness on DAM function (93). Therefore, future research efforts will likely focus on
stimulating the DAM phenotype early on in disease to reduce AD progression. However, the possibility

also exists that over-excessive and/or chronic activation of the DAM phenotype may trigger neurotoxic
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consequences and propagate AD pathology. This possibility will likely encourage a new AD-microglia field
focused on determining how to revert DAM back to their homeostatic microglial state. The multi-faceted
roles of microglia underscore the temporal complexities of their function, and will likely keep them in the

AD research spotlight for years to come.

1.3.5 Loss of microglial homeostatic function in AD:

Homeostatic microglia possess a signature defined by the expression of receptors such as CX3
chemokine receptor 1 (CX3CR1) and purinergic receptor P2RY12 (27). CX3CR1, which is activated in
response to its ligand fractalkine, performs inhibitory duties to sustain a resting-state microglia population
(168). Although fractalkine is found at higher levels in the blood of AD patients, Cx3cr1 is downregulated
in DAMs (93, 169). CX3CR1 is thought to have complex roles in AD. For example, deficiency in Cx3cr1
reduces neuronal loss in the 3xTgAD mouse model, which develop both AB plaques and NFTs (170). In
contrast, the loss of Cx3cr1 in the AB-mediated hAPP-J20 AD mouse model spurs microglial toxicity and
intensifies cognitive deficits (171). The presence of AR also downregulates fractalkine in the hAPP-J20
AD mouse model (171). These findings suggest that the role of CX3CR1 is variable depending on the
different models of AD being used. Despite these inconsistencies, CX3CR1 appears to be a critical
modulator of DAM biology. However, without this CXC3R1 check and balance, excessive microglia
activation may contribute to neuronal loss and functional decline, while its overabundance may act to
inhibit necessary DAM response to AD pathology. Purinergic receptor P2RY12, on the other hand, is
important for microglial migration, and it is highly expressed in homeostatic microglia (172, 173). However,
the role of P2RY12 downregulation in plaque-associated DAMs and AD remains unclear and requires

further investigation.

1.3.6 Impact of microglial elimination in AD:

The often-contradictory roles of microglia in varying states and stages of neurodegenerative disease
has prompted researchers to explore the impact of microglia depletion in AD. In recent years, treatment
with the colony stimulating factor 1 receptor (CSF-1R) inhibitor, Plexxikon, has emerged as a popular
approach to study the functional role of microglia in vivo. CSF-1R signaling is required for the survival of
microglia and other peripheral macrophages, and as a result, Plexxikon treatment results in rapid and
robust depletion of microglia from the brain (174). Results from recent studies using Plexxikon indicate a
complex role for microglia in mouse models of AD that is greatly influenced by the timing and efficacy of
depletion as well as the AD mouse model studied. For example, when 3xTgAD mice were depleted of
30% of their microglia, and aged to have existing AB plaques and tau aggregation, the mice were shown
to have improved cognition but this partial deletion of microglia had no effect on AB plaque load or tau

aggregation (175). In comparison, a 90% microglial depletion in PS19 AD mice, aged to have tau
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aggregation, led to significant reductions in tau propagation (176). Meanwhile, partial depletion of
microglia in the APPPS1 mouse model of AD was found to improve memory and ameliorate synaptic
degeneration, while having no effect on AB load (177). 5xFAD mice depleted of 80% of their microglia
similarly showed improved memory and decreased neuronal damage without modulation of AR levels
(178). However, 5xFAD mice depleted of greater than 97% of their microglia prior to AB plaque seeding-
onset (i.e. Plexxikon treatment beginning at 1.5 months of age) exhibited reductions in AR load as well as
a rescue of anxiety-related behaviors (124). However, the almost complete depletion of microglia in these
studies was also found to promote increased numbers of dystrophic neurites, as microglia were no longer
present to protect surrounding neurons from the neurotoxicity of the few remaining AB plaques (124).
Taken together, current data in mice indicates that partial depletion of microglia does not affect AR plaque
and tau load but can result in improved memory and less neuronal damage compared to controls (175,
177, 178). However, near-complete depletion of microglia amid or prior to AD pathology onset attenuates
AB and tau load (124, 176). While these studies all point to critical roles of microglia in AD, they also
highlight that microglia-targeting therapeutics must carefully take into account the status of disease and

desired microglia depletion efficacy to maximize beneficial clinical outcomes and safety.

1.3.7 AD immune cells: microglia or macrophages?

These intriguing findings from Plexxikon depletion studies have prompted speculation over whether
microglia or peripheral monocytes repopulate this niche when the depletion drug is removed. As
mentioned above, CSF-1R inhibition with Plexxikon treatment can deplete microglia, peripheral
macrophages in other tissues, and potentially other cell types reliant on CSF-1R signaling for survival
(174). This has led to speculation over the discrete roles of microglia versus other peripherally derived cell
types in AD. Plexxikon microglial depletion treatment by itself does not compromise the BBB, and
expansion of the few remaining microglia is thought to repopulate the brain following cessation of
Plexxikon treatment (179, 180). However, injury models, such as traumatic brain injury (TBI), can cause
BBB breakdown and subsequent infiltration of immune cells into the brain (181, 182). Likewise, AD
pathology is also thought to propagate the loss of BBB integrity (183). Microglial depletion and
repopulation after TBI has been reported to replace chronically activated microglia with resting-state
myeloid cells, resulting in decreased neuroinflammation and neuronal loss (181). The neuroprotection
conferred by the repopulated myeloid cells post-TBI relies on their induction of IL-6 trans-signaling to
enhance learning and memory (184). Therefore, the replacement of activated microglia with more
quiescent myeloid cells may underlie neuroprotection. However, while it is speculated that depleted
microglia die and are cleared away following Plexxikon treatment, the identity of the repopulating cells in
BBB-compromised settings remains poorly understood (179). Multiple myeloid cell types have been
proposed to fill this niche including peripheral macrophages and microglia from the small Plexxikon-

resistant subset. However, future studies are needed to better understand this process and how it affects
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neurological disease. This further illuminates the complexity and heterogeneity of CNS macrophages, and

maintains speculation surrounding their capacity to be manipulated during neurodegenerative disease.

Initial studies exploring the ability of CNS-infiltrating monocytes to influence AD-related disease in
the APPPS1 AD mouse model initially showed that chemokine receptor CCR2 deficiency prevents
monocytes from entering the brain and that this results in fewer IBA-1" myeloid cells in the brain and
impaired AB clearance (185). These data suggest that peripheral monocytes are important for properly
controlling AD pathology. In contrast, CCR2 deficiency in the same mouse model was later shown by a
different lab to increase plaque-associated microglia numbers and have minimal impact on AP
accumulation (186). What underlies the discrepancies between these two studies remains to be fully
resolved. One possibility explaining the divergent outcomes may be related to the latter study’s use of
irradiation, which can encourage the recruitment and retention of peripherally-derived monocytes in the
brain (187). Notably, recent research utilizing an irradiation-independent model has established brain
engrafting macrophages that maintain a distinct transcriptional profile from microglia and are able to
repopulate the brain following partial microglia depletion (188). Other work also demonstrates that TREM2
can promote peripheral monocytes to enter the brain in APPPS1 mice (189). In contrast to the belief that
peripheral myeloid cells are critical for proper AD control, parabiosis studies with WT and 5xFAD mice
show minimal infiltration of peripheral monocytes from WT mice into 5xFAD brains (100). Likewise, these
parabiosis findings have also been confirmed in the APP/PS1 mouse model (100). In addition, recent
research using tdTomato lineage tracing in 5xFAD mice convincingly shows that CX3CR1" microglia
comprise virtually all of the myeloid cells surrounding the AR plaques, with virtually no CCR2" peripheral
monocytes found in the vicinity of AB in the brain (87). In terms of AR aggregation mouse models, which
include 5xFAD and APPPS1 transgenic mice, microglia appear to be the key myeloid cell type responding
to AB, with little assistance from infiltrating monocytes. However, this work cannot exclude the potential of
peripheral monocyte assistance under all conditions associated with human neurodegenerative disease,
especially those that are not fully recapitulated in mouse models. In particular, it will be important for future
studies exploring the roles of discrete myeloid cell lineages in AD to assess how combined AB and tau

pathology can influence outcomes.

1.4 Inflammatory mediation of AD:

Neuroinflammation centrally contributes to various aspects of AD pathologies and this has led to
increasing interest in harnessing inflammatory cytokine signaling to treat AD (2, 190). The role of
infammation in AD remains a hotly debated topic in the field. While on the one hand, chronic inflammation
can negatively impact neuronal health, an ever-increasing body of literature also demonstrates that

controlled activation of specific inflammatory pathways can help to mobilize beneficial immune functions
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to promote AP clearance and neurotrophic factor production (191, 192). In this section, we will discuss the

double-edged nature of inflammation in AD.
1.4.1 Cytokines in AD:

Multiple innate immune cytokines including type | interferon (IFN), TNF-a, IL-18, IL-1p, IL-33, IL-34,
IL-12, IL-23, and IL-10 have been described to play important roles in various aspects of AD pathogenesis
(47, 193-199). Resting levels of pro-inflammatory cytokines are found to be higher in the blood and
cerebrospinal fluid (CSF) of AD patients, suggesting a role for them in disease pathogenesis (200). The
deposition of AB, and resultant neuronal damage, provide ligands to activate microglial phagocytosis of
AR while also promoting microglia-mediated production of proinflammatory cytokines (88). Acutely, this
process can lead to the proper clearance of AR allowing the brain parenchyma to restore homeostasis
(Figure 1.3) (201). However, these inflammatory mediators can have complex effects in AD. For example,
under chronic inflammation, this process can lose its effectiveness in clearing amyloid beta, while
continuing its inflammatory response to further propagate neurotoxicity in a feed-forward mechanism
(Figure 1.3) (202). Catalysts for this continued and detrimental response include factors such as age,
genetics, injury, and peripheral inflammation (2). The production of specific pro-inflammatory cytokines,
such as IFN-y, also has the potential to encourage further production of AB as well as to recruit microglia
activation to respond to neurotoxic AB species (203). Therefore, cytokine production can promote a cycle

that is difficult to resolve.
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Figure 1.3. The evolving functions of microglia in homeostasis and disease. In homeostasis, acute exposure of microglia to A initiates a
temporary cytokine response that promotes AB clearance. Following proper disposal of A, microglia typically revert back to a homeostatic resting
state. However, this exposure can also prime microglia, and upon secondary or chronic exposure to stress, such as inflammation, this can lead
the activated microglia to initiate neurotoxic mechanisms that provoke neuronal loss and excessive synaptic pruning. Upon aging or chronic
exposure to AB, as microglia witness in AD, excessive levels of cytokines are produced which can impair proper microglial clearance of AB.
Deposition of AR can promote NLRP3 inflammasome activation, which further perpetuates inflammatory cytokine production and subsequent
deficits in AB clearance. In both aging and AD, microglial populations are known to take on a transcriptional signature known as “disease
associated microglia” or DAM. This change is distinguished by microglial downregulation of homeostatic genes and an upregulation of genes
associated with increased microglial activation and inflammatory responses. The role of DAMs in the AD brain are thought to be enigmatic in
nature. For instance, DAMs are neurotoxic and lead to neuronal damage and synapse loss. However, DAMs are also able to promote AB
clearance.

As was alluded to above, IFN cytokines play significant roles in shaping microglial responses in AD
and aging (193, 204). Several AD mouse models show a distinct IFN-stimulated gene (ISG) signature
(205). IFN has been described to be expressed by immune cells sensing nucleic acids (206). Of note,
fibrillar amyloid beta often contains nucleic acids that can elicit an inflammatory ISG signature in microglia
(205). This neurotoxic type of microgliosis has been shown to promote complement-mediated synapse
loss that can be curtailed with IFN-receptor blockage (205). Researchers have also shown that knocking
out IFN-y receptor type | in transgenic APP Swedish mutant AD mice leads to a reduction in AR plaque
load and reactive microglia (203). In addition, in vitro studies indicate that IFN-y promotes microglial
release of TNF-a, and both of these cytokines promote B-secretase cleavage of APP to produce more AR

(203). These results strongly suggest that IFN is associated with AD propagation.

The role of TNF-a in AD has remained enigmatic, as some research has focused on the therapeutic
benefit of its inhibition, while others show beneficial or benign roles for the cytokine. In support of a
detrimental role for TNF-a in AD, it has been shown that higher CSF levels of TNF-a correlate with
impaired “functional connectivity,” a measure of the communication between different brain regions
underlying various functions such as learning, memory, inhibition, etc. (207). In line with pathologic
functions of TNF-a. in AD, APPPS1 mice deficient in TNF receptor 1 (TNFR1) have been described to
have decreased levels of AB, lower expression of inflammatory factors, improved maintenance of choroid
plexus tissue and CSF-blood barrier integrity, and preserved memory compared to TNFR1 sufficient
APPPS1 mice (208). In contrast, an injection of murine TNF-a AAV into the hippocampus of APP
transgenic mice has been reported to attenuate A deposition and incite increased microglial responses
without increasing APP levels (209). This suggests that under certain spatial and temporal contexts TNF-
a may promote plaque clearance. Finally, the proposed causal relationship between TNF-a and AD has
recently come into question, as Mendelian randomization modeling of GWAS studies show no causality

between peripheral TNF-a expression levels and the risk of developing AD (210).

IL-1 family cytokines, such as pro-inflammatory IL-18, IL-183, and IL-33, have also been implicated
in modulating AD pathogenesis (197, 211, 212). For example, IL-18 promotes B-secretase mediated
cleavage of APP to produce more ABR40 (213). However, loss of IL-18 in the APPPS1 AD mouse model

was found to incite seizure through a proposed mechanism that involves excessive excitatory synapse
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activity and impaired dendritic pruning (214). IL-1B has conflicting roles in AD pathologies. Increased
peripheral levels of IL-13 and its propensity to incite neuroinflammation have led scientists to focus on
neutralizing its functions in hopes of therapeutic benefit in AD (200, 215). For instance, IL-1 receptor
inhibition in 3xTgAD mice was reported to rescue cognitive deficits, decrease tau phosphorylation, and
modestly modulate A levels (215). Interestingly, conditional overexpression of /L-18 in 3xTgAD mice was
conversely found to markedly decrease AR levels while concomitantly leading to increased tau
phosphorylation, further highlighting the complex role of neuroinflammation in AD (216). Increased IL-1
production is also known to promote S100B protein release from astrocytes (217). The S100B protein is
a neurotrophic cytokine that often acts as a pro-inflammatory cytokine in AD (218). Higher levels of S100B
have been documented in AD patients and appears to be associated with increased AB plaque load and
gliosis (219-221).

IL-33, an alarmin in the IL-1 cytokine family, has also been implicated in AD. IL-33 is expressed by
oligodendrocytes and its receptor, ST2, is often expressed by microglia (222). IL-33 expression is reduced
in the brains of AD patients, identifying this cytokine as a potential modulator of disease (223). Accordingly,
intraperitoneal injection of IL-33 was recently shown to restore LTP deficiency, improve contextual
memory, and decrease A levels in APPPS1 AD mice (197). IL-33 treatment accomplishes this rescue by
increasing microglial AR phagocytosis and anti-inflammatory gene expression, while also decreasing

microglial pro-inflammatory gene expression (197).

IL-34 and CSF-1 activate the CSF-1 receptor (CSF-1R) to promote microglial population survival
and maintenance (179). Interestingly, AD patients have been shown to have increased expression of /L-
34 in the white matter compared with age-matched controls, highlighting its importance in regulating AD
pathogenesis (224). More recent work, however, shows reduced expression of /L-34 in the inferior
temporal gyrus (ITG) and an increase in expression of CSF-1 in the ITG and middle temporal gyrus (MTG)
of AD patients (225). On one hand, research has found neuroprotective roles for IL-34 in AD. For instance,
intracerebroventricular injection of IL-34 into APPPS1 mice promotes improved memory and lower levels
of oligomeric AB through a mechanism that involves increased expression of insulin degrading enzyme
and heme-oxygenase-1 (47). In contrast, using microglial cultures from AD human brains, researchers
show that IL-34 stimulation decreases expression of genes associated with phagocytosis such as CD68,
which is a lysosomal marker commonly used to evaluate phagocytic potential in AD mouse models (225).
Collectively, these findings highlight the potential temporal and anatomical complexity of IL-34 in the AD

brain.
Increasing evidence also supports the role of IL-10, IL-12, and IL-23 in AD pathogenesis. For

example, the shared subunit of IL-12 and IL-23 (i.e. p40) and IL-10 are found at elevated levels in the CSF
of AD patients (226, 227). A blood biomarker study also found IL-10 and p40 at increased levels in
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cognitively normal patients that exhibit abnormally high levels of AR deposition (228). In turn, the ablation
of p40 can attenuate cognitive deficits and AB levels in APPPS1 mice (226). Peripheral treatment with
anti-p40 antibody in APPPS1 mice is also able to decrease AR levels (226). Interestingly, the loss of IL-
12 and IL-23 signaling through p40 genetic ablation has sex-specific effects in which only males exhibit a
reduction in AB plaques (229). The silencing of p40 in aged senescence-accelerated mouse prone-8
(SAMP8) mice also mitigates cognitive decline, AR load, and neuronal death (198). Lastly, ablation of /L-
10 in the context of AD is also considered beneficial. In fact, APPPS1 mice lacking /L-10 show improved
synaptic health and cognition compared with APPPS1 controls (199). Therefore, the unchecked
functioning of these cytokines during chronic inflammation of AD poses a serious threat to brain health

and function.

1.5 Role of inflammasomes in AD:

Recent studies suggest a detrimental role for inflammasomes in AD (230-233). Inflammasomes are
multimolecular complexes that form following receptor activation in response to various DAMPs, PAMPs,
and NAMPs (234). The formation of these complexes initiates a signaling cascade in which active
caspase-1 promotes the cleavage of inflammatory pro-IL-18 and pro-IL-18 cytokines into their active forms
and also incites cell death (234). Inflammasome-mediated cell death is termed “pyroptosis” and is
executed by cleaved gasdermin-D (235). Gasdermin-D proteins are cleaved by caspase-1,-4,-5, or -11,
and this product comes together to form a pore on the cell membrane to promote cell lysis and the exit of
pro-inflammatory cytokines from the cell (236). The NLRP3 inflammasome, in particular, has been
identified as an important contributor to AD pathogenesis (214, 230, 231, 237-239). NLRP3 is upregulated
and activated in AD, with increased mRNA and protein expression in immune cells (240). The loss of
NLRP3 inflammasome in APPPS1 mice attenuates spatial memory and LTP deficits, in addition to
decreasing AB burden (230). NLRP3 was also recently shown to promote tau hyperphosphorylation and
aggregation (241, 242). Accordingly, inhibitors such as the JC-124 drug or fenamate class NSAIDs have
been developed to successfully inhibit the NLRP3 inflammasome to mirror these improvements in a
potentially therapeutic format (231, 243). Recent research shows that apoptosis-associated speck-like
protein containing CARD (ASC), an adaptor protein critical for the formation of the NLRP3 inflammasome,
binds with AB (244). This ASC-A interaction initiates NLRP3 inflammasome activation and prevents
proper clearance of AB (245). In turn, the increased AP levels promote microglial pyroptosis leading to the
extracellular release of more ASC that can bind AB to activate the cycle again, generating a chronic

neuroinflammatory cascade (245).
The AIM2 inflammasome, which is activated by double-stranded DNA, has also been implicated in

AD (233). Aim2 deficient 5xFAD AD mice have decreased AR plaque load, however, this is not sufficient

to rescue memory deficits. Additionally, 5xFAD;Aim2” mice have increased inflammation mediated by
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preserved IL-1 expression and an increase in the expression of pro-inflammatory cytokines /L-6 and IL-
18 in the brain (233). This may suggest parallel inflammatory mechanisms to compensate for the loss of
AimZ2in AD mouse models. Interestingly, our lab and others have shown the loss of Aim2 impacts neuronal
morphology and negatively influences several behaviors such as anxiety and memory (246, 247).
Furthermore, our recent studies demonstrate that defects in the AIM2 inflammasome can alter
neurodevelopment (246). Thus, it is feasible that changes in brain development existing before AR
deposition may influence disease outcomes in AD mouse models. Moving forward, it will be interesting
to revisit the role of the AIM2 inflammasome in AD using approaches that conditionally ablate AIM2

signaling following neurodevelopment.

1.6 Role of age, environmental factors, and sex in AD:

In recent years, there has been increasing appreciation for the instrumental roles that aging,
environmental factors, and lifestyle choices play in AD pathogenesis (Figure 1.4) (248). Interestingly,
emerging work has shown that many of these environmental and lifestyle factors influence AD progression
by modulating aspects of inflammatory signaling (2). In this section, we will spotlight up-and-coming work
describing how changes to inflammatory responses are now believed to underlie the ability of many

environmental and lifestyle factors to influence AD.

Aging Infection

« Microglial dysfunction 0 fTN.Fa
- ¥ "Young" factors * Inflammation

Genetics Female
+ APP/PS1/PS2
+ APOE €4 -~ + Mitochondrial dysfunction
* TREM2 = * ¥ Microglial function
+ CD33
Obesity Sleep deficits
- 4 Palmitate
« Inflammation + ¥ Microglial function

« Insulin resistance * 4 Risk of infection

Gut dysbiosis

Head Injury
« Leaky gut + BBB breakdown
* BBB breakdown * Meningeal lymphatic damage
+ Inflammation + Inflammation

Figure 1.4. Inmune dysfunction underlies the ability of AD risk factors to impact neurodegenerative disease development. Several
genetic and peripheral factors are known to modulate AD risk. Among these factors, increased AD risk can arise from impaired microglial function
amidst aging, genetic variation, sleep deficits, and in females. Additionally, obesity, gut dysbiosis, systemic inflammation, and head injury are
known to cause disruptions in blood-brain barrier (BBB) integrity. BBB disruptions can contribute to a heightened risk of disease by means of
altered microglial function and impaired removal of AD pathology.
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Age is by far the greatest risk factor for developing AD (249). Interestingly, recent studies suggest
that aging profoundly impacts microglial biology and that this can hinder their ability to properly handle
and dispose of AB (113). Along with their propensity to take on the DAM transcriptional profile, aging also
alters microglia morphology, enhances their activation status, limits their motility, and curbs their ability to
phagocytose AB (93, 250-252). Unfortunately, all of these age-related microglial changes have the
potential to promote AD pathology. The ability of microglia to self-sustain their population is also
speculated to make them particularly susceptible to telomeric shortening and cellular senescence, and it
has been proposed that the acquisition of this senescence phenotype can cause microglial dysfunction
(253). An additional mechanism by which aging contributes to AD is the loss of “youthful” blood-derived
factors as one ages. Such studies demonstrate that parabiosis or plasma transfer from young mice to old
mice improves learning and memory (254, 255). Two factors shown to be elevated in young blood include
thrombospondin-4 and SPARCL1, which support synaptic connectivity (256). It has also been shown that
blood from old mice negatively impacts cognition in young mice (257). One factor suggested to contribute
to this phenomenon is the chemokine CCL1, as it is elevated in aged-mice plasma levels and directly

impairs cognition in recipient young mice (257).

Obesity and exercise have also been implicated in AD prevalence and severity (196, 258-261).
Researchers have shown that obese individuals have high levels of the short chain fatty acid known as
palmitate in the CSF and that this can lead to impaired neuronal insulin signaling (196). They further report
that increased levels of palmitate in the CSF of aged mice provokes pro-inflammatory TNF-a cytokine
production and that this can lead to memory deficits (196). Indeed, they showed that TNF-a receptor
deficient mice treated with palmitate perform better on memory tests compared with palmitate treated
wildtype controls (196). In addition, an intracerebroventricular injection of infliximab, a TNF-a neutralizing

antibody, was also found to improve memory and ameliorate microgliosis in mice on a high fat diet (196).

Routine exercise, on the other hand, has been shown to help limit AD development and progression
(262). One mechanism that may explain this phenomenon is the release of the myokine FNDC5/irisin from
the muscle to the brain during exercise (259). FNDC5/irisin production following exercise increases
synaptic plasticity, a critical aspect of memory formation and maintenance (259, 263). A mechanism by
which memory formation is promoted by irisin is its ability to activate the memory-associated cCAMP—PKA-
CREB signaling pathway (264). Frequent exercise is also linked with decreased risk of viral and bacterial
infections (265). Therefore, an increased susceptibility to infection as a result of insufficient exercise, which
is shown to contribute to neurodegenerative pathology, may account for another mechanism by which

exercise is linked with AD pathogenesis (266).
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Oral hygiene also appears to play a role in AD risk (267). More specifically, people with the gum
disease known as periodontitis have persistent inflammation that is linked with AD (267, 268). For
example, it has been demonstrated that serum antibody levels for periodontitis-associated bacteria are
increased in AD patients, suggesting a potential link between AD and this peripheral chronic inflammation
(269). In addition, levels of the pro-inflammatory cytokine TNF-a are increased in the serum of patients
with periodontal disease (270). Accordingly, TNF-a levels are also significantly increased in AD patients,
suggesting a potential link between this specific inflammatory cytokine resulting from oral infection and

the propagation of AD brain pathology (270-272).

Exposure to pathogens in the environment has also been shown to influence AD risk. Mounting
evidence has produced a consequential list of bacteria, viruses, and fungi found in the AD brain, with
some even directly associating with AB plaques and influencing tau phosphorylation (117, 273-276).
Moreover, it has been reported that AD patients experiencing acute systemic inflammatory responses
characterized by increased levels of TNF-a exhibit a two-fold increase in cognitive deficits (277). In fact,
patients with sepsis present with long-term cognitive deficits, hippocampal atrophy, and are at a higher

risk for developing dementia (278, 279).

TBI has emerged as a major non-genetic risk factor for developing AD and other neurodegenerative
disorders later in life. TBI not only significantly increases one’s risk of developing AD, but has also been
linked to earlier onset and more aggressive disease progression (280-283). More specifically, findings
from a number of studies demonstrate that moderate to severe brain injury can increase the risk of
developing AD by between 2.3- to 4.5-fold (284-286). These numbers increase exponentially with
repetitive brain injuries and interactions with genetic risk factors (287). For instance, possessing one allele
of APOE €4 doubles the risk of developing AD, whereas this risk increases by 10 fold for individuals who
carry one copy of the APOE ¢4 allele and have a history of brain injury (288). One mechanism thought to
underlie the link between TBI and AD is BBB breakdown. TBI-induced vascular shear stress has been
shown to appreciably disrupt BBB integrity (289). Cerebrovascular injury induced by TBI and AD has been
postulated to be another pathological loop in which BBB breakdown propagates AD pathology and the
presence of AD pathology can also incite the loss of BBB integrity (289). For instance, 30% of brains from
TBI patients have AB plaques, and TBI can induce tau phosphorylation and AB aggregation (280, 290,
291). The accumulation of A and tau can then promote BBB breakdown to initiate the cycle once again

(289). These findings suggest a link between this inflammatory brain injury and AD progression.

An additional mechanism by which brain injury and neurodegenerative disease interact involves the
(re)discovery of the meningeal lymphatics in the CNS (292). In particular, the role of the meningeal
lymphatics in neuroinflammation and AB accumulation may provide another compelling angle to the

relationship between TBI and AD (293, 294). For instance, TBI has recently been shown to compromise
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meningeal lymphatic function, namely its ability to drain inflammatory byproducts to lymph nodes following
injury (295). Interestingly, meningeal lymphatic drainage defects are known to significantly increase
meningeal AB load and to provoke memory deficits in 5xFAD AD mice (294). Therefore, meningeal
lymphatic dysfunction may provide another explanation for the association between AD pathogenesis and

brain injury, with promising clinical implications that require further investigation.

BBB permeability is also known to be influenced by gut microbiota composition (296). Indeed,
changes in intestinal microbiota landscape have been shown to have prominent effects on the brain either
directly via production of microbial products that shape BBB function or indirectly through the modulation
of peripheral immune responses (296, 297). Increased gut permeability allows for bacteria, bacterial
toxins, and LPS to enter the bloodstream and has been coined “leaky gut” (298, 299). This leakiness is
instigated by chronic inflammation and gut dysbiosis, which can contribute to systemic inflammation and
the decreased BBB integrity associated with aging and AD (258, 298, 300). BBB breakdown can ultimately
lead to impaired removal of toxic species from the CNS and entry of pathogenic mediators from the
periphery (298, 300). Interestingly, compared to WT controls, APPPS1 mice have altered bacterial species
in the gut, including higher levels of the bacteria B. thetaiotaomicron (258). In these studies, it was also
shown that modulating the gut microbiota landscape with probiotics and exercise treatment can improve
cognitive functions in APPPS1 mice (258).

In addition to rescuing memory, the modulation of microbiota composition upon fecal transfer from
WT mice to ADLP*PT AD mice has been shown to attenuate AR load, tau pathology, and microgliosis (301).
Antibiotic cocktail treatment to alter microbiota species in the gut of APPPS1-21 AD mice has likewise
been reported to reduce AP load and microglial activation in males specifically (302). Accordingly,
cognitively impaired patients with high levels of AR also have altered gut microbiota populations.
Interestingly, this skew in microbiota composition seen in cognitively impaired individuals is commonly
characterized by the outgrowth of commensal microbes that have been linked with enhanced pro-
infammatory cytokine production (303). Dietary changes in patients with MCI also appears to alter the
microbiota population and their association with AB and p-Tau levels in the CSF (304). These data convey
how peripheral inflammation induced by dysbiosis in the gut can have broad clinical applications for

mitigating AD risk and pathology in the future.

Sleep deficits have long been associated with cognitive decline (305). In fact, many AD patients
present with shifts in their circadian rhythm (306). However, research also shows that problems with sleep
can precede neurodegeneration and increase the risk of developing AD (306, 307). Notably, AR and tau
levels are known to be elevated in the CSF and brains of sleep-deprived individuals (308-310). In healthy
patients, levels of AR shift, with an increase during the day and a marked decline during sleep (311).

However, following AR aggregation, this alignment with the sleep-wake cycle dissipates (311). The half-
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life of AR more than doubles with age, likely allowing for improper protein folding and aggregate formation
acting as a magnet for extracellular AR and preventing its transport into the CSF (312). Impaired microglial
clearance of AB likely contributes to this enhancement in A half-life. Deficits in sleep itself shift microglia
to an activated state and aged phenotype, characterized by impaired AB clearance (313). Additionally,
sleep disturbances increase the risk for inflammatory disease, which also has the potential to prime

microglia to contribute to their impaired function with aging (253, 314).

The disparity between female and male prevalence of AD has also sparked research to distinguish
the pathways underlying this sexual dimorphism. The increase in incidence of AD in females is thought to
involve females’ dramatic decrease in estrogen levels during menopause, which is known to impact
mitochondrial metabolism (315-317). In line with this hypothesis, estrogen replacement therapy (ERT) has
been shown to significantly reduce the risk of developing AD (318). The decrease in testosterone in males
occurs as a gradual decline, and therefore, it is believed to have a less detrimental effect on mitochondrial
function (316). The decrease in sex hormone levels, characteristic during aging, affect mitochondrial
metabolism by decreasing mitochondrial energy production and calcium efflux while increasing oxidative
stress and reactive oxygen species (ROS) release (316, 319). The surge of oxidative stress and ROS
amplifies inflammatory responses (320). Accordingly, the release of ROS can trigger NLRP3
inflammasome activation and lead to downstream proinflammatory cytokine production, pyroptosis, and
ASC speck seeding of AB spread (230, 231, 242, 245, 320, 321). Some AD researchers are in favor of a
“mitochondrial cascade hypothesis” in which mitochondrial dysfunction precedes AD pathogenesis by
stimulating an increase in AB production and leading to the phosphorylation of tau (322). In a feed-forward
mechanism, the AD pathologies themselves also propagate mitochondrial dysfunction and inflammatory
ROS production which is consistently found at higher levels in AD patients (323, 324). This has led to
great interest in AD therapeutics that promote mitophagy to eliminate impaired mitochondria (325). In fact,
boosting mitophagy has been shown to attenuate cognitive deficits and promote microglial phagocytosis

of AB while decreasing neuroinflammation in APPPS1 AD mice (326).

An additional sex-specific factor involved in AD is the sexual dimorphism of microglia. Female
microglia display distinct morphology, decreased density, and altered function (27). It has also been
demonstrated that male and female microglia in mice exhibit distinct transcriptional profiles that are
retained when transplanted into the opposite sex (327). This suggests that the sex-specific microglia
transcriptome does not rely on maintenance by sex-steroids. However, this does not exclude the possibility
that the sex-steroids have a permanent effect on microglia during development. In fact, the development
of microglia, as measured by gene expression profiles, occurs at disparate paces between the sexes
(328). In turn, there is also a sex-specific divergence in the functionality of microglia in mice. For example,
using a 5xFAD AD mouse model, it has been shown that female APOE €4/5xFAD mice exhibit decreased

microglia-mediated compaction of AB-plaques, decreased Trem2 expression, and increased plaque
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burden compared with male APOE €4/5xFAD mice (329). Such studies suggest that sex-based differences

in microglial response might help to explain the higher rates of AD in females.

1.7 Concluding Remarks

The role of innate immunity in the modulation of AD pathology and progression poses exciting new
avenues for neurodegenerative research. Mounting evidence suggests that microglia and the
maintenance of a healthy neuronal environment appear to be inextricably linked. Decades of research
have been dedicated to targeting the processing and production of AB, while disappointing clinical results
have left researchers to look broader. The new focus on innate immunity, microglia, and
neuroinflammation in AD has generated a burgeoning field, and exploring their roles will likely help to
identify new and much-needed drug targets to combat this devastating neurodegenerative disease.
Recent advancements in AD and neuroimmunology research have begun to uncover critical roles for the
innate immune system in AD onset, pathology, and progression. Results from this relatively new area of
study suggest that AD treatment is subject to variables such as immune response, environmental factors,

and lifestyle choices that are pointing the field to a more individualistic style of therapeutics.
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Chapter 2

SYK coordinates neuroprotective microglial responses in
neurodegenerative disease

2.1 Abstract

Many neurodegenerative diseases are thought to be caused by impaired containment and/or disposal of
neurotoxic material such as amyloid beta (AB) and myelin debris. Indeed, recent human genome-wide
association studies (GWAS) and animal model studies have begun to reveal critical roles for the brain’s
professional phagocytes, microglia, as well as various innate immune receptors expressed by microglia
in the control of neurotoxic material and subsequent neurodegenerative disease pathogenesis. Yet, the
critical intracellular molecules that orchestrate the neuroprotective functions of microglia in degenerative
disorders remain poorly understood. In our studies, we have identified the innate immune signaling
molecule spleen tyrosine kinase (SYK) as a key regulator of microglial phagocytosis in neurodegenerative
disease. We find that targeted deletion of SYK in microglia leads to exacerbated AP deposition, aggravated
neuropathology, and cognitive defects in the 5xFAD mouse model of Alzheimer's disease (AD).
Furthermore, disruption of SYK signaling in this AD model was also shown to impede the development of
disease-associated microglia (DAMs), alter AKT/GSK3p-signaling in microglia, and to cause severe
deficits in the ability of microglia to phagocytose AB. Importantly, these critical neuroprotective functions
of SYK in microglia were not only restricted to Ap-driven models of neurodegeneration, as we found that
SYK s also a critical regulator of microglial phagocytosis and DAM phenotype acquisition in demyelinating
disease. Collectively, these results help to break new ground in our understanding of the key innate
immune signaling molecules that instruct beneficial microglial functions in response to neurotoxic material.
Moreover, these findings suggest that targeting SYK may offer a therapeutic strategy to treat a spectrum

of neurodegenerative disorders.
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2.2 Introduction

Neurodegenerative disorders, such as Alzheimer’s disease (AD), are major public health issues that are
likely to increase in prevalence with the aging population. In general terms, neurodegenerative diseases
are thought to be driven by the accumulation of neurotoxic material such as amyloid beta (Af) or myelin
debris in the central nervous system (CNS) (1, 330). The buildup of neurotoxic agents is believed to cause
neuronal damage and death, which can ultimately lead to various forms of neurological dysfunction that
include cognitive decline, motor abnormalities, mental disorders, and loss of inhibition (331-333). Mounting
evidence suggests that microglia, which are the professional phagocytes of the CNS, are critically involved
in ensuring the proper containment and removal of neurotoxic material in neurodegenerative disease
pathogenesis (102, 334, 335). Indeed, human genome-wide association studies (GWAS) have implicated
mutations in microglial receptors in the development of several neurodegenerative diseases (51, 52, 105,
336-338).

Most notably, emerging evidence from both AD patients and neurodegenerative mouse models has
identified key roles for TREM2, CD33, and CD22 in disease progression (97, 103, 105, 113, 336, 339).
While there is growing interest in targeting these receptors to treat neurodegenerative disease, we
currently lack knowledge of the major downstream signaling molecules and effector mechanisms
employed by these receptors to influence disease pathogenesis. Identification of the intracellular
mediators that coordinate neuroprotective microglial functions will help to uncover novel pathways that
can be targeted to treat neurodegenerative disease and will also offer new insights into the pathoetiology
underlying neurodegeneration. Moreover, targeting major shared intracellular signaling pathways may

prove more effective than targeting individual receptors in isolation.

In the studies presented here, we explored whether the intracellular signaling molecule, spleen tyrosine
kinase (SYK), is involved in coordinating neuroprotective functions in microglia during neurodegenerative
disease. SYK is perhaps best known for the critical role that it plays in mounting protective antifungal
immune responses downstream of C-type lectin (CLEC) receptors expressed on innate immune cells (340,
341). In addition to orchestrating immune responses during fungal infections, SYK has been identified as
the central kinase that instructs signaling and effector functions downstream of ITAM (immunoreceptor
tyrosine-based activation motif)- and ITIM (immunoreceptor tyrosine-based inhibition motif)-containing
receptors (30, 342-344). More specifically, SYK activation downstream of ITAM-containing receptor
engagement often leads to the induction of inflammatory cytokine production and phagocytosis (345, 346).
In contrast, stimulation of ITIM-containing receptors activates the protein tyrosine phosphatase SHP-1
which acts as a brake on SYK-dependent signaling (345, 346). Given that TREM2, CD33, and CD22 are
ITAM/ITIM-containing receptors, and that SYK activation is often seen in microglia that surround Ap and
other forms of neurotoxic material (347), we were interested in delineating whether SYK is a critical

regulator of microglial responses in neurodegenerative disease. While the ability of SYK to modulate Ap
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and tau biology has been explored in previous in vitro studies using immortalized CNS lines and
pharmacological agents with well-described off-target effects (348, 349), the extent to which SYK
influences in vivo microglial responses and neurodegenerative disease pathogenesis currently remains

poorly understood.

Here, we show that microglia-specific deletion of SYK leads to elevated levels of AP deposition,
exacerbated neuropathology, and cognitive impairment in the 5xFAD mouse model of AD. We further
demonstrate that SYK is critically involved in both the compaction and phagocytosis of Ap by microglia as
well as the regulation AKT/GSK3p-signaling. Recent studies have shown that microglia transition from a
homeostatic state to a disease-associated microglia (DAM) phenotype during neurodegenerative disease,
and it is widely thought that this transformation is required for microglia to exert their optimal
neuroprotective functions in degenerative disease (93). Interestingly, we identify SYK as a key intracellular
regulator of DAM phenotype acquisition and further show that CLEC7A-induced activation of SYK in
5xFAD mice promotes improved clearance of ApB. Moreover, we show that the neuroprotective effects of
SYK on microglia are not confined to AB-driven models of degenerative disease, but rather that DAM
induction and microglial phagocytosis are also dependent on SYK signaling in the context of demyelinating
disease. Collectively, these findings define SYK as a central regulator of neuroprotective microglial

responses in neurodegenerative disease.

2.3 Results

2.3.1 SYK signaling in microglia limits AB accumulation

To interrogate how SYK signaling in microglia impacts Ap-mediated neurodegenerative disease, we first
generated Syk™ Cx3cr1ERT2C™ mice (hereafter referred to as Syk“M® mice) as a genetic tool to delete SYK
from microglia. We then crossed Syk“"'® mice with 5xFAD mice which is an AD mouse model that develops
aggressive A pathology starting at 1.5 months of age (350). Importantly, SYK expression is unchanged
between 5xFAD and non-5xFAD immune cells that have been described to modulate AD pathogenesis
(Figures 2.1A and 2.1B) (334, 351-354). 5xFAD Syk“"® mice were given tamoxifen food for 2 weeks after
weaning to induce deletion of SYK and then returned to normal chow to allow for peripheral Cx3cr1-
expressing immune cells to turn over and regain Syk expression, while permitting long-lived microglia to
remain SYK-deficient (Figures 2.1C-2.1H). As controls, Cre-negative Syk" 5xFAD littermates (hereafter
referred to as 5xFAD mice) were similarly fed tamoxifen for 2 weeks at weaning and then returned to
normal chow for the remainder of the experiment. It is important to note that this genetic targeting strategy
may also induce deletion of SYK in Cx3cr1-expressing CNS border-associated macrophages (BAMs),
which do not undergo the frequent turnover characteristic of Cx3cr7-expressing peripheral immune cells

(355). Therefore, SYK deletion in Syk*M® mice is likely not limited to microglia found in the brain
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parenchyma, but may also encompass self-renewing BAMs found in CNS border regions such as the

meninges and choroid plexus (356).
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Figure 2.1. Targeted deletion of SYK in tamoxifen-treated Syk™f Cx3cr1E2Cre mice, related to Figure 1 (A-B) Cre-negative 5xFAD Syk"f
littermate controls (5xFAD mice) and Cre-negative Syk™littermate controls (Syk®" mice) received tamoxifen food for 2 weeks starting at 3 weeks
of age and then mice were returned to regular food for the remainder of the experiment. Spleens and brains were harvested at 5 months of age
to evaluate SYK expression in T cells, monocytes, and microglia. T cells, monocytes, and microglia were sorted from single-cell suspensions
using respective anti-CD90.2*, anti-CD11b*, anti-CD11b+(microglia) -coated magnetic beads and magnetic column sorting. (A) MACS-sorted
splenic T cells and monocytes and MACS-sorted brain microglia were harvested from 5-month-old Syk®" and 5xFAD mice, and levels of SYK
protein (top panel) and Actin or Ponceau-stained protein (bottom panel) were measured by Western blotting. (B) Quantification of intensity of
SYK protein bands normalized to total Actin in sorted splenic T cells and monocytes, and intensity of SYK protein bands normalized to Ponceau
staining in brain microglia from Syk®" and 5xFAD mice. (C-F) Syk™ Cx3cr1ERT2Cre (SykAME mice) and Cre-negative Syk™" littermate controls
(Syk" mice) received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of
the experiment. Brains and spinal cords were later harvested to evaluate SYK deletion. Microglia were sorted from single-cell suspensions using
anti-CD11b*-coated magnetic beads and magnetic column sorting. (C) Representative flow cytometry gating strategy used to validate purity of
MACS-sorted microglia from naive Syk®" and Syk“M¢ combined brain and spinal cord samples. (D) Expression levels of Sykb mRNA from
MACS-sorted microglia quantified by gPCR. (E) Levels of SYK protein (top panel) and total protein loaded (bottom panel) from MACS-sorted
microglia determined by Western blotting and SDS-PAGE with a stain-free gel, respectively. (F) Quantification of intensity of SYK protein bands
normalized to intensity of bands from total protein loaded. (G-H) Syk®" and Syk“M® mice received tamoxifen food for 2 weeks starting at 3 weeks
of age and then mice were returned to regular food for the remainder of the experiment. Spleens were harvested at 5 months of age to evaluate
SYK expression in T cells and monocytes. (G) Levels of SYK protein (top panel) and Actin protein (bottom panel) from MACS-sorted splenic T
cells and monocytes determined by Western blotting. (H) Quantification of intensity of SYK protein bands normalized to total Actin in sorted
splenic T cells and monocytes from Syk®" and Syk®MC mice. Statistical significance between experimental groups was calculated by unpaired
Student’s t-test. ***p < 0.001, ****p < 0.0001. (B, D, F, H). Error bars represent mean + S.E.M. and each data point represents an individual
mouse.

Using these newly generated transgenic mouse lines, we found that SYK-deletion in 5xFAD Syk“M® mice
leads to significantly elevated accumulation of AB in the cortex, hippocampus, and thalamus at 5 months
of age (Figures 2.2A and 2.2B). Microglia help to limit the spread of pathological AB in the brain
parenchyma by forming a barrier around AP deposits and promoting the physical compaction of AB into
dense spherical plaques, which ultimately decreases AP interaction with susceptible neurons (102).
Therefore, the lack of AB plaque sphericity is often used to identify potentially neurotoxic AR aggregates
and to provide insights into the efficacy of microglial compaction (100, 101). In addition to higher amounts
of AB load, we observed that AB plaques in the cortex and hippocampus of 5xFAD Syk“M® mice exhibited
lower sphericity than the plaques found in 5xFAD littermate controls (Figures 2.2C, 2.2D, 2.3A, and 2.3B).
Importantly, delayed deletion of SYK in 4-month-old 5xFAD mice yields similarly increased plaque load in
the hippocampus and decreased plaque sphericity in the cortex when harvested at 8 months of age
(Figure 2.3H-2.3K). This suggests that microglial SYK remains influential in attenuating pathology after
disease-onset in 5XxFAD mice. In further support of there being less efficient compaction of Ap into plaques
by SYK-deficient microglia, we observed that AB aggregates in 5xFAD Syk“*M® mice were more filamentous
(increased 6E10 antibody labeling that detects filamentous AR (357)) and less compact (decreased
staining of Thioflavin S (ThioS) that detects inert plaques (357)) than the AP deposits found in 5xFAD
littermate controls (Figures 2.2E and 2.2F). Taken together, these findings suggest that SYK signaling in

microglia plays a critical role in the control of AB accumulation and compaction.

Microglia are required for the consolidation of soluble AB oligomers into insoluble fibrils and the
construction of these fibrils into compact plaques (120, 358, 359). AB40 and ABR42 are the predominant
isoforms that make up plaques, with soluble AB42 being one of the most highly pathological forms of AB,
especially in comparison to the more inert insoluble forms of AB42 (15, 360, 361). To evaluate whether
the absence of SYK in microglia also affects the levels of both soluble and insoluble AR in 5xFAD mice,

we next evaluated AR load using ELISA and various extraction techniques to isolate A based on solubility.
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From these studies, we saw that the levels of soluble AB40 and AB42 were considerably higher in 5xFAD
Syk"™® mice than in 5xFAD littermate controls (Figure 2.2G). Although we did not detect any appreciable
differences in A ELISA levels between experimental groups in the Triton X-100 extraction samples, we
did observe reduced levels of insoluble AB42 in the guanidine fractions isolated from 5xFAD Syk“"'® mice
(Figures 2.2H and 2.2l), indicating that SYK centrally contributes to the ability of microglia to construct
more inert AR structures. Altogether, these data indicate that SYK is critical for AB consolidation and

plague compaction by microglia in 5xFAD mice.
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Figure 2.2. Deletion of Syk in microglia leads to increased AB burden and altered plaque composition in 5xFAD mice (A-1) 5xFAD
Syk"MCx3cr1ERT2Cre (5xFAD SykMG mice) and Cre-negative 5xFAD Sykf littermate controls (5xFAD mice) received tamoxifen food for 2
weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the experiment. Mice were later harvested
at 5 months of age to evaluate amyloid beta (AB) load in the brain. (A-B) Immunofluorescence staining of AR (D54D2, red; DAPI, blue) was
performed on sagittal sections and the percent area covered by AB in the cortex, hippocampus, and thalamus was quantified. Original
magnification: 10x; scale bar = 2000 pm. (C) Sphericity of ThioflavinS (ThioS)-labeled and Imaris-rendered A plaques in the cortex of
matched sagittal sections. Original magnification: 63x; scale bar = 2 um. (D) Quantification of sphericity with 1.00 being the most spherical,
combined data from a total of 50-100 plaques from 3 matching brain sections per mouse. (E-F) Representative images and quantification of
AB plague composition labeling 6E10 (purple) for filamentous forms of AR and ThioS (blue) for more compact or inert forms of A in the
cortex of matched sagittal brain sections. Original magnification: 63x; scale bar = 7 um. (F) Quantification represents the percent volume of
the 6E10/ThioS ratio per field of view from a total of 10-15 plaques from 3 brain sections per mouse. (G-l) Soluble (PBS) and insoluble
(Triton-X and Guanidine) fractions of ABq4o and AB44, measured in the right hemisphere of the brain by ELISA. Statistical significance
between experimental groups was calculated by unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (B, D, F-I). Error
bars represent mean + S.E.M. and each data point represents an individual mouse.
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Figure 2.3. Microglial SYK deletion in the hippocampus and after disease onset significantly alters AD pathology and microgliosis,
however, the loss of SYK does not affect microgliosis in the absence of AB, related to Figure 1, 2, and 3 (A-G) 5xFAD Syk/iCx3cr1ERT2Cre
(5XFAD Syk“MG mice) and Cre-negative 5xFAD Syk™f littermate controls (5xFAD mice) received tamoxifen food for 2 weeks starting at 3 weeks
of age and then mice were returned to regular food for the remainder of the experiment. Brains were then harvested at 5 months of age to
evaluate plaque sphericity and microgliosis in the hippocampus. (A-B) Microglial response to plaques measured by (A) the sphericity of ThioS
labeled and Imaris-rendered AB plaques in the hippocampus of matched sagittal sections. Original magnification: 63x; scale bar = 2 um. (B)
Quantification of sphericity with 1.00 being the most spherical, combined data from a total of 50-100 plaques from 3 matching brain sections per
mouse. (C-E) Microglia were imaged by labeling with 1ba1 (green) surrounding AB plaques labelled with ThioS (pink) to assess microglial
coverage and proximity to plaques. (C) Representative images of Ibal and ThioS staining in the hippocampus of matching sagittal brain
sections. Original magnification: 63x; scale bar = 40 um, 10 um, and insets at 3 um. (D) Quantification of microglial numbers in the field of view
(FOV) in 40 pm images. (E) Quantification of the number of microglia within a 15 and 30 um radius surrounding ThioS-labelled AB plaques. (F)
Representative Imaris rendering of Iba1+ microglia in the hippocampus of 5XFAD and 5xFAD Syk2MG mice. Original magnification: 63x; scale bar
=10 um. (G) Sholl analysis quantification from a total of 12 microglia from 3 matching brain sections per mouse (5xFAD n=7, 5xFAD SykAM¢
n=7). (H-N) 5xFAD Syk2ME mice and 5xFAD mice received tamoxifen food for 2 weeks starting at 4 months of age and then mice were returned
to regular food for the remainder of the experiment. Brains were then harvested at 8 months of age in this delayed deletion model to evaluate
amyloid beta (AB) load in the brain. (H-I) Immunofluorescence staining of AR (D54D2, red; DAPI, blue) was performed on sagittal sections and
the percent area covered by AB in the cortex, hippocampus, and thalamus was quantified. Original magnification: 10x; scale bar = 2000 pm. (J)
Sphericity of ThioflavinS (ThioS)-labeled and Imaris-rendered AR plaques in the cortex of matched sagittal sections. Original magnification: 63x;
scale bar = 2 pm. (K) Quantification of sphericity with 1.00 being the most spherical, combined data from a total of 50-100 plaques from 3
matching brain sections per mouse. (L-N) Microglia were imaged by labeling with Iba1 (green) surrounding AR plaques labelled with ThioS (pink)
to assess microglial coverage and proximity to plaques. (L) Representative images of Iba1 and ThioS staining in the cortex of matching sagittal
brain sections. Original magnification: 63x; scale bar = 40 um, 10 um, and insets at 3 um. (M) Quantification of microglial numbers in the field of
view (FOV) in 40 pm images. (N) Quantification of the number of microglia within a 15 and 30 pm radius surrounding ThioS-labelled AB plaques.
(O-X) 5xFAD Syk2MG mice, 5xFAD mice, Syk"f Cx3cr1ERT2Cre (SykAMG mjce), and Cre-negative Syk™f littermate controls (Syk®" mice) received
tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the experiment. (O-Q)
Mouse body weight was measured at 3 and 6 months of age, while memory and anxiety-related behaviors were evaluated in the Morris water
maze (MWM) and elevated plus maze (EPM) at 4 months of age. (O) Mouse body weight recorded in grams (g) across experimental groups. (P)
Distance traveled in the MWM on day 4 of the acquisition phase of the test. (Q) Distance traveled in the EPM. (R-V) Brains from Syk“MCand
Syk®" mice were harvested at 5 months of age to evaluate microgliosis in the absence of AB. (R) Iba1 (green) and Ki67 (blue) staining was
performed on sagittal sections to evaluate Syk2M¢and Syk®" microglial numbers and proliferation. Original magnification: 63x; scale bar = 40 um.
(S) Quantification of microglial numbers in the field of view (FOV) averaged from 3 matching cortical sections per mouse. (T) Quantification of
Ki67+ microglia in the field of view (FOV) of the cortex and hippocampus of mice averaged from 3 matching brain sections per mouse. (U)
Representative Imaris rendering of Iba1+ microglia in the cortex of Syk*" and SykME mice. Original magnification: 63x; scale bar = 10 um. (V)
Sholl analysis quantification from a total of 12 microglia from 3 matching brain sections per mouse (Syk®" n=5, SykAMC n=5). (W-X) Brains were
harvested from 5xFAD Syk2MC and 5xFAD mice at 5 months of age to evaluate microglial apoptosis by TUNEL staining. (W) 5xFAD Syk2MC¢ and
5xFAD microglia labeled with Iba1 (green) and TUNEL (pink) surrounding AB plaques. Original magnification: 63x; scale bar = 30 um. (X)
Quantification of TUNEL volume within Iba1* microglia as a measure of apoptosis. Statistical significance between experimental groups was
calculated by an unpaired Student’s t-test (B, D-E, |, K, M-N, P-Q, S-T, X), two-way ANOVA with a Bonferroni post-hoc test (G, V), and one-way
ANOVA with multiple comparisons (O). ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean + S.E.M.

2.3.2 SYK deletion in microglia leads to worsened neuronal health and memory impairment in 5xFAD mice

Due to the influence of SYK signaling in microglia on AB accumulation and composition, and the propensity
of AB to impair neuronal function (362, 363), we next assessed neuronal health in 5XxFAD and 5xFAD
Syk*™C mice. We found that 5-month-old 5xFAD Syk“™® mice had a ~1.5-fold increase in plaque-
associated dystrophic neurites in the cortex compared with 5xFAD controls (Figures 2.4A and 2.4B).
Heightened accumulation of hyperphosphorylated tau, labeled with the AT8 antibody, was also observed

MG mice (Figures 2.4C and 2.4D). This increase in

around plaques in the cortex of 5xFAD Sy
hyperphosphorylated tau is likely indicative of neuronal debilitation (364, 365) that has culminated from
the accumulation of neurotoxic AB. 5xFAD Syk“"® mouse neurons in the CA1 region of the hippocampus
also displayed increased levels of cell death, as visualized by TUNEL staining (Figures 2.4E and 2.4F).
These collective findings suggest that SYK activity in microglia helps to preserve neuronal health in 5xFAD

mice.

To better understand how Syk-deficiency in microglia impacts brain function, we evaluated the
performance of 4-month-old 5xFAD and 5xFAD Syk“*"® mice in the Morris water maze (MWM), which is
commonly used to assess spatial learning and memory. In parallel with increased AB plaque load and

neuronal death, we found that 5xFAD Syk“™° mice also displayed more severe cognitive impairments than
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5xFAD littermate controls. Specifically, we found that it took markedly longer for 5xFAD Syk“™C mice to
find the hidden platform in comparison to 5xFAD littermate controls on day 4 of the MWM test (Figure
2.4G), which suggests that there is impaired spatial learning in 5xFAD Syk“'® mice. Importantly, these
differences in performance were not due to altered bodyweight or defects in locomotor activity in 5xFAD
Syk*MC mice, as we observed that body weight and travel velocities in the MWM were similar between the
experimental mouse groups (Figure 2.30 and 2.3P). Moreover, when the platform was removed for a
probe trial on day 5 of the MWM test, 5xFAD Syk“™° mice spent significantly less time than 5xFAD mice
in the quadrant of the pool where the hidden platform had previously been located (Figure 2.4H), which is
indicative of impaired spatial memory in 5xFAD Syk“"® mice. These MWM findings suggest that disruption

of microglial SYK signaling in 5xFAD mice leads to defective spatial learning and memory.

AB deposition in 5xFAD mice has also been shown to spur the development of risk-taking and exploratory
behaviors, as can be observed in some AD patients (363, 366). Therefore, to explore if targeted ablation
of SYK in microglia also influences risk-taking and exploratory behaviors, we evaluated the performance
of 4-month-old 5xFAD Syk“™® mice and 5xFAD littermate controls in the elevated plus maze (EPM). In
these studies, we observed that 5xFAD Syk“™® mice spent more time exploring the open arm of the maze
compared to 5xFAD controls (Figures 2.41 and 2.3Q), which suggests that SYK deletion in microglia on
the 5xFAD background also leads to greater levels of risk-taking and exploratory behaviors. Taken
together, these data demonstrate a critical role for microglial SYK in preventing neuronal loss as well as
limiting the development of memory impairment and risk-taking-related behaviors in AB-mediated

neurodegenerative disease.
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Figure 2.4. Loss of Syk in microglia negatively affects neuronal health and exacerbates AD-related behaviors in 5xFAD mice (A-l)
5XFAD Syk"Cx3cr1ERT2Cre (5xFAD Syk“ME mice) and Cre-negative 5xFAD Syk™f littermate controls (5xFAD mice) received tamoxifen food for
2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the experiment. (A-F) Brains were later
harvested at 5 months of age to evaluate neuronal health and cell death. (A-B) The formation of dystrophic neurites surrounding plaques in
the cortex was determined by staining for APP (blue) and AB using ThioS (pink). Original magnification: 63x; scale bar = 10 um. (B)
Quantification of APP* puncta found within 15 and 30 um of AB plaques from a total of ~40 plaques from 3 matching brain sections per
mouse. (C-D) Cortical sections were stained with AT8 (yellow) for phosphorylated tau puncta found within 15 um of ThioS (pink) stained AB
plaques. Original magnification: 63x; scale bar = 5 um. (D) Quantification of phosphorylated tau from a total of ~40 plaques from 3 matching
brain sections per mouse. (E-F) Neuronal cell death in the CA1 region of the hippocampus was evaluated by TUNEL assay (green) and
NeuN staining (pink). Original magnification: 63x; scale bars = 30 um and 10 pm for image insets. (F) Quantification of volume of TUNEL*
stain found in NeuN* nuclei from 2 corresponding brain sections per mouse. (G-H) 4-month-old 5xFAD (n=6) and 5xFAD Syk2M¢ (n=8) mice
were evaluated in the Morris water maze (MWM) to assess spatial learning and memory. Statistics for MWM acquisition were calculated on
day 4. Combined data from 3 independent experiments. (I) Performance in the elevated plus maze (EPM) was measured to evaluate anxiety-
related behaviors in 4-month-old 5xFAD and 5xFAD SykMG mice. Combined data from 2 independent experiments. Statistical significance
between experimental groups was calculated by unpaired Student’s t-test (B, D, F-I). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent
mean + S.E.M. and each data point represents an individual mouse.
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2.3.3 SYK regulates microglial proliferation and association with AB plaques

To gain insights into how SYK influences microglial biology in response to AR pathology, we next explored
the impact of SYK deletion on microgliosis. Here, we found that 5xFAD littermate controls have
significantly more cortical and hippocampal microglia than 5xFAD Syk*™® mice (Figures 2.5A, 2.5B, 2.3C,
and 2.3D). We also observed impaired microglia clustering to AB plaques in the cortex and hippocampus
of 5xFAD Syk“™® mice, with the number of plaque-associated microglia being 2-fold lower in 5xFAD
Syk"© mice than 5xFAD littermate controls (Figures 2.5C, 2.5D, 2.3C, and 2.3E). Interestingly, the
reduction in microglia numbers observed in 5xFAD Syk“M® mice appears to be specific to Ap-mediated
pathology, as we did not observe any appreciable differences in microglia numbers between Syk*M® mice
and Cre-negative Cx3cr15RT2¢ Sy mice (Syk®™") which do not express the 5xFAD transgenes (Figures
2.3R and 2.3S). In addition, 5xFAD mice that underwent delayed deletion of SYK at 4 months of age
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displayed a corresponding decrease in microglial number and association with Ap plaques at 8 months of
age compared with 5xFAD controls (Figures 2.3L-2.3N). Thus, the criticality of SYK driving microglial
responses exists during both disease-onset and disease-progression in 5XxFAD mice. To distinguish what
might contribute to the reduced numbers of microglia in 5xFAD Syk“"® mice, we evaluated the proliferative
capacity of SYK-deficient microglia. We found that SYK deficiency in 5xFAD mice leads to reduced
microglial proliferation, as illustrated by the ~3-fold decrease in Ki67" microglia seen in the cortex and
hippocampus of 5xFAD Syk“M® mice (Figures 2.5E and 2.5F). In contrast, in the absence of AP
accumulation in mice that lack the 5xFAD transgenes, we did not detect any appreciable differences in
microglial Ki67 staining between Syk®" and Syk“"'® mice (Figure 2.3R and 2.3T).

The possibility also exists that increased microglial death could be contributing at some level to reduced
numbers of microglia seen in the brains of in 5xFAD Syk“*M® mice (Figures 2.5A and 2.5B). Therefore, to
interrogate if deletion of SYK in microglia leads to increased levels of microglial cell death in the 5xFAD
model, we performed TUNEL staining in the cortex of 5-month-old 5xFAD and 5xFAD Syk“® mice. We
did not, however, detect appreciable numbers of Iba1* microglial cells that stained positive for TUNEL in
either 5xFAD or 5xFAD Syk*® mice (Figure 2.3W and 2.3X). This suggests that apoptosis is likely not a
major driver of decreased microglial cell numbers in 5xFAD Syk“™® mice at this time point. In summary,

these results suggest that SYK is critically involved in coordinating microgliosis in response to Ap
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Figure 2.5. Syk-deficiency limits microglial proliferation and association with AR plaques (A-F) 5xFAD Syk™Cx3cr1ERT2Cre (5xFAD
Syk“MC mice) and Cre-negative 5xFAD Syk™ littermate controls (5xFAD mice) received tamoxifen food for 2 weeks starting at 3 weeks of
age and then mice were returned to regular food for the remainder of the experiment. Brains were later harvested at 5 months of age to
evaluate microgliosis. (A-C) Microglia were imaged by labeling with Iba1 (green) surrounding AB plaques labelled with ThioS (pink) to
assess microglial coverage and proximity to plaques. (A) Representative images of Iba1 and ThioS staining in the cortex of matching
sagittal brain sections. Original magnification: 63x; scale bar = 40 pm, 10 um, and insets at 3 um. (B) Quantification of microglial numbers in
the field of view (FOV) in 40 um images. (C) Quantification of microglial association with plaques as the percent of microglia within 15 pm of
a plague normalized to the total number of plaques in 40 um field of view (FOV). (D) Quantification of the number of microglia within a 15
and 30 pum radius surrounding ThioS-labelled AB plaques. Each point represents an individual mouse with an average of 50-100 plaques
from 3 matching brain sections per mouse. (E) Representative images of microglial proliferation measured by evaluating Ki67 (blue)
colocalization with Iba1+ (green) microglia in the cortex of matched sagittal sections. Original magnification: 63x; scale bar = 30 um and
10 um for image insets. (F) Quantification of Ki67+ microglia in the field of view (FOV) at 30 um scale in the cortex and hippocampus of mice
averaged from 3 matching brain sections per mouse. Statistical significance between experimental groups was calculated by an unpaired
Student’s t-test. **p < 0.01, ***p < 0.001, ***p < 0.0001. (B-D, F). Error bars represent mean + S.E.M. and each data point represents an
individual mouse.

2.3.4 Ap-induced microglial activation is impaired in the absence of SYK

To ascertain whether SYK signaling also impacts microglia activation in response to AB, we first evaluated
differences in microglia morphology using Sholl analysis. Microglia morphology is widely used to offer
insights into their activation status. For instance, homeostatic/resting microglia typically exhibit highly
ramified processes, whereas activated microglia tend to retract these processes and acquire an ameboid
morphology (91). Using Sholl analysis to decipher morphological changes, we observed that non-plaque-
associated microglia in the cortex and hippocampus of 5xFAD Syk“™® mice had significantly more ramified
processes compared with 5xFAD controls (Figures 2.6A, 2.6B, 2.3F, and 2.3G). In contrast, resting
morphological differences were not seen between Syk®" and Syk“"® mice in the absence of Ap (Figures
2.3U and 2.3V), which suggests that the morphological differences observed between 5xFAD Syk*™° and
5xFAD controls is specific to AB-driven neurological disease. Taken together, these Sholl analysis results
suggest that microglia-intrinsic SYK signaling plays a central role in coordinating the ability of microglia to

take on a morphologically activated state in response to A pathology.

Recent studies have also shown that microglia upregulate a unique transcriptional program in
neurodegenerative disease. This activation-induced transition into diseased-associated microglia (DAM)
is thought to endow microglia with key neuroprotective functions (93). This progressive shift from resting-
state microglia to DAMs involves the coordinated downregulation of many homeostatic markers in stage
1, followed by an upregulation of genes related to microglial response to neurodegenerative pathology in
stage 2. Therefore, we next aimed to elucidate whether SYK affects DAM acquisition in response to Ap-
driven neuropathology. To answer this question, and gain a comprehensive and unbiased picture of how
SYK modulates microglial biology in 5xFAD mice, we performed bulk RNA sequencing (RNA-seq) on
magnetic bead-sorted CD11b+ cells isolated from the brains of 5-month-old Syk®", Syk"“®, 5xFAD, and

5xFAD Syk“™® mice (Figure 2.7A). Importantly, these brains were cleared of their meninges and choroid

plexus to eliminate contamination of potential SYK-deficient BAMs. Principal component (PC) analysis

revealed, as expected, that 5xFAD microglia form a distinct cluster from control microglia (Figure 2.6C),
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which is indicative of the altered transcriptional profile microglia take on in the presence of AB. In contrast,
the loss of SYK in microglia blocked this transformation, as 5xFAD Syk“™® microglia clustered with
unperturbed Syk®" and Syk“M® microglia, suggesting that 5xFAD Syk*M® are more similar to homeostatic
microglia than those isolated from the 5xFAD mouse model of AD. Upon further inspection, we observed
2769 downregulated and 2668 upregulated genes (FDR<0.1) when comparing microglia isolated from
5xFAD Syk*M® and 5xFAD mice (Figures 2.6D and 2.7D). Moreover, KEGG analysis revealed that many
of the repressed genes in 5xFAD Syk“M® microglia were related to neurodegeneration (Figure 2.6E). In

contrast to the numerous transcriptional differences seen between 5xFAD and 5xFAD Syk“"® microglia,

MG on

we only observed a marginal effect of SYK deletion between Sy and Sy microglia, with 37
downregulated and 7 upregulated genes (FDR<0.1) (Figures 2.7B and 2.7C). These findings suggest that
SYK acts as a critical regulator of the transcriptional shift that microglia undergo in response to AB-

associated neuropathology in 5xFAD mice.

Notably, we also found that a large number of genes were markedly repressed in 5xFAD Syk““'® microglia
(Figure 2.6D). More specifically, upon Syk deletion we observed a significant downregulation of stage 1
DAM genes between 5xFAD Syk“™® and 5xFAD microglia (Figure 2.6F). However, an even more striking
downregulation of stage 2 DAM genes (i.e. Lpl, Cst7, Itgax, Axl, Clec7a, Csf1, and Ccl6) was observed in
5xFAD Syk“M® microglia relative to 5XFAD microglia (Figures 2.6F and 2.7D). Therefore, SYK appears to
be especially critical for the ability of microglia to acquire the more activated stage 2 DAM transcriptional
phenotype in 5XFAD mice. To validate this transcriptional block in DAM generation seen in SYK-deficient
microglia at the protein level, we next performed immunofluorescence staining to evaluate the expression
levels of the signature microglial homeostatic marker, Tmem119. As DAMs undergo transcriptional
activation, homeostatic Tmem119 expression canonically decreases in stage 1 DAMs (105). However, we
observed that 5xFAD Syk““'® microglia retained significantly higher Tmem119 expression compared to
5xFAD microglia (Figures 2.7E and 2.7F), suggesting their retention of a homeostatic state. In addition,
we investigated the expression of stage-2 DAM marker, CLEC7A (105), on Iba1® microglia surrounding
AB plaques in 5xFAD and 5xFAD Syk“*M® mice. These imaging studies revealed significantly reduced
expression of CLEC7A on Iba1* microglia surrounding plaques in 5xFAD Syk*“® mice (Figures 2.7G-2.71),
suggesting that SYK is required for the optimal upregulation of this DAM protein. Altogether, these findings
reveal that SYK centrally contributes to the critical transformation of homeostatic microglia into DAMs

following exposure to AB.

47



15+ *kkk
o5XFAD MACS-sorted microglia
" @5XFAD SykaMe - @@
S 8 -
g 10 5 3 Sykeon
& S o- [} ) ® Sykive
g 2 o 5XFAD
C . 5=
= 5 I3 ® 5xFAD SykiMe
i = 10 .
15- @
10 - 20
0-¢ PC1: 68% variance
0 510 1520253035404550
Distance from soma (um)
5XxFAD SykAMGys 5xFAD
D NS Log, FC p-value @ p-valueand log; FC
200 i i
2769 ™y, | | 2668
150 i i
5xFAD 5XFAD SykAMG . | 1
a ’ | 3
o 100 . P !
Tyrobp g ‘ ‘
: L
Ctsb ! 50 o
2
Ctsd (& 0 o U
[} 1
Apoe |- |
o -1 /
B2m |Z 0 6
2 Logs fold change
Fth1 E total = 55385 variables
Lyz2 5xFAD SykAMG Repressed KEGG Terms
Lpl
P Ribosome - °
Cst7 Oxidative phosphorylation - .
Itgax Lysosome - Count
Axl gcf Parkinson disease - ° ; ;Zg
. . J @ 300
Clec7a t Prion disease (] ® o
Csfl )U> Huntington disease - °
Ccl6 < Amyotrophic lateral sclerosis - [ ] Intersection size
125
Alzheimer’s disease - [ ] 100
Trem2 i
Pathways of neurodegeneration - [ ] 75
ctsl Mitooh imall - -
itophagy - anima | .
Cd9 Autophagy - animal -
Timp2 Phagosome -
10 20
H *
40000 M -LogoP-value
*%
5xFAD J
. . 30000 [ 5xFAD [ 5xFADSykAMG
& [ N g
. ® 2
. o)
° (18 . : Q 20000
° =
- 2
5xFAD SykAMe o 10000
L34
o[ s
0
D «\\\q\%\%\@v\\\@@ S S O
. O SO N B \vv%%\%‘b
|:|3 . : F @z*\f\\\‘b”@ e WS e SR
QQ’Q'@Q'S'\,%%\’\QQ ‘OQ'
_ RPN\ R QA 2 o O S
Negative Control AKT (P-S473) Vo2 O KD ) & +\ VQ Q/é Q:o 4_\ ,{_
\g‘bbg;q/@'(g% (O O QOQY‘
v Q’/\ N Q'\ < Q~
v
NG
&

48



Figure 2.6. Defective activation of Syk-deficient microglia in 5xFAD mice (A-H) 5xFAD Syk"MCx3cr1ERT2Cre (5xFAD Syk2MC mice), Cre-negative
5xFAD Sykf littermate controls (5XxFAD mice), Syk™" Cx3cr1ERT2Cre (SykAMG mice), and Cre-negative Syk™f littermate controls (Syk®" mice) received
tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the experiment. Brains were
later harvested at 5 months of age to evaluate microglial activation. (A) Imaris-rendered microglia morphology labeled with Iba1 (blue) in the cortex.
Original magnification: 63x; scale bar = 10 um. (B) Sholl analysis quantification from a total of 12 microglia from 3 matching brain sections per mouse
(5XFAD n=9, 5xFAD Syk“M¢ n=8). (C-F) Microglia from 5-month-old 5xFAD Syk“MG, 5xFAD, Syk“M®, and Syk®" mice were sorted from single-cell
brain suspensions using anti-CD11b*-coated magnetic beads and magnetic column sorting, finally, RNA-Seq was performed. (C) Principal
component (PC) analysis of sample clustering. (D) Volcano plots depicting differentially expressed genes (FDR<0.1) where 2769 genes are
downregulated, and 2668 genes are upregulated in 5xFAD Syk®MG compared to 5xFAD control microglia. (E) KEGG term enrichment scatter plot
highlighting major pathways that are repressed in 5xFAD Syk“MG microglia in comparison to 5xFAD microglia. (F) Heatmap representation of
significantly downregulated (FDR<0.1) stage 1 & 2 disease-associated microglia (DAM) genes between 5xFAD Syk®MC and 5xFAD groups. (G-H)
Mouse AKT pathway phosphorylation array conducted on microglia from 5-month-old 5xFAD SykMG and 5xFAD mice that were sorted from single-
cell brain suspensions using anti-CD11b*-coated magnetic beads and magnetic columns. (G) Membranes incubated with 5xFAD and 5xFAD SykAMG
microglia measuring 18 different AKT phosphorylation targets. Positive control dots highlighted in yellow, negative control dots highlighted in
magenta, AKT (P-S473) denoted in red, and GSK3p (P-Ser9) denoted in cyan. (H) Quantification of dot pixel density normalized with respective
positive and negative control sample dot pixel density. Data are plotted in membrane order of phosphorylated protein probes; n of 3 for each group.
Statistical significance between experimental groups was calculated by a two-way ANOVA with a Bonferroni post-hoc test (B) and an unpaired
Student’s t-test (H). *p < 0.05, **p < 0.01, ****p < 0.0001. Error bars represent mean + S.E.M.

The downstream signaling that coordinates DAM acquisition has remained poorly described, although, it
has been suggested that PI3BK/AKT signaling can regulate many of the processes and pathways linked to
microglial activation in AD (103, 367-369). Therefore, we chose to interrogate how the loss of SYK in
microglia regulates PI3K/AKT signaling in response to AB pathology. Utilizing magnetic bead-sorted
CD11b* microglia isolated from the brains of 5-month-old 5xFAD and 5xFAD Syk“™® mice that were
stripped of their meninges and choroid plexus, we evaluated the phosphorylation status of 18 proteins that
have been shown to be centrally involved in the PISK/AKT signaling pathway. In these studies, we found
that one particular arm of the AKT signaling pathway was differentially regulated between 5xFAD and
5xFAD Syk“®microglia. More specifically, we observed that phosphorylation levels of both AKT (P-S473)
and GSK3p (P-Ser9) were reduced in 5xFAD Syk“™® microglia compared with 5xFAD control microglia
(Figures 2.6G and 2.6H). These findings are notable as decreased phosphorylation of AKT (P-S473) and
GSK3 (P-Ser9) have been observed in the brains of AD patients in comparison to age-matched controls
(370, 371). Moreover, mutations in GSK3B have also been linked to both familial and sporadic forms of
AD in humans (372). Our data indicate that 5xFAD Syk““® microglia exhibit decreased AKT activation as
well as diminished phosphorylation of GSK3 at Ser9 (Figures 2.6G and 2.6H). Phosphorylation of GSK3[3
at Ser9 leads to its potent inactivation (370, 373), which ultimately indicates that there is increased
activation of GSK3B in 5xFAD Syk““® microglia. Given that GSK3B activation has been shown to
contribute to AB accumulation, tau phosphorylation, and neuronal damage in models of AD (374-377),
SYK-related modulation of the GSK3p pathway may contribute to the exacerbation of disease seen in
5xFAD Syk“MC mice.

The extent to which SYK regulates microglial transcriptional transition into DAMs prompted an
investigation into what upstream receptor SYK signaling relies on to enact A pathology-induced microglial
response. Extensive work has characterized microglial receptor TREM2 as influential in driving microglial
acquisition of the DAM transcriptome (93, 97, 105). Based on these findings, we wanted to determine if
the impaired transcriptional shift we observed in our SYK-deficient 5xFAD microglia phenocopies the

previously described deficiency in microglial transcriptional activation seen in TREM2-deficient 5xFAD
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microglia. To better understand the extent to which SYK regulates transcriptional DAM acquisition and to
identify if TREM2 regulates SYK function, we compared our RNA-seq dataset with a previously published
dataset analyzing 5xFAD TremZ2” microglia (112). We found that 25% of genes upregulated and ~60% of
genes downregulated in 5XFAD Trem2" microglia were shared with 5xFAD Syk“™® microglia (FDR<0.05)
(Figure 2.7J). In addition, the genes downregulated by 5xFAD Trem2'and 5xFAD Syk““® microglia share
molecular function terms such as “signaling receptor binding” and “protein binding” (Figure 2.7K). These
data suggest an important shared signaling axis between TREM2 and SYK. However, the transcriptional
shift upon SYK deletion in 5xFAD Syk“"® microglia encompasses a substantial population of uniquely
upregulated (>97%) and downregulated (>63%) differentially expressed genes not observed in 5xFAD
mice that lack TREM2 (FDR<0.05) (Figure 2.7J). Therefore, it is likely that TREM2 signaling through SYK
is only partially regulating microglial DAM transition, and that SYK conceivably transmits signals from
multiple receptors in addition to TREM2 in the 5xFAD mouse model.
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Figure 2.7. Effects of SYK deficiency on microglial gene expression under steady-state conditions and in response to AR pathology,
related to Figure 4 (A-K) 5xFAD Syk"iCx3cr1ERTCre (5xFAD SykMG mice), Cre-negative 5xFAD Syk/ littermate controls (5xFAD mice), Syk//
Cx3cr1ERT2Cre (SykAMG mjce), and Cre-negative Syk™f littermate controls (Syk®" mice) received tamoxifen food for 2 weeks starting at 3 weeks of
age and then mice were returned to regular food for the remainder of the experiment. Brains were later harvested at 5 months of age to evaluate
microglial activation. (A-D) Microglia from 5-month-old 5xFAD Syk2MG, 5xFAD, Syk2MCG, and Syke" mice were sorted from single-cell brain
suspensions using anti-CD11b*-coated magnetic beads and magnetic column sorting, finally, RNA-Seq was performed. (A) Representative flow
cytometry gating strategy used to validate purity of MACS-sorted microglia from 5xFAD Syk2MG, 5xFAD, Syk2MG, and Syk®" brain samples. (B)
Volcano plots depicting differentially expressed genes (FDR<0.1) where 37 genes are downregulated, and 7 genes are upregulated in SykAMG
microglia compared to Syk®" microglia. (C) Heatmap representation of the 20 most significantly upregulated and downregulated (FDR<0.1) genes
between SykAMG and Syk°" mice. (D) Heatmap representation of the 20 most significantly upregulated and downregulated (FDR<0.1) genes
between 5xFAD Syk2MG and 5xFAD mice. (E-I) Immunohistochemistry validation of RNA-Seq findings in 5-month-old 5xFAD Syk2MG and 5xFAD
mice. (E) 5xFAD SykAMG and 5xFAD microglia labeled with Iba1 (green) and Tmem119 (pink) surrounding AB plaques labelled with ThioS (blue).
Original magnification: 63x; scale bar =40 um and 10 um for image insets. (F) Quantification of Tmem119 volume colocalized with Iba1. (G) 5xFAD
Syk™G and 5xFAD microglia labeled with lba1 (green) and CLEC7A (pink) surrounding AB plaques labelled with ThioS (blue). Original
maghnification: 63x; scale bar = 10 um. (H-l) Quantification of total area of CLEC7A surrounding individual AB plaques and percent area of CLEC7A
normalized to the area of Iba1* cells per AB plaque, respectively. Quantification was determined by averaging the Iba1 and CLEC7A area found
surrounding ~30 plaques from 3 matching brain sections per mouse. (J-K) Comparison of the transcriptional changes that arise in microglia with
the loss of either SYK or TREM2 in 5xFAD mice. 5XxFAD Syk2MCG and 5xFAD brains were harvested at 5 months of age and their microglia were
sorted from single-cell brain suspensions using anti-CD11b*-coated magnetic beads and magnetic column sorting to perform RNA-Seq. 8-month-
old 5xFAD Trem2’ and littermate 5xFAD microglia were FACS-sorted and analyzed by RNA-Seq in (Griciuc et al. 2019). (J) Venn diagram of
significantly upregulated and downregulated genes in 5xFAD Trem2’* and 5xFAD SykMG microglia compared with their respective littermate
5xFAD controls (FD<0.05). (K) Molecular function (MF) term enrichment scatter plot highlighting major functions that are repressed in 5xFAD
Trem2’- and 5xFAD Syk2MG microglia in comparison to littermate 5xFAD microglia. Statistical significance between experimental groups was
calculated by unpaired Student's t-test. *p < 0.05, ***p < 0.001 (F, H-I). Error bars represent mean + S.E.M. and each data point represents an
individual mouse.

2.3.5 AB pathology promotes increased lipid droplet formation and ROS production in SYK-deficient

microglia

Our RNA-seq findings revealed that 5xFAD Syk“M® microglia exhibit a prominent reduction in lipoprotein
lipase (Lpl) expression (Figure 2.6F), a DAM-marker known to be critical for regulating cellular lipid
homeostasis and lipid droplet accumulation (378). Interestingly, recent work in microglial biology during
aging and neurodegeneration has identified a population of lipid-droplet-accumulating microglia (LDAMSs),
which display impaired phagocytosis and increased reactive oxygen species (ROS) production (379).
Therefore, to further understand how SYK may regulate microglial responses in the AD-brain environment,
we chose to evaluate lipid homeostasis in SYK-deficient microglial using BODIPY which is a fluorescent
dye that detects lipid droplets (379). In these studies, we observed a significant increase in BODIPY
fluorescence in 5xFAD Syk*M® CD11b*CD45™ microglia, indicating an increase in lipid droplet
accumulation in SYK-deficient microglia (Figures 2.8A and 2.8B). Previous work has defined several
dysfunctions in LDAMSs, including their increased production of reactive oxygen species (ROS) in the aged
brain. Indeed, 5xFAD Syk“M® CD11b*CD45™ microglia displayed an increase in CellROX fluorescence, a
cell-permeant dye that fluoresces when oxidized by ROS, compared with control 5xFAD microglia (Figures
2.8C and 2.8D). These collective findings suggest that SYK may act to partially limit microglial transition
to an LDAM-like state.
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Figure 2.8. Genetic ablation of SYK in microglia leads to increased levels of microglial lipid droplet accumulation and ROS
production in 5xFAD mice, related to Figure 5 (A-D) 5xFAD SykfCx3cr1ERT2Cre (5xFAD Syk2MG mice) and Cre-negative 5xFAD Sykf/fi
littermate controls (5xFAD mice) received tamoxifen food for 2 weeks starting at 4 months of age and then mice were returned to regular
food for the remainder of the experiment. Microglia from 8-month-old 5xFAD SykMG and 5xFAD mice were sorted from single-cell brain
suspensions using flow-cytometry. (A) Representative histograms of BODIPY-labeled lipid-droplet accumulation in CD11b*CD45/t
microglia. (B) Mean Fluorescence Intensity (MFI) quantification of BODIPY in 5xFAD and 5xFAD Syk®MG microglia. (C) Representative
histograms of CellROX-labeled reactive oxygen species (ROS) in CD11b*CD45" microglia. (D) MFI quantification of CellROX in 5xFAD
and 5xFAD Syk2MG microglia. (E-F) 5xFAD Syk®C mice and Cre-negative 5xFAD mice received tamoxifen food for 2 weeks starting at 3
weeks of age and then mice were returned to regular food for the remainder of the experiment. Brains were later harvested and Iba1
staining was performed at 5 months of age to evaluate microglial activation. (E) 5xFAD Syk2MCG and 5xFAD microglia labeled with Iba1
(green) and CD68 (blue) surrounding AB plaques labelled with ThioS (pink). Original magnification: 63x; scale bar = 40 um and 40 um for
image insets. (F) Volumetric quantification of CD68 normalized to Iba1 volume. Statistical significance between experimental groups was
calculated by unpaired Student’s t-test (B, D, F). ns = not significant, *p < 0.05. (B, D, F) Error bars represent mean + S.E.M. and each
data point represents an individual mouse.

2.3.6 Phagocytosis of AB is coordinated by SYK

DAMs have been shown to highly express multiple genes that are involved in phagocytosis, and this
upregulation of phagocytic machinery is thought to be one of the ways in which DAMs can exert
neuroprotective clearance of neurotoxic material in degenerative disease (93). Given that the loss of Syk
limits microglia DAM marker expression and augments AB accumulation, we hypothesized that SYK may
also play critical roles in microglial phagocytosis of AB in 5XxFAD mice, which could help to explain the
elevated deposition of AR seen in 5xFAD Syk“™® mice (Figure 2.2). To investigate this possibility, we
measured AR engulfment by microglia using immunohistochemistry and saw that 5xFAD microglia

MG microglia (Figures 2.9A and 2.9B).

engulfed more than twice the amount of AR than 5xFAD Sy
Similarly, approximately twice the volume of AR was engulfed within CD68, a well-described marker of
microglial phagolysosomes (380-382), in 5xFAD microglia compared with 5xFAD Syk““® microglia
(Figures 2.9C and 2.9D). Notably, we noticed that 5xFAD Syk“"® and 5xFAD microglia upregulated CD68

to comparable total levels across the cortex (Figures 2.8E and 2.8F). However, while much of the engulfed
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AR detected in 5xFAD microglia colocalized with CD68, there was far less AB engulfed within CD68 in
SYK-deficient 5xFAD microglia (Figure 2.9C and 2.9D).

These imaging data indicate that SYK is a pivotal regulator of AR phagocytosis in microglia. To further
substantiate a role for microglial SYK in AR phagocytosis, we next explored this in a secondary
experimental system. In these studies, 5-month-old 5xFAD Syk“™® mice and 5xFAD littermate controls
received an intraperitoneal (i.p.) injection of Methoxy-X04 which is a brain penetrant dye that labels fibrillar
AB. After 3 hours, we harvested brains from these mice to quantify the percentage of microglia that had
taken up Methoxy-X04-labelled AB using flow cytometry. Approximately 20% of 5xFAD microglia had
ingested AR (Methoxy-X04") while almost none of the 5xFAD Syk“™® microglia contained Methoxy-X04-
stained AB (Figures 2.9E and 2.9F). In total, these combined results provide evidence that SYK promotes

the phagocytic capacity of microglia in response to ApB.

We next explored what contributes to defective AB phagocytosis in 5xFAD Syk*M® mice. We turned our
attention to GSK3B signaling as this was found to be profoundly affected in 5xFAD Syk“M®
(Figure 2.6G and 2.6H). To this end, we pretreated WT and SYK-deficient bone marrow-derived

macrophages (BMDMS) with the GSK3pB inhibitor Tideglusib and then evaluated phagocytosis of

microglia

CypHer5E-tagged AR oligomers. CypHer5E fluoresces in a low pH environment such as the
phagolysosome; therefore, we analyzed CypHer5E fluorescence by flow cytometry as a readout for Ap
phagocytosis. In these studies, we found that GSK3p inhibition with Tideglusib treatment significantly
increased AR phagocytosis in SYK-deficient macrophages (Figure 2.9G and 2.9H). This suggests that the
dysregulated GSK3p signaling that unfolds in the absence of SYK can contribute to defective phagocytosis

of AB by macrophages.
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Figure 2.9. SYK is critical for microglial uptake and phagocytosis of AB (A-F) 5xFAD SykCx3cr1ERT2Cre (5xFAD SykAMG mice) and Cre-
negative 5xFAD Syk littermate controls (5xFAD mice) received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were
returned to regular food for the remainder of the experiment. Brains were then harvested at 5 months of age to evaluate microglial phagocytosis.
(A) Imaris-rendered AB plaques (ThioS, pink) and Iba1+ cells (green) with the completely localized AB-microglia (engulfed) channel in blue.
Original magnification: 63x; scale bar = 10 um. (B) Percent area of engulfment quantification from a total of ~20 plaques from 3 matching brain
sections per mouse. (C) Imaris-rendered AB plaques (ThioS, pink) and CD68 (yellow) with the completely localized AB-CD68 (engulfed) channel
in blue. Original magnification: 63x; scale bar = 10 um. (D) Percent area of engulfment quantification from a total of ~20 plaques from 3 matching
brain sections per mouse. (E-F) Mice received intraperitoneal injections of methoxy-X04 (labels fibrillar AB) and then microglial phagocytosis of AR
was determined 3 hours later by performing flow cytometry staining to evaluate the uptake of methoxy-X04+ labelled AB. (E-F) Representative
flow cytometry plots and quantification of the percentage of CD45"CD11b" cells that had taken up methoxy-X04+ labelled AB. (G-H) WT and
Syk™fi | ysMCre bone marrow-derived macrophages (BMDMs) pre-treated with vehicle or 10 uM Tideglusib, a GSK3B inhibitor, for 1 hour prior to
treatment with 10 pM CypHer5E-tagged AB oligomers. AB phagocytosis by BMDMs was determined 24 hours later by measuring CypHer5E
fluorescence by flow cytometry. (G-H) Representative flow cytometry plots and quantification of percent CypHer5E CD11b"F4/80M cells. (I-L) 10-
week-old 5xFAD and 5xFAD Syk®MG mice received bilateral intrahippocampal injections of vehicle and CLEC7A agonist pustulan. Seven days
post injection (dpi) brains were harvested to measure AB load between matched vehicle and pustulan injected hippocampal hemispheres. (J)
Representative immunofluorescence staining of D54D2-labeled AB (pink) in 5xFAD and 5xFAD SykMG mouse hippocampal sections. (K-L)
Mouse-matched quantification of AB in vehicle and pustulan injected hippocampal hemispheres, where each mouse is represented by two dots
connected by a line. Statistical significance between experimental groups was calculated by unpaired Student’s t-test (B, D, F), one-way ANOVA
with multiple comparisons (H), and paired Student’s t-test (K-L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent mean +
S.E.M. and each data point represents an individual mouse.
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2.3.7 Exogenous activation of the CLEC7A-SYK signaling pathway promotes improved clearance of AB

Thus far, we have demonstrated that SYK-deficiency impairs microglial responses to Af pathology in
5xFAD mice. However, to reinforce the integral role for SYK in driving microglial response in this
environment, we investigated if the reciprocal activation of SYK signaling would enhance protective
microglial activities in the AD brain. To achieve this, we chose to induce SYK activation through CLEC7A,
a receptor shown to be important for microglial activation in response to AD pathology. CLEC7A is a
canonical fungal pathogen receptor that signals through SYK in the periphery and has recently been
identified to be upregulated in Stage 2 DAMs (93, 383). In our studies presented here, we have identified
SYK as critical for AB phagocytosis (Figures 2.9A-H); therefore, we aimed to determine if CLEC7A-
stimulated SYK signaling could enhance microglial phagocytic response. Thus, we injected pustulan, a p-
D-glucan and ligand for CLEC7A, into the hippocampus of 2-month-old 5xFAD and 5xFAD Syk“*M® mice.
We chose the hippocampus due to its reliable accumulation of Ap in 5xFAD mice. As an internal control,
one hemisphere of the hippocampus received a vehicle injection, while the other hippocampal hemisphere
received a pustulan injection. After 7 days, we harvested the brains from the injected mice and investigated
levels of AP between the vehicle and pustulan-injected hippocampal hemispheres using
immunofluorescence (Figure 2.91). Strikingly, 5xFAD mice displayed decreased A load in the pustulan-
injected hippocampal hemisphere compared to the vehicle-injected hippocampal hemisphere (Figures
2.9J and 2.9K), indicating that pustulan-induced microglial CLEC7A activation is sufficient in stimulating
AB clearance in the 5xFAD brain. In contrast, pustulan treatment in 5xFAD Syk“"® mice did not promote
AP clearance in the hippocampus (Figures 2.9J and 2.9L), suggesting that SYK is necessary for the
protective CLEC7A-driven phagocytic response by microglia. Altogether, our data suggests that CLEC7A

signals through SYK to promote protective microglial phagocytic response to Ap.

2.3.8 DAM generation is regulated by SYK in demyelinating neuroinflammatory disease

Next, we investigated whether SYK also influences DAM generation and microglial biology in other models
of neurological disease. As a first approach, we explored the impact of SYK deletion in microglia on
demyelinating neuroinflammatory disease progression in the experimental autoimmune encephalomyelitis
(EAE) mouse model of multiple sclerosis (MS). Importantly, microglia have previously been described to
play pivotal roles in EAE disease progression (384). In particular, the clearance of myelin debris by
microglia is believed to be critically required to limit neuronal damage in EAE (385-387). In our studies,
we found that Syk“M® mice develop exacerbated paralyzing disease and more severe demyelination in
comparison to Syk®" littermate controls (Figures 2.11A-C). Interestingly, ablation of SYK in Syk*M® mice
was also found to have an effect on T cell responses in the EAE disease model. More specifically, we
observed a modest, albeit statistically significant, increase in total T cell numbers, and more T cells
producing GM-CSF, IFN-y, and IL-17 in the spinal cords of Syk*M® EAE mice relative to Syk®™" EAE
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controls during the effector phase of EAE disease (>30 days post-immunization) (Figure 2.10A-2.10E).
Moreover, we detected less splenic CD4* T cells making GM-CSF, IFNy, and IL-17 in Syk“M® EAE mice
compared to Syk®" EAE controls when mice were harvested during the EAE effector phase (Figure 2.10F-
2.10H). These collective findings point toward key neuroprotective roles for SYK in microglia during

demyelinating neuroinflammatory disease.
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Figure 2.10. Syk“MC mice have increased numbers of cytokine producing T cells infiltrating the CNS but have modestly reduced
peripheral T cell responses during EAE, related to Figure 6 (A-H) Syk" Cx3cr1ERT2Cre (SykAMG mice) and Cre-negative Syk™f littermate
controls (Syk mice) received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the
remainder of the experiment. Mice were later immunized with MOG+CFA and pertussis toxin at 8-14 weeks of age to induce experimental
autoimmune encephalomyelitis (EAE). (A-E) Spinal cords were then harvested from mice during the effector phase of clinical disease (at
least 30 days post-immunization) to evaluate immune cell responses by flow cytometry. (A) Representative flow cytometry gating strategy.
(B) Quantification of immune cell populations. (C) Representative dot plots of effector cytokine-producing CD4* T cells after no stimulation or
5-hour ex vivo stimulation with PMA and ionomycin in the presence of monensin. (D) Quantification of the frequencies of effector cytokine
producing CD4* T cells. (E) Quantification of the total numbers of effector cytokine producing-CD4* T cells. (F-H) Spleens were harvested
from mice during the effector phase of clinical disease (at least 30 days post-immunization) to evaluate immune cell responses by flow
cytometry. (F) Representative dot plots of EAE effector-cytokine producing CD4* T cells from EAE effector phase spleens after no
stimulation or 5-hour ex vivo stimulation with PMA and ionomycin in the presence of monensin. (G) Quantification of effector cytokine
production by CD4* T cells. Data are combined from 2 independent experiments. (H) Quantification of secreted cytokine levels in culture
media from Syk®"and SykMC EAE effector phase splenocytes stimulated ex vivo with MOGss.s5 peptide for 48 hours. Levels of indicated
analytes were measured by multiplex cytokine assay. (1) Flow cytometry-based sorting of ZsGreen+ microglia from SykAMG-AI6 gand Sykcon-Ai6
mice. Syk®G and Syk®" mice were crossed onto the Ai6-ZsGreen reporter background (denotated as Syk2MG-A® and SyknA6 mice) to
isolate microglia in the EAE disease model. Spinal cords were harvested from mice on day 35 post-immunization and single-cell RNA-
sequencing was performed on FACS-sorted ZsGreen* microglia. Statistical significance between experimental groups was calculated by
unpaired Student’s t-test (B, D-E, G-H). *p < 0.05, **p < 0.01. Error bars represent mean + S.E.M. and each data point represents an
individual mouse.

Having seen that SYK ablation in Syk“"® mice leads to more severe demyelinating neuroinflammatory
disease, we next wanted to better understand how SYK influences microglial responses in EAE. Given
our results in the 5xFAD model, we were particularly interested in interrogating whether SYK also instructs
DAM generation and modulates microglial transcriptional expression of phagocytic machinery in this
separate model of neurodegenerative disease. To accomplish this in a comprehensive and unbiased
fashion, we conducted single-cell RNA-sequencing (scRNA-seq) on sorted spinal cord macrophages. In
comparison to the 5xFAD AD mouse model, where it has been shown that there is negligible recruitment
of peripherally-derived myeloid cells into the CNS (87, 100), disease progression in EAE is characterized
by massive infiltration of various circulating myeloid cell types into the spinal cord (388). This ultimately
makes it challenging to unequivocally differentiate between bona fide microglia and CNS-infiltrating
myeloid cells using traditional cell sorting techniques (e.g. flow cytometric sorting on CD11b" cells).
Therefore, to circumvent this technical limitation associated with the EAE model, we crossed Syk™*
Cx3cr1ER™2C and Syk™ Cx3cr1ER™C™ mice with the Ai6-ZsGreen reporter mouse line to target Ai6-
Zsgreen expression to Cx3cr1-expressing cells. The Ai6-ZsGreen model has been adopted by others in
the field to purify CNS-resident macrophages in settings where peripheral-derived myeloid cells are
expected to infiltrate the CNS (389, 390). Ai6-ZsGreen reporter mice possess a LoxP-flanked STOP
cassette that prevents the expression of green fluorescent protein variant ZsGreen1 until the stop site is
excised after tamoxifen induction of Cre-recombinase activity. Following the withdrawal of tamoxifen,
short-lived Ai6-ZsGreen expressing cells in the periphery are promptly replaced by newly derived cells
that lack Ai6-ZsGreen expression. In contrast, the long-lived nature of microglia allows them retain their

Ai6-ZsGreen signal for months post-tamoxifen withdrawal (391).

In our studies, we purified ZsGreen* cells from the spinal cords of Ai6-ZsGreen Syk** Cx3cr1ERT2Cre (Sykeom
A®) and Ai6-ZsGreen Syk™ Cx3cr1ERT2Cre (SykAMCG-A®) mice at day 35 post-EAE induction using flow
cytometry-based cell sorting (Figure 2.10l). Utilizing scRNA-seq, we uncovered 6 unique microglia

populations, including homeostatic microglia, highly metabolic microglia, M1-like microglia, and M2-like
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microglia (Figure 2.11D). We also identified a unique population of microglia that we denoted as CD36hi
microglia, as Cd36 was one of the top-defining genes of this cluster and it failed to conform with other
known microglia types (Figures 2.11D and 2.11E). The final microglia cluster highly expressed the

canonical genes of DAMs, including Cst7, Lpl, Spp1, Tyrobp, and ltgax (Figures 2.11D and 2.11E).

To understand if microglia followed a trajectory in their maturation state during EAE and if this was
influenced by SYK, we performed a pseudotime analysis of the microglia transcriptional data. After
establishing homeostatic microglia as the earliest point in pseudotime, three potential pathways were
revealed: a homeostatic to highly metabolic and M1-like microglia pathway, a homeostatic to CD36hi
pathway, and a homeostatic to DAM and M2-like pathway (Figure 2.11F). When comparing the distribution

MG-Ai6

of cells in each cluster by Syk®"*®vs. Sy, , we observed that Syk®"*® microglia tend to follow the

MG-Ai6

homeostatic to DAM and M2-like pathways more than Sy microglia (Figures 2.11F and 2.11G). In

MG-A® microglia, when compared to Syk®™"*® microglia, more commonly followed the

contrast, Sy
homeostatic to CD36hi trajectory (Figures 2.11F and 2.11G). These pathway biases are confirmed by the
proportion of cells in each cluster by sample, where the Syk®"® samples have a higher proportion of
DAM microglia and the Syk®™°*® samples have a higher proportion of CD36hi microglia and few DAMs
(Figure 2.11H). Therefore, Syk“M®A® mjcroglia appear to be less apt to acquire DAM transcriptional status

in the EAE model of demyelinating neuroinflammatory disease.

Interestingly, the Syk“MG*® samples also have a higher proportion of homeostatic microglia when
compared to microglia isolated from Syk*“*® mice (Figure 2.11H). To further examine the failure of
Syk®MCA® microglia to take on a DAM transcriptional signature, we generated feature plots to visualize
gene expression of DAM markers: Cst7, Lpl, ltgax, and Spp1 by cluster (Figure 2.111). We observed that
Syk“MC microglia in the DAM cluster had much lower average expression of these DAM genes compared
with microglia obtained from Syk®™*® mice (Figure 2.11l). Finally, to better understand the biological
processes potentially being driven by the DAM cluster, we used DAM-defining genes to plot KEGG and

GO terms related to phagocytosis. These shared terms included “phagosome,” “abnormal phagocyte
morphology,” and “microglia pathogen phagocytosis pathway,” and shared phagocytosis genes such as
Trem2, Tyrobp, C1qa, Lamp1, Cd68, and Cd22 (Figure 2.11J). In summary, our collective EAE findings
corroborate our 5xFAD data characterizing SYK as a pivotal intracellular regulator of DAM generation and

promoter of neuroprotective functions in microglia during neurodegenerative disease.

58



n .
A wlo sykon0=7) s[oSyk"m=5 B Syk® Py C Thoracic D !
° i SykAMG (n=7) k5 O SyKAMG (n=4) N o DAMs Homeostatic
° n= kMG n=4) ) - S L s ol
e 4 Y ° = ~ 65 7
8 oo .
Z; 3 * Highly
8 - 604 10| o Metabolic
£ i ™
G 1 5 55 ¥
0 o0 X 5]
10 15 20 25 30 50
Days post immunization T ‘ ‘ ‘ ‘
[\,
E wetavoicie - - 0@@e co. . pR s
z 4
DAMs 000000000000000 *0000°00 - 000-0 . .25
® 50
Homeostatic{@® « « ® 00 000000  0000:0° O ; :go
CD36 00000 - 00 -000000000000000 -000:0 Qv Epescen
1
M1-like @ e @-000 [ 1) e00e® o > IO
-1
M2-like 00 -0 o 000 -
S S 'b«b&é,;oewq > Q&
3 FOENNNR XN
GRS
10 == Highly Metabolic
F : B3 DAMs
mm Homeostatic
B cpagh
c == Mi1-like
S = M2-ike
=
805
Q
g
o
~
% Pad 0.0
© ©
=} e«v \“OY
UMAP 1 o %*\2
| Al SykeonAB  SyKAMG-Als J - o
o 2 on Average Expression ctso. cron
" Y . g , m o
: : - T om =
. 0 ™ \ o
s e R o e Microglia A oo
g% % 1 B . Path
B, Ey U - s | e -
Lpl By o N 2 CITEL Pathway
” " . L & &
o 2 .
c . o ATPEVOC
[}
g = ATPBVOET
O tgax g T s = e &
Sppt g7 i 40 i 0, ]

ST o som pam OBA

Figure 2.11. Syk-deletion in microglia impedes the formation of DAMs in EAE (A-C) Sykf Cx3cr1ERT2Cre (SykAMG mice) and Cre-
negative Sykf littermate controls (Syk®" mice) received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were
returned to regular food for the remainder of the experiment. Mice were then immunized with MOG+CFA and pertussis toxin at 8-14
weeks of age to induce experimental autoimmune encephalomyelitis (EAE). Control mice did not receive EAE induction. (A) Severity of
hind-limb paralysis was assessed using a 5-point clinical scoring system. (B-C) Representative images and quantification of spinal cords
stained with Luxol fast blue (LFB) to evaluate demyelination. (D-J) Syk** Cx3cr1ERT2Cre and Syk" Cx3cr1ERT2Cre were crossed onto the Ai6-
ZsGreen reporter background (denotated as Syk®Ai® and SykAMG-Ai6 mice) to isolate microglia in the EAE disease model. Syk®nA6and
SykAMG-A6 mice received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the
remainder of the experiment. Mice were then immunized with MOG+CFA and pertussis toxin at 8-14 weeks of age to induce EAE. Spinal
cords were harvested from mice on day 35 post-immunization and single-cell RNA-sequencing was performed on FACS-sorted ZsGreen*
microglia. (D) Uniform Manifold Approximation and Projection (UMAP) representation of combined Syk®™Ai® and SykAMG-A6 microglia cell
populations. (E) A dot plot representation of cluster defining genes for each cell population, where the genes represent some of the most
significant cluster-defining markers for each cluster. (F) UMAP representation of pseudotime cellular trajectory profiles showing microglia
maturation trajectories. (G) UMAP representation of the cell populations present in each of the clusters. (H) Breakdown of cluster
proportions. (l) Feature plots depicting several DAM genes. (J) Plotted KEGG and GO terms related to phagocytosis using defining genes
of the DAM cluster. Statistical significance between experimental groups was calculated by non-parametric Mann-Whitney U-test (A) and
unpaired Student’s t-test (C). **p < 0.01. Error bars represent mean + S.E.M. and each data point represents an individual mouse (C).

2.3.9 Defective SYK signaling in microglia during demyelinating disease causes damaged myelin debris

accumulation and impaired oligodendrocyte proliferation

59



To further validate the ability of SYK to modulate microglial responses in a separate model of
demyelinating disease that does not involve autoimmune attack, we explored the effects of cuprizone
intoxication on neurological disease in Syk“® mice and Syk®" littermate controls. Cuprizone is toxic to
myelinating oligodendrocytes, including those found in the corpus callosum, thus 5 continuous weeks of
feeding cuprizone to mice leads to a localized areas of demyelination (392). Importantly, we observed no
appreciable changes in myelin basic protein (MBP) levels in the corpus callosum of Syk*“® and Syk®"
mice, indicating that myelination at steady-state is not affected in SYK-deficient mice (Figures 2.13A and
2.13B). However, we noticed that the corpus callosum of Syk“™® mice had significantly fewer microglia
than Syk®" controls during both cuprizone-induced demyelination and remyelination (Figures 2.13C and

2.13D). We determined that the decreased number of microglia in Syk*V®

mice is likely not due to
differential apoptosis using TUNEL staining (Figures 2.13E and 2.13F). Consistent with previous studies,
we found that feeding wild-type Syk®" mice cuprizone diet leads to increased staining of the phagocytic
marker CD68 in Iba1* cells (Figures 2.13G and 2.13H) (387). In contrast, CD68 positivity was substantially
decreased in Iba1* cells found in the corpus callosum of cuprizone-fed Syk*“® mice during the
demyelinating phase (Figures 2.13G and 2.13H), suggesting impaired phagocytic microglial response
compared to Syk®" mice. Indeed, increased damaged myelin basic protein (IMBP) accumulation was
evident during both demyelination and remyelination in the Syk“"® corpus callosum compared with Syk®"
mice (Figures 2.12A and 2.12B). Microglia are established to phagocytose damaged myelin in the
cuprizone model of demyelination; therefore, this accumulation is likely due to a microglial phagocytic
deficit (393). These results provide evidence that SYK signaling in microglia is critically involved in the

clearance of myelin debris independent of the robust autoimmune response associated with EAE.

The inability to phagocytose myelin debris in the cuprizone model is known to obstruct aspects of
oligodendrocyte biology including the differentiation of oligodendrocyte precursor cells (OPCs) into myelin-
producing oligodendrocytes (394). Therefore, we hypothesized that any phagocytic deficits seen in Syk*M®
mice in the cuprizone model would subsequently manifest as impaired OPC proliferation and/or
differentiation into mature oligodendrocytes during the remyelination phase that follows cuprizone
cessation. Consistent with this hypothesis, we found that SYK deficiency in cuprizone-treated Syk*“® mice
leads to greatly reduced numbers of OPCs (Olig2*Pdgfra.” cells) and oligodendrocytes (Olig2*CC1*cells)
during the remyelination phase of the cuprizone model (Figures 2.12C-2.12E). We also noted that OPCs
in cuprizone-treated Syk“™® mice had severely impaired proliferation during demyelination (Figures 2.13I
and 2.13J), which likely accounts for the decreased numbers of OPCs and oligodendrocytes seen in
Syk*™C¢ mice following cuprizone treatment. In comparison, we observed comparable numbers of OPCs
and oligodendrocytes in Syk“"® mice and Syk°" littermate controls that were fed normal chow (Figures
2.12C-2.12E), suggesting that SYK deficiency in microglia does not appreciably affect oligodendrocyte-

lineage cell numbers under homeostatic conditions. Our findings indicate that disruption of SYK signaling
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in microglia causes prominent defects in the clearance of damaged myelin in the cuprizone model of
demyelinating disease. Moreover, they suggest that the lack of neuroprotective functions in SYK-deficient
microglia can ultimately lead to impaired oligodendrocyte generation during remyelination. Altogether,
these cuprizone data support our 5xFAD and EAE findings that define a critical role for SYK in promoting

protective microglial responses that limit neurodegenerative disease progression.
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Figure 2.12. Disruption of SYK signaling in microglia during demyelinating disease leads to accumulation of damaged myelin
debris and impaired oligodendrogenesis (A-E) Sykfl Cx3cr1ERT2Cre (SykAMG mice) and Cre-negative Syk™f littermate controls (Syk®" mice)
received tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the
experiment. Adult (8—12-month-old) mice were later fed a diet consisting of 0.3% cuprizone for 5 weeks to induce demyelination. Mice were
then either harvested after 5 weeks of cuprizone treatment (demyelination group) or returned to normal chow for one additional week before
being harvesting (remyelination group). Control mice were not introduced to the cuprizone diet. (A) Representative images of microglia
labeled with Iba1 (green) and damaged myelin basic protein (MBP; pink) expression in the corpus callosum. Original magnification: 40x;
scale bar = 30 pm and 30 um for image insets. (B) Quantification of dMBP volume in the corpus callosum. (C) Representative images of
oligodendrocyte lineage markers in the corpus callosum. Original magnification: 40x; scale bar = 300 um and 30 um for image insets. (D-E)
Quantification of the number of Pdgfra* Olig2* oligodendrocyte precursor cells (D) and number of CC1* Olig2* mature oligodendrocytes (E)
in the corpus callosum. Statistical significance between experimental groups was calculated by one-way ANOVA with multiple comparisons
(B, D, E). ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Data are mean + S.E.M and combined from two
independent experiments and each data point represents an individual mouse.
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Figure 2.13. Disruption of SYK signaling in microglia during demyelinating disease leads to impaired microglial response and reduced
OPC proliferation, related to Figure 7 (A-B) Sykfl Cx3cr1ERT2Cre (SykAMG mice) and Cre-negative Syk/f littermate controls (Syk® mice) received
tamoxifen food for 2 weeks starting at 3 weeks of age and then mice were returned to regular food for the remainder of the experiment. Mice
were harvest at 8 months of age and total myelin levels were evaluated in the corpus callosum. (A) Syk®MG mice and Sykcn corpus callosum
labeled with myelin basic protein (MBP; green) and DAPI (blue). Original magnification: 20x; scale bar = 1000 um. (B) Quantification of percent
area covered by MBP in the corpus callosum at baseline. (C-J) SykAMG mice and Syk®" mice received tamoxifen food for 2 weeks starting at 3
weeks of age and then mice were returned to regular food for the remainder of the experiment. Adult (8—12-month-old) mice were later fed a diet
consisting of 0.3% cuprizone for 5 weeks to induce demyelination. Mice were then either harvested after 5 weeks of cuprizone treatment
(demyelination group) or returned to normal chow for one additional week before being harvesting (remyelination group). Control mice were not
introduced to the cuprizone diet. (C-D) Representative images and quantification of the number of Iba1* cells (green) in the corpus callosum.
Original magnification: 63x; scale bar = 30 um. (E-F) Representative images and quantification of microglial apoptosis measured by TUNEL*
volume (pink) in Iba1* microglia (green) in the corpus callosum. Original magnification: 63x; scale bar = 30 um. (G) Representative images of
Iba1* microglia (green) and CD68 (pink) expression in the corpus callosum. Original magnification: 40x; scale bar = 50 um and 50 um for image
insets. (H) Volume of CD68 colocalized to the volume of Iba1 in the corpus callosum. (I) Representative images of proliferating Ki67* (pink)
Pdgfra* Olig2* (blue; green) oligodendrocyte precursor cells (OPCs) in the corpus callosum. Original magnification: 63x; scale bar = 30 um and
30 pm for image insets. (J) Quantification of Ki67* OPCs in the corpus callosum. Statistical significance between experimental groups was
calculated by unpaired Student’s t-test (B) and one-way ANOVA with multiple comparisons (D, F, H, J). ns = not significant, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Data are mean = S.E.M and combined from two independent experiments and each data point represents an
individual mouse.

2.4 Discussion

Human GWAS and sequencing studies conducted over the last few years have helped to uncover an
ever-increasing link between microglial dysfunction and various neurodegenerative disorders (93, 95, 96,
395). This has spurred tremendous recent efforts to reveal how microglial biology contributes to
degenerative disease. For instance, the identification of the link between mutations in Trem2 and Cd33 in
human AD has led to breakthroughs in our understanding of how these microglial receptors affect
neurobiology in multiple neurodegenerative disease models (34, 97, 100, 385). Emerging from this
collective work is the idea that microglia can play both neuroprotective and deleterious roles in neurological
disease pathogenesis (86, 100, 102, 230, 242, 244, 384, 396-399). However, what accounts for the
acquisition of damaging versus beneficial functions by microglia is still a matter of great debate in the field.
Despite this, recent advances have begun to uncover some of the major transcriptional networks and
effector mechanisms that underpin the ability of microglia to impact neurodegenerative disease

susceptibility and progression.

While numerous mechanisms have been proposed to date, it has become increasingly clear that the ability
of microglia to corral and phagocytose neurotoxic material is essential for them to exert their
neuroprotective effects in degenerative disease (100, 102, 120, 396). Consistent with this idea, recent
studies demonstrate that TREM2 is deployed by microglia to coordinate both the containment and
phagocytosis of Ap and dead cells in an effort to limit AB-driven neurodegenerative disease (97, 400).
CD33, on the other hand, has been shown to inhibit the ability of microglia to phagocytose A (35). In line
with this, gain-of-function mutations in CD33 have been strongly linked with AD risk in humans (34). It has
also been proposed that aging-related defects in phagocytosis contribute to the increased risk of
developing neurodegenerative disease later in life (401). This has motivated many groups to perform
screens in search of the molecular players that underlie age-associated decline in microglial phagocytosis.
In one such study, it was shown that the receptor CD22 hinders microglial phagocytic capacity during

aging (113). Furthermore, this study reported that antibody-based blockade of CD22 provides an effective
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strategy to boost the phagocytosis of both AR and myelin debris. While great strides have been made in
recent years in defining some of the surface receptors that modulate microglial biology in
neurodegenerative disease, the identity of the key intracellular signaling molecules exploited by microglia

to regulate their neuroprotective functions is currently less well understood.

In the studies presented here, we have identified SYK as a pivotal intracellular regulator of neuroprotective
microglial responses in mouse models of both AD and MS. We demonstrate that SYK is critically involved
in the acquisition of a DAM phenotype in neurodegenerative disease and that disruption of this key
signaling hub in microglia causes pronounced deficits in microglial activation, including defective Ap
phagocytosis and stunted proliferation in response to AD-associated neuropathology. These defects in
SYK-coordinated microglial responses were further shown to cause exacerbated neuritic dystrophy,
neuronal cell death, and cognitive impairment in the 5XxFAD mouse model of AD. It is important to note

that replacing one allele of Cx3cr1 with Cre-recombinase in Cx3cr1ERT2cre

mice may potentially affect
aspects of microglial biology. However, in a recent study it was shown that targeting microglia with this
strategy actually leads to improved clearance of Ap and ameliorated disease progression in the APP/PS1
mouse model of AD (402). Therefore, our observation of worsened disease status in 5xFAD Syk“V¢ is
likely not explained by this variable. In addition, future studies are also needed to ascertain whether SYK

MG studies.

deletion in long-lived BAMs contributes at any level to the phenotypes seen in our Sy
Nevertheless, we found that the loss of SYK in microglia leads to more severe demyelinating
neuroinflammatory disease in the EAE model of MS. Using scRNA-seq we revealed that SYK is centrally
involved in microglial acquisition of a DAM signature during EAE. Finally, by adopting cuprizone as an
alternative model of demyelinating disease, we observed that disruption of SYK signaling in microglia also
leads to defects in microglial phagocytosis and subsequent impairments in oligodendrocyte lineage cell
repopulation. Taken together, our findings suggest that SYK is a key regulator of microglial activation and

phagocytosis in response to both Ap- and myelin-driven neurodegenerative disease.

Tremendous efforts in recent years have also been paid to defining how microglial responses evolve
during the course of neurodegenerative disease in hopes of unearthing key transcriptional signatures and
molecular players that influence disease progression. Emerging from these collective studies is the notion
that microglia take on a neuroprotective DAM phenotype during neurodegenerative disease progression,
and that this transformation is meant to equip them with the machinery needed to properly contain and
dispose of neurotoxic material (93). This transition is characterized by the downregulation of homeostatic
genes such as Tmem119 and P2ry12, and the concomitant upregulation of DAM and neurodegenerative
disease-associated microglia (MGnDs) factors that include Lpl, Ccl6, Clec7a, and Cst7 (93, 94). While this
paradigm of microglial activation has been extensively studied and adopted in multiple models of
neurological disease, we currently lack knowledge of the key signaling molecules that instruct this

important transformation in microglia. From the studies presented here, we have identified SYK as a novel
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intracellular coordinator of microglia transition from a resting state to a DAM phenotype in mouse models
of both AD and MS.

SYK is perhaps best known for its essential roles in the generation of protective immunity against many
fungal infections as well as in the regulation of T cell and B cell receptor signaling (403-405). However, in
recent years there has been growing appreciation for the critical involvement of SYK in models of sterile
infammation that do not involve microbes (406). In particular, it has been shown that SYK activation
occurs following stimulation with various damage-associated molecular patterns (DAMPs) released from
damaged or dying cells and that SYK-directed signaling in these scenarios induces robust immune
responses (340, 407). While there has been some initial progress made in identifying key roles for SYK in
sterile inflammatory disorders that affect peripheral organs, far less is known in regards to how SYK
signaling affects neurological health and disease. That being said, the SYK homolog in Drosophila, known
as Shark, was shown to be critical for glial phagocytosis of axonal debris (408). In addition, there have
been a handful of recent studies that have used pharmacological inhibitors and in vitro cell culture systems
to begin to explore how SYK affects CNS biology (348). For instance, it has been demonstrated that SYK
activation, as indicated by phospho-SYK staining, is highly upregulated in plaque- and tau-associated
microglia (347), and that SYK inhibitors can lead to phagocytic impairments in immortalized cells (409). It
was also recently shown that systemic treatment with the SYK inhibitor piceatannol limits neurological
disease progression in a mouse model of ischemia stroke (410). However, the specific cell types in which
SYK acts to affect ischemic stroke still remain to be determined. Given the important roles for both
peripheral immune cells and CNS-resident cells in ischemic stroke, it is possible that SYK could be

functioning in multiple cell types to influence neurological disease progression in this model.

Older studies have also reported that treatment with the blood pressure-lowering drug, Nilvadipine, is
effective in attenuating tau hyperphosphorylation and A production both in cell culture studies and mouse
models of AD (348). Nilvadipine was originally developed to be a calcium channel blocker (411); however,
it was later found to also limit SYK activity to some degree (348, 412). This led Paris et al. to conclude
that the beneficial effects that they saw with Nilvadipine treatment in AD models were likely due to its
ability to modulate SYK (348). These Nilvadipine findings are contrary to our results demonstrating that
disruption of SYK in microglia leads to exacerbated AR pathology and neuropathology in the 5xFAD mouse
model of AD. Moreover, our findings suggest that SYK agonists, and not inhibitors as suggested in the
Nilvadipine studies, would be most effective in the treatment of AD. The discrepancies between our
findings and the previous Nilvadipine work could be explained by various reasons. For one, the ability of
Nilvadipine to dampen AD-related pathology could be related to its potent blockade of calcium channels
(413) and have little to do with its secondary effects on SYK. Or, considering the fact that Nilvadipine
treatment targeted all cells and not just microglia in these previously published studies (Paris et al., 2014),

the possibility also exists that SYK can impact disease through its actions in other CNS-resident cells
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and/or peripheral cells. Regardless, these previous Nilvadipine studies and the findings presented here
highlight the need for additional studies to dissect the effects of SYK in neurodegenerative disease, and

to also test the efficacy of other SYK targeting approaches to treat neurodegenerative disease.

The role of SYK in demyelinating neuroinflammatory disease also currently remains poorly described. This
is surprising given that mutations in various SYK-related molecules have been identified as prominent MS
genetic risk factors (414, 415). For instance, mutations in multiple upstream activators of SYK including
CD37, TREM2, numerous C-type lectin receptors (e.g., CLEC16A, CLECL1, and CLEC2D), and Fc
receptor-like proteins (i.e., FCRL2 and FCRL3) have been strongly linked to MS in GWAS studies (337,
415). Likewise, mutations in downstream molecules involved in SYK signaling including BCL10 and
MALT1 have also been associated with MS risk (416, 417). It should, however, be noted that one recent
study has provided some initial insights into how SYK can potentially impact EAE disease progression
(418). Here it was shown that pharmacological inhibition of SYK in bone marrow-derived neutrophils
abrogates the expression of oncostatin M, a neuroprotective molecule that was identified by this group as

a novel attenuator of demyelinating neuroinflammatory disease progression (418).

In summary, while pivotal roles for microglia have recently been uncovered in AD, MS, and many other
neurodegenerative disorders (51, 97, 105, 107, 113, 336), the key signaling pathways that microglia
leverage to instruct neuroprotective functions remain poorly defined. Through the studies presented here,
we have identified SYK as an instrumental regulator of neuroprotective responses in mouse models of AD
and MS. Moreover, our studies suggest that targeting SYK may offer novel strategies to boost microglial

protective responses, including phagocytosis of neurotoxic material, to treat neurodegenerative disease.

2.5 Limitations of the study

Future studies are needed to fully define all of the key microglial receptors that rely on SYK to influence
neurodegenerative disease progression. Based on receptor structure alone, there are a wide-range of
microglial receptors that could potentially leverage SYK to coordinate their effects on neuropathogenesis.
Most notably, and of relevance to neurodegenerative disease research, this list includes TREM2,
CLECTA, CD33, CD22, FcyR, and complement receptor 3 (CR3) (113, 410, 419-422). However, various
other CLEC receptors, SIGLEC receptors, and integrin receptors could also potentially leverage SYK
signaling to influence neurological disease. Importantly, targeting a major shared intracellular signaling

pathway, such as SYK, may prove more effective than targeting individual receptors in isolation.

While previous in vitro studies have shown that TREM2 activation can provoke SYK signaling (419), it still
remains to be seen whether TREM2 relies exclusively on SYK to coordinate its effects on in vivo
Alzheimer’s-related disease progression. Therefore, additional in vivo studies in relevant disease models

are needed to address this. Likewise, even though our studies provide promising early evidence that
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promoting SYK activation via CLEC7A engagement can boost the clearance of A, future studies are
needed to better characterize the role of CLEC7A in AD-related disease. In particular, it still remains to be
seen why CLECT7A is so highly expressed by microglia in response to neurodegenerative disease
pathology in mice (93, 94, 105).The possibility exists that CLEC7A could have differential downstream
effects on microglial responses and neurological disease pathogenesis depending on the source (fungal-
versus -endogenously derived) and avidity of the CLEC7A agonist. Therefore, while our early studies
suggest the SYK is a major regulator of neuroprotective microglial responses in models of AD and MS,
future studies are needed to better characterize both the upstream and downstream players that

coordinate the effects of SYK on neurodegenerative disease progression.

2.6 Methods
Mice

All mouse experiments were performed in accordance with the relevant guidelines and regulations of the
University of Virginia and approved by the University of Virginia Animal Care and Use Committee. 5xFAD
mice (Stock # 34848-JAX), Syk" mice (Stock #028652), and Cx3cr15R™® mice (Stock # 020940) were
obtained from The Jackson Laboratory and were crossed to generate Syk" (denoted as Syk™"), Syk""
Cx3cr1ERT2e (denoted as Syk*M®), 5xFAD Syk™ (denoted as 5xFAD), and 5xFAD Syk™ Cx3cr1ERT2cre
(denoted as 5xFAD Syk*'®) experimental mice. Upon weaning, female Syk®"and Syk*“®, 5xFAD, and
5xFAD Syk*€ littermates were fed tamoxifen diet (Envigo Teklad #TD.130858) ad libitum for two weeks
and then returned to normal chow. Ai6-ZsGreen reporter mice were generously provided by Dr. Tajie
Harris and crossed with Syk™* Cx3cr15R72" and Syk™ Cx3cr15R™2C" mice. In EAE experiments, Syk®",
SykC | Syk®"A6 and Syk*CA® mice were fed tamoxifen diet for two weeks upon weaning and then
returned to normal chow. In cuprizone experiments, Syk*" and Syk*“® were fed tamoxifen diet for two
weeks upon weaning and then returned to normal chow. Mice were housed for AD and demyelinating
experiments in specific pathogen-free conditions under standard 12-hour light/dark cycle conditions in

rooms equipped with control for temperature (21 + 1.5° C) and humidity (50 + 10%).

Experimental autoimmune encephalomyelitis (EAE) Induction and Scoring

On the day of immunization (Day 0), mice were injected subcutaneously over each shoulder with 100 pl
of an emulsion containing 0.5 mg/ml MOGss.s5 peptide (Bio-Synthesis, 12668-01) and 1.25 mg/ml heat-
killed Mycobacterium tuberculosis (Becton, Dickinson, & Company, 231141) in Complete Freund’s
Adjuvant (Sigma Aldrich, F5881). Mice were intraperitoneally injected with 200 ng of Pertussis toxin (List

Biological Laboratories, 180) on days 0 and 2 post-immunization.

Beginning at approximately day 7 post-immunization, mice were monitored daily for onset of hind-limb

paralysis and scored for EAE severity using the following 5-point clinical scoring system: 0=normal tail;
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0.5=limp at tip of tail; 1=completely limp tail; 1.5=partial hind limb weakness/mouse can be flipped onto its
back; 2=complete hindlimb weakness with abnormal gait; 3=partial hind-limb paralysis; 3.5=complete

hind-limb paralysis in both legs; 4=hind- and fore-limb paralysis; 5=moribund/dead.

Cuprizone model

For the cuprizone model, adult mice were fed regular chow mixed with 0.3% cuprizone (Sigma, 14690) ad

libitum for 5 weeks to induce demyelination.

Western blotting

MACS-sorted microglia were resuspended in Western blot lysis buffer [dH>O, RIPA, cOmplete Protease
Inhibitor Cocktail (Roche), and PhosSTOP (Roche)]. Protein concentration was measured using Pierce
660 nm Protein Assay Reagent (Thermo Scientific, 22660). 4X SDS loading dye was added to protein
lysates and incubated at 95°C for 3 minutes. For each sample, 25 ug of protein was loaded per lane of a
4-20% Mini-PROTEAN TGX Stain-Free Protein Gel (BioRad, 4568093) and run at 120 volts for 1.5 hours
using Mini-PROTEAN Tetra Cell (BioRad, 1658004). Proteins were transferred to an Immun-Blot Low
Fluorescence PVDF membrane (BioRad, 1620264) using Trans-Blot Turbo transfer system (BioRad,
1704150) set to 2 mini gels and mixed MW for 21 minutes. SYK protein was probed using anti-SYK
(D3Z1E) XP Rabbit mAb (Cell Signaling Technologies, 13198, 1:1000 overnight at 4° C) and goat anti-
rabbit IgG StarBright Blue 700 secondary antibody (BioRad, 12004161, 1:1000 for 2 hours at room
temperature). The stain-free gel and blotted membrane were imaged using ChemiDoc MP Imaging
System (BioRad, 12003154). Total protein loaded was quantified using Image lab touch software
(BioRad), Beta-Actin (Cell Signaling, 12620S), Ponceau S stain (Sigma-Aldrich, P7170) and SYK protein
were quantified using Fiji. Samples underwent the same preparation for the AKT pathway phosphorylation
pathway kit (RayBiotech, AAH-AKT-1-8). The AKT assay was performed in accordance to manual

instructions and pixel density was analyzed using Adobe Photoshop.

Brain sample preparation

Mice were euthanized using CO; asphyxiation and transcardially perfused with 20 ml of 1xPBS. For AD
experiments, brains were dissected out with the left hemisphere drop-fixed in 4% paraformaldehyde over
night at 4°C and the right hemisphere flash-frozen and stored at -80°C. Drop-fixed samples were
transferred to 30% sucrose for 48 hours and then mounted and frozen in Tissue-Plus OCT compound
(Thermo Fisher). These brains were then sectioned at 50 um in thickness using a cryostat (Leica) and
stored in PBS + 0.05% sodium azide at 4°C for downstream staining and imaging. The flash-frozen brains
were thawed for RNA and protein extraction and mechanically homogenized in 500 ul of Tissue Protein
Extraction Reagent T-PER (Thermo Fisher, 78510) containing phosphatase inhibitor cocktail PhosSTOP
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(Roche, 04906845001) and protease inhibitor cocktail cOmplete (Roche, 11873580001). Following
homogenization, 50 ul of the brain sample was diluted in 500 ul Trizol for future RNA extraction and stored
at -80°C. The stock brain samples were then spun down at 16,000 rpm for 10 minutes and the supernatant
and pellet were isolated for soluble and insoluble amyloid beta analyses, respectively. For EAE
experiments, brain tissue was dissected and immersion fixed in 4% paraformaldehyde for 48 hours,
followed by dehydration in 30% sucrose and freezing in OCT. Free-floating cryosections were cut (40 pm)
and collected in PBS containing 0.02% sodium azide and stored at 4 °C until further analysis using the

methods outlined above.

ELISA

Brain samples underwent guanidine-extraction in which pelleted brain samples were incubated 1:6 in 5 M
guanidine HCL/50 mM tris, pH = 8.0 at room temperature for 3 hours, then diluted 1:5 in PBS containing
protease inhibitor cocktail cOmplete (Roche, 11873580001), centrifuged at 16,000 g for 20 minutes at
4°C, and the supernatant was collected and stored at -80°C pending ELISA. Triton-X extraction was
performed by diluting the pelleted brain samples 1:5 in 1% Triton-X-100 in T-PER buffer and sonicating
the samples for 30 minutes at room temperature, then spun down at 16,000 g for 20 minutes at 4°C and
the supernatant stored at -80°C until used for AB measurement by ELISA. Amyloid beta 40 or 42 Mouse
ELISA kits were utilized (Thermo Fisher, KMB3481, KMB3441) on samples obtained with the soluble
fraction (T-PER extracted supernatant) diluted 1:10, Triton-X fraction diluted 1:40, and the guanidine

fraction diluted 1:200 following manufacturer’s instructions.

Immunofluorescence microscopy

Floating brains sectioned stored in PBS + 0.05% sodium azide were blocked with 2% donkey serum, 1%
bovine serum albumin, 0.1% triton, 0.05% tween in PBS for 1 hour at room temperature before applying
the primary antibody master mix diluted in this block overnight at 4°C. Samples were stained with anti-A
(D54D2, Cell Signaling, 1:300; or 6e10, BioLegend, 1:1000) to label plaques. To study microglial
morphology and numbers, sections were stained with Ibal (ab5076, Abcam, 1:300). To further
characterize microglia, we labeled with Ki67-EF660 (SolA15, Thermo Fisher, 1:100), anti-Clec7a (R1-8g7,
Invivogen, 1:30), Tmem119 (ab209064, Abcam, 1:300), and anti-CD68 (FA-11, BioRad, 1:1000).
Neuronal health was probed by staining for anti-APP (Y188, ab32136, Abcam, 1:750), anti-phospho-tau
(AT8, Thermo Fisher, 1:500), and anti-NeuN (MAB377, Millipore Sigma, 1:500). For cuprizone
experiments, sections were stained with PDGFRa (AF1062, 1:200, R&D Systems), CC1 (OP80, 1:200,
Millipore), Olig2 (AB9610, 1:500, Millipore), dMBP (AB5864, Millipore Sigma, 1:2000), and MBP (ab7349,
Abcam, 1:1000). Sections were then washed 3 times for 10 minutes at room temperature in PBS and
0.05% tween-20, then incubated in matched donkey Alexa Fluor 488, 594, 647 anti-rabbit, -goat, -rat, -
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streptavidin, and -mouse (Thermo Fisher, 1:1000 dilution) at room temperature for 2 hours. Samples were
washed again 3 times for 10 minutes at room temperature and incubated with DAPI (1:1000) for 10
minutes at room temperature, or stained for plaques with ThioflavinS (Sigma-Aldrich, 2 mg/10ml) for 8
minutes followed by three 2-minute washes with 50% ethanol at room temperature. To investigate cell
death, sections were stained by TUNEL (Millipore Sigma, 11684795910) following the manufacturer’s
protocol. All tissue sections were then transferred to wells containing PBS before being mounted to glass
slides with ProLongGold antifade reagent (Invitrogen, P36930) and coverslips. Mounted slides were
stored at 4°C until imaged using LAS AF software (Leica Microsystems) on a Leica TCS SP8 confocal

microscope. Quantification of images were performed using FIJI software or Imaris software (9.5.1).

Behavior

All behavior experiments were performed between 8 am and 12 pm in a blinded fashion. All mice were 4
months old at the time of the assay. Mice were transported from their home vivarium room to the behavior

core and allowed 30 minutes to habituate before beginning each test.

Morris Water Maze

The MWM was done as described previously (294). In brief, the test involved four days of training
consisting of four trials, one day of probe consisting of one trial, and two days of reversal consisting of four
trials per mouse. Mice were alternately placed facing different visual cues for each trial in a 23°C pool
made opaque with white paint. The hidden platform was placed 1 cm below the water surface. Each trail
lasted 60 seconds, and the mouse was placed on the hidden platform for 5 seconds if unable to locate it
within the 60 second trial. All trials were tracked and scored using video tracking software (Noldus
Ethovision XT).

Elevated Plus Maze

EPM was used to investigate anxiety in mice and was performed as described previously (Lammert et al.,
2020). The maze has two open arms (35 x 6 cm?) and two closed arms (35 x 6 cm?) with 20 cm-tall black
plexiglass walls elevated 121 cm from the floor. The mice were placed in the center square connecting
the open and closed arms and allowed to explore during a 5 minute trial. Activity was monitored and

scored using video tracking software (Noldus Ethovision XT).

In vivo AB phagocytosis assay
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5xFAD, 5xFAD Syk*M®, and littermate controls were intraperitoneally injected with 10 mg/kg methoxy-X04
(ApexBio, B5769) in a 1:1 ratio of PBS and DMSO. A brain harvest was completed 3 hours after injection
in which mice were euthanized using CO. asphyxiation before being intracardially perfused with 20 mL of
PBS + Na heparin (5 units/mL). The brains were placed in a Hanks buffer saline solution (HBSS) (Gibco,
14025092) with DNAse | (50 U/mL) (Sigma-Aldrich, 10104159001) and papain (2 mg/mL)
(LS003124, Worthington) and homogenized using a 10 mL serological pipette. The brain
homogenates were then incubated at 37°C for 15 minutes. This process was repeated for a total of 3
times with the final two homogenizations accomplished using a 5 mL serological pipette. The brain
homogenates were then passed through a 70 pm strainer to create a single-cell suspension. The cell
suspension was then placed in 20 mL of DMEM/F12 buffer (21331020, Thermo Fisher) with 10% fetal
bovine serum (FBS), 1% Anti-anti, and 1% Glutamax and spun down with a slow brake at 300 g for 10
minutes. The cell pellet was then resuspended in 13 mL of 37% Percoll (Cytvia, 17-0891-02) and spun
down with no brake at 2000 rpm for 12 minutes. Myelin was removed and cells were resuspended in
MACS buffer (Miltenyi Biotec, 130-0910376) to wash. Flow cytometry for microglia was then performed

(as described below) with additional gating for methoxy-X04.

CypHer5E-AB preparation

Monomerization of AR (1-42) (641-15, California peptide) was achieved using a previously published
protocol (423), using hexafluoroisopropanol (HFIP) (52517, Sigma-Aldrich). 5mM monomeric AR samples
were incubated for 24 hours at 4°C in F12 media to make a 200 uM stock of oligomeric AB. Samples were
then incubated with CypHer5E-NHS ester (PA15401, GE Healthcare) diluted in 0.1 M sodium bicarbonate
for 30 minutes covered and at room temperature. Following incubation, Biospin columns (7326227, Bio-
Rad) were used to quench unbound dye. CypHer5E-tagged AR oligomers were stored at 4°C prior to
BMDM treatment.

In vitro AB phagocytosis assay

Bone marrow-derived macrophages (BMDMs) were isolated from the hindlimbs of WT and Syk™ LysM©r
mice. Marrow-containing bones were sprayed with 70% ethanol before being placed in IMDM (12440-053,
Gibco) containing penicillin/streptomycin (P/S) (15140-122, Gibco). A 25-gauge needle was used to flush
marrow from the bones using 20 ml of IMDM containing P/S. An 18-gauge needle was then used to
triturate flushed bone marrow 5 times to make a single-cell suspension. Samples were spun down at 1500
rpm for 5 minutes at 4°C. Cell pellets were resuspended BMDM media containing IMDM, 10% FBS, 1%
non-essential amino acids, 1% P/S, and 50 ng/ml M-CSF. Cell plating was performed using 150 X 25 mm
culture dishes (430597, Thomas Scientific). After three days, 5 ml of BMDM media was added to each

dish. Six days post initial cell plating, media was aspirated from dishes and 10 ml of PBS was added to
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each plate and incubated for 10 minutes at 4°C. BMDMs were removed from the dish using a scraper and
transferred to a conical tube, spun down, and resuspended in BMDM media. 100,000 cells/well were
pipetted in into a flat bottom 96 well plate. The next day, BMDMs were treated with vehicle or 10 uM of
Tideglusib 1 hour prior to treatment with 10 uM of oligomeric AR tagged with CypHer5E. 24 hours post AB

treatment, BMDMs were then collected and flow cytometry was used to assess CypHer5E fluorescence.

Intrahippocampal injection

5xFAD and 5xFAD Syk“™® mice were anesthetized before receiving a bilateral hippocampal injection of 2
ul of vehicle or 2 ug pustulan into the right and left hemisphere of the hippocampus (at £2 mm lateral, -2
mm posterior, and —2 mm ventral relative to the intersection of the coronal and sagittal suture (bregma) at
a rate of 200 nl/min) using a stereotaxic frame (51730U, Stoelting) and nanoliter injector (NL2010MC2T,
World Precision Instruments). Seven days post injection, mice were euthanized using CO: and
transcardially perfused before preparing brains for immunofluorescent staining to evaluate AB clearance

in the hippocampus. Images were analyzed using FIJI software and Imaris software (9.5.1).

MACS isolation of microglia, T cells, and monocytes

Mice were euthanized with CO. and immediately transcardially perfused with 20 ml 1X PBS. For AD
experiments, brains were collected and their meninges and choroid plexus removed then the MACS-
sorting protocol was used to isolate microglia as described (424). For EAE experiments, spinal cords were
dissected and kept on ice in DMEM (Gibco, 11885-084,) with penicillin/streptomycin (Gibco, 15140-122).
Tissues were homogenized by gently mashing through a 70 um cell strainer. Homogenates were
centrifuged at 1500 rpm for 5 minutes then resuspended in 13 ml 37% isotonic Percoll (GE Healthcare,
17-0891-01) in 1X PBS. Samples were centrifuged at 2000 rpm for 12 minutes at room temperature with
no brake. After centrifugation, the top myelin layer and supernatant were aspirated and the cell pellet was
resuspended in MACS buffer (Miltenyi Biotec, 130-0910376) to proceed with column purification of
microglia using CD11b microbeads (Miltenyi, 130-093-634), purification of T cells using CD90.2
microbeads (Miltenyi, 130-121,278), and purification of monocytes using CD11b microbeads (Miltenyi,
130-049,601). We then performed sorting utilizing LS columns and a QuadroMACS magnet (Miltenyi, 130-
042-401 and 130-091-051) according to manufacturer’s instructions. Column-bound cells were analyzed
for purity by flow cytometry, probed for SYK expression by gPCR and Western blotting, or submitted for
RNA-seq.

Flow cytometry
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For MACS-sort validation, an aliquot of the microglia-positive and -negative fractions were transferred to
a 96-well round bottom plate, then washed with 1X PBS and spun down at 1600 rpm for 5 minutes. The
cells were then stained with fixable viability dye (eBioscience, 65-0866-14) at 1:1000 for 30 minutes at
4°C. Following incubation, cells were then washed with FACS buffer (pH 7.4; 0.1 M PBS; 1 mM EDTA,
and 1% BSA). Cells were then stained 1:200 with CD11b (APC), CD45 (PE-Cy7), and TCR 3 chain
(Brilliant Violet 510) flow antibodies (all from eBioscience) in FACS buffer for 15 minutes at 4°C. The cell
pellets were then washed with FACS buffer then resuspended in 100 ul of FACS buffer. Microglia were
identified as the CD45™ and CD11b" after gating for single and live cells.

For lipid-droplet-accumulation and reactive oxygen species (ROS) assessment in microglia, mice were
euthanized with COz at 8 months of age and immediately transcardially perfused with 20 ml 1X PBS.
Brains were collected and their meninges and choroid plexus removed and prepped as a single cell
suspension as described in (424). Brain homogenates were centrifuged at 1500 rpm for 5 minutes then
resuspended in 13 ml 37% isotonic Percoll (GE Healthcare, 17-0891-01) in 1X PBS. Samples were
centrifuged at 2000 rpm for 12 minutes at room temperature with no brake. After centrifugation, the top
myelin layer and supernatant were aspirated and the cell pellet was washed with PBS. Cells were then
stained either 1:500 with CellROX (Thermo Fisher, C10491) for 30 minutes or 1:2000 with BODIPY
(Invitrogen, D3861) for 10 minutes diluted in PBS at 37°C. Cells were spun down and washed with FACS
buffer (pH 7.4; 0.1 M PBS; 1 mM EDTA, and 1% BSA). Cells were then stained 1:200 with CD11b (APC),
CD45 (PE-Cy7), and TCR B chain (Brilliant Violet 510) flow antibodies (all from eBioscience) in FACS
buffer for 15 minutes at 4°C. The cell pellets were then washed with FACS buffer then resuspended 1:5000
with DAPI in 100 pl of FACS buffer. Microglia were identified as the CD45™ and CD11b" after gating for

single and live cells.

For flow cytometry staining of BMDMSs, cells were washed with FACS buffer and centrifuged at 1500 rpm
for 5 min, and resuspended in 100 ul of FACS buffer with fluorescently labeled antibodies (all from
eBioscience) specific for CD11b (clone M1/70) and F4/80 (clone BM8) diluted 1:200. Cells were incubated
in the dark for 20 minutes at room temperature, washed with FACS buffer, and resuspended 1:5000 with
DAPI in 100 pl of FACS buffer. BMDMs were identified as the CD11b" and F4/80" after gating for single

and live cells.

For flow cytometry staining in EAE experiments, cells were plated (100 ul of resuspended spinal cord or
1x10° splenocytes) in a 96-well plate and washed with FACS buffer. After centrifugation at 1500 rpm for
5 minutes and removal of supernatants, cells were resuspended in 100 ul 1X PBS with 1:1000 fixable
viability dye (eBioscience, 65-0866-14) and 1:1000 Fc Block (eBioscience, 14-0161-86). Cells were
incubated at 4°C for 30 min. Cells were then washed with FACS buffer, centrifuged at 1500 rpm for 5 min,

and resuspended in 100 ul of FACS buffer with fluorescently labeled antibodies (all from eBioscience)
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specific for CD45 (clone 30-F11), CD11b (clone M1/70), Gr-1 (clone RB6-8C5), MHC-II (clone
M5/114.15.2), TCRp (clone H57-597), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD11c (clone N418), and
CD80 (clone 16-10A1) diluted 1:200. Cells were incubated in the dark for 20 minutes at room temperature,
washed twice with FACS buffer, and fixed with 1% paraformaldehyde in FACS buffer.

For intracellular cytokine staining, cells were plated (100 ul of resuspended spinal cord or draining lymph
node cells or 1x10° splenocytes) in a 96-well plate in IMDM stimulation media [Iscove’s Modified
Dulbecco’s Media (Gibco, 12440-053), penicillin/streptomycin (Gibco, 15140-122), 10% heat-inactivated
fetal bovine serum (Gibco, 16000-044), 1% L-glutamine (Gibco, 25030-081), and 50 uM beta-
mercaptoethanol (Gibco, 21985-023)] with 20 ng/ml PMA (Sigma Aldrich, P1585), 1 ug/ml ionomycin
(Sigma Aldrich, 19657), and1:1000 monensin (eBioscience, 00-4505-51). Cells were incubated for 5 hours
at 37°C with 5% CO., then washed with 1X PBS prior to proceeding with surface staining for flow cytometry
as described above. Cells were fixed and permeabilized using IC fixation buffer (eBioscience, 00-8222-
49) and permeabilization buffer (eBioscience, 00-8333-56) following manufacturer’s instructions. Cells
were then stained with 100 pl fluorescently labeled antibodies (all from eBioscience) for GM-CSF (clone
MP1-22E9), IFN-y (clone XMG1.2), and IL-17A (clone eBio17B7) diluted 1:200 in 1X permeabilization
buffer for 20 min at room temperature. Cells were washed twice with 1X permeabilization buffer, then
twice with FACS buffer.

Sample data were acquired within a few days of fixation using a Gallios flow cytometer (10 colors, 3 lasers,
B5-R1-V2 Configuration with Kaluza Acquisition; Beckman Coulter) and analyzed using FlowJo software

(Becton, Dickinson, & Company).

Multiplex Cytokine Assay

Immune cells isolated from spinal cords or spleens were plated in a 96-well plate at up to 2x10° cells/well
and stimulated with 30 ng/ml MOGss.s5 peptide in IMDM stimulation media for 48 hours at 37°C with 5%
CO.. After incubation, cells were centrifuged at 1600 rpm for 5 minutes and supernatants were collected

for storage at -80°C.

Supernatants were assayed for concentrations of various cytokines using Bio-Rad Bio-Plex Pro reagent
kit (Bio-Rad, 171-304070M) and Bio-Plex Pro Mouse Cytokine 23-Plex Group | magnetic beads and
detection antibodies for IL-1a, IL-1B, IL-2, IL-4, IL-6, IL-17A, G-CSF, GM-CSF, IFN-y, KC, and TNF-a
according to manufacturers’ instructions. Sample data for Bio-Plex Pro assays were acquired with a Bio-
Plex 200 System (Bio-Rad) or Luminex MAGPIX and analyzed using Bio-Plex Manager software (Bio-
Rad).
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Histopathological Analysis of EAE Spinal Cords

Mice were euthanized with CO2 and immediately transcardially perfused with 20 ml 1X PBS followed by
20 ml 10% neutral buffered formalin (NBF; Azer Scientific). Spinal columns were dissected and immersion
fixed in 10% NBF for at least 48 hours. Spinal columns were cut into cervical, thoracic, and lumbar pieces.
Spinal cords from each piece were carefully dissected from the column, embedded in paraffin, sectioned
coronally from the rostral end of each piece, and mounted on slides. Sections were stained with Luxol
Fast Blue (LFB; Acros Organics, 212170250) to label myelin. In brief, after deparaffinization, sections were
incubated at 60°C for 16-24 hours in 0.1% Luxol Fast Blue in 95% ethanol + 0.05% acetic acid. Excess
stain was removed with 95% ethanol and slides were dipped in 0.05% lithium carbonate (Acros Organics,
446322500) in dH20 for 10-20 seconds then in 70% ethanol to remove LFB staining from gray matter but
not from myelinated white matter. Slides were washed with dH>O then counterstained with hematoxylin
(Sigma Aldrich, HHS128) to label nuclei. Brightfield images were acquired on a Keyence BZ-X810

microscope at 4X and 40X magnification.

Isolation of Immune Cells

Mice were euthanized with CO2 and immediately transcardially perfused with 20 ml 1X PBS. Spinal cords
and spleens were dissected and kept on ice in DMEM (Gibco, 11885-084) with penicillin/streptomycin
(Gibco, 15140-122). Tissues were homogenized by gently mashing through a 70 um cell strainer. For
spinal cords, homogenates were centrifuged at 1500 rpm for 5 minutes then resuspended in 13 ml 37%
isotonic Percoll (GE Healthcare, 17-0891-01) in 1X PBS. Samples were centrifuged at 2000 rpm for 12
minutes at room temperature with no brake. After centrifugation, the top myelin layer and supernatant
were aspirated and the cell pellet was resuspended in 500 ul DMEM with penicillin/streptomycin. For
spleens, homogenates were centrifuged at 1500 rpm for 5 minutes then resuspended in 2 ml ACK lysis
buffer (Quality Biological,118-156-101) and incubated at room temperature for 3 minutes to lyse red blood
cells. Cells were washed and resuspended in DMEM with penicillin/streptomycin. Cells were counted

using a Cellometer Auto 2000 (Nexelcom Bioscience).

RNA isolation, cDNA synthesis, QPCR

RNA was isolated from the left hemisphere of the brain of 5xFAD and 5xFAD Syk*"® mice. 50 ul of brain
homogenate (described in the brain sample preparation section) was added to 500 ul of TRIzol (Life
Technologies, 15596018). Following vortexing of these samples, 200 pl of chloroform (Fisher Scientific,
BP1145-1) was added and incubated for 5 minutes before being spun down at 14,000 rpm at 4°C for 15
minutes. The top aqueous fraction was transferred to a new tube and an equal volume of isopropanol

(Sigma, 19516) was added then vortexed. The samples were incubated at room temperature for 10
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minutes and then spun down at 12,000 rpm at 4°C for 5 minutes. The pellet was then washed with 1 mL
70% ethanol 2 times, then allowed to air dry for 15 minutes before resuspending the RNA pellet in 100 pl
of DNAse/RNAse free water. RNA was isolated from MACS-sorted microglia in the spinal cord using an
RNeasy Micro kit (Qiagen, 74004) according to manufacturer’s instructions. Sample quality and quantity
for AD and EAE samples was evaluated using NanoDrop 2000 Spectrophotometer (Thermo Scientific).
The RNA was then converted to cDNA using a Sensifast cDNA Synthesis kit (Bioline, BIO-65054). Levels
of Sykb (Mm01333035_m1) and Gapdh (Mm99999915 g1) mRNA were determined using Tagman Gene
Expression Assay primer/probe mix (Thermo Fisher), Sensifast Probe No-ROX kit (Bioline, BIO-86005),
and a CFX384 Real-Time PCR System (BioRad, 1855484). All reagents were used according to

manufacturer’s instructions.

FACS sorting for RNA sequencing

Syk®"A® and Syk*MSA® mice were euthanized on EAE Day 35 with CO2 and immediately transcardially
perfused with 20 ml ice cold 1X PBS. Spinal cords were dissected and placed on ice in DMEM + 10%
FBS. Tissues were gently homogenized by mashing through a cell strainer then centrifuged at 1500 rpm
for 5 min. Pellets were resuspended in 13 ml 37% isotonic Percoll (GE Healthcare, 17-0891-01) in 1X
PBS. Samples were centrifuged at 2000 rpm for 12 minutes at room temperature with no brake. After
centrifugation, the top myelin layer and supernatant were aspirated and the cell pellet was resuspended
in FACS buffer. Cell suspensions were incubated with Fc Block and antibodies for CD45, CD11b, and Gr-
1. After two washes with FACS buffer, cells were resuspended in FACS buffer + 0.2 mg/ml DAPI and
sorted on DAPI- CD45" ZsGreen® cells using an Influx Cell Sorter (Becton, Dickinson & Company) in the
University of Virginia Flow Cytometry Core Facility.

RNA sequencing data analysis

AD microglia RNA-Seq

MACS-sorted microglia were sent to GENEWIZ Next Generation Sequencing. The raw sequencing reads
(FASTAQ files) were aligned to the UCSC mm10 mouse genome build using the splice-aware read aligner
HISAT2. Samtools was used for quality control filtering. Reads were sorted into feature counts with
HTSeq. DESeq2 (v1.30.0) was used to normalize the raw counts based on read depth, perform principal
component analysis, and conduct differential expression analysis. The p-values were corrected with the
Benjamini-Hochberg procedure to limit false positives arising from multiple testing. The significantly
repressed and enhanced genes were put into GProfiler to gather the KEGG terms. The analysis itself was
performed using the Seq2Pathway, fgsea, tidyverse, and dplyr software packages. Heatmaps were

generated using the pheatmap R package [https://github.com/raivokolde/pheatmap] while other plots were

77



made with the lattice (http://lattice.r-forge.r-project.org/) or ggplot2 [https://ggplot2.tidyverse.org]

packages.

EAE microglia scRNA-Seq

FACS-sorted single cell suspensions were submitted to the University of Virginia Genome Analysis and
Technology Core for single-cell RNA sequencing library preparation. The raw sequencing reads (FASTQ
files) were aligned to the UCSC mm10 mouse genome build using Cell Ranger (v1.3.1) which performs
alignment, filtering, barcode counting and unique molecular identifier (UMI) counting. R studio (v4.0.5)
was used for all downstream analyses and Seurat (v.4.0.2) was used for filtering out low-quality cells,
normalization of the data, determination of cluster defining markers and graphing of the data on UMAP.
Low-quality cells were excluded in an initial quality-control (QC) step by removing genes expressed in
fewer than three cells, cells with fewer than 150 genes expressed, and cells expressing more than 5000
genes. Cells with more than 20% of mitochondrial-associated genes and cells with more than 5%
hemoglobin among their expressed genes were also removed. Genes with high variance were selected
using the FindVariableGenes function, then the dimensionality of the data was reduced by principal
component analysis (PCA) and identified by random sampling 20 significant principal components (PCs)
for each sample with the PCEIbowPlot function. Cells were clustered with Seurat’s FindClusters function.
Differential gene expression analysis was performed within clusters using the ZinBWave function and
DESeq2 (v1.32.0). ToppCluster (Cincinnati Children’s) was used for network analyses to identify KEGG
and GO terms in the DAM cluster. Data was organized and graphs were created using patchwork, dplyr,
tidyverse, and Seurat. The frequency plot was created using Prism GraphPad. Pseudotime analysis was

conducted using Monocle (v0.2.3.0).
Statistics
Mean values, SEM values, Student’s t test (unpaired), and one-way ANOVA were calculated using Prism

software (GraphPad). Significance for pooled EAE experiments was performed by a Mann-Whitney test.
P values less than 0.05 were considered significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Chapter 3

CARD?9 attenuates AP pathology and modifies microglial responses in an
Alzheimer’s disease mouse model

3.1 Abstract

Recent advances have highlighted the importance of several innate immune receptors expressed by
microglia in Alzheimer’s disease (AD). In particular, mounting evidence from AD patients and experimental
models indicates pivotal roles for TREM2, CD33, and CD22 in neurodegenerative disease progression.
While there is growing interest in targeting these microglial receptors to treat AD, we still lack knowledge
of the downstream signaling molecules used by these receptors to orchestrate immune responses in AD.
Notably, TREM2, CD33, and CD22 have been described to rely on signaling through the intracellular
adaptor molecule CARD9 to mount downstream immune responses outside of the brain. However, the
role of CARD9 in AD remains poorly understood. Here, we show that genetic ablation of CARD9 in the
5xFAD mouse model of AD results in exacerbated amyloid beta (AB) deposition, increased neuronal loss,
worsened cognitive deficits, and alterations in microglial responses. We further show that pharmacological
activation of CARD9 promotes improved clearance of Ap deposits from the brains of 5xFAD mice. These
results help to establish CARD9 as a key intracellular innate immune signaling molecule that regulates
AB-mediated disease and microglial responses. Moreover, these findings suggest that targeting CARD9

might offer a novel strategy to improve A clearance in AD.
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3.2 Introduction

Alzheimer’s disease (AD) is a neurogenerative disorder characterized by amyloid beta (Ap) accumulation,

the seeding of neurofibrillary tangles (NFTs), and neuroinflammation (425, 426). The culmination of these
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pathologies leads to neuronal loss and memory decline in patients (427). Microglia, the resident immune
cells of the brain, have been heavily implicated in AD pathogenesis. More specifically, genome wide
association studies (GWAS) have identified that a large percentage of late-onset AD risk loci affect genes
involved in microglial biology and function (e.g., TREMZ2 and CD33) (85). Importantly, recent findings from
AD mouse models have further solidified pivotal roles for microglia in Alzheimer’s-related disease
pathogenesis (86, 87, 102, 124, 178, 428, 429). It is currently thought that microglia affect AD progression
through various mechanisms that include cytokine production, phagocytosis of Ap and other neurotoxic
agents, and compaction/containment of AB plaques. While these studies clearly define microglia as
important players in AD, we are only just beginning to appreciate the molecular and effector mechanisms
that microglia employ to influence neurodegenerative disease. For instance, despite our ample
understanding of which microglial receptors are involved in modulating AD progression, much of the

intracellular signaling employed by microglia in the AD brain environment remains poorly described.

Notably, both human genetics studies and work in AD animal models have begun to uncover pivotal roles
for a number of ITAM (immunoreceptor tyrosine-based activation motif)- and ITIM (immunoreceptor
tyrosine-based inhibition motif)-containing receptors in AD pathogenesis. For example, emerging
evidence indicates critical roles for the ITAM-containing receptor TREM2, as well as the ITIM-containing
receptors CD33 and CD22 in AD (34, 35, 97, 98, 100, 101, 103, 105, 112, 113, 189, 339, 398, 399, 430-
439). In the context of peripheral infection models, engagement of ITAM-containing receptors has been
shown to promote the activation of CARD9 signaling and subsequent upregulation of cytokine production
(345, 346, 440). In contrast, stimulation of ITIM-containing receptors provokes SHP-1 activation which
potently inhibits downstream CARD9 signaling and consequently results in the dampening of cytokine
production and phagocytosis (345, 346). While increasing evidence indicates that ITAM/ITIM-containing
immune receptors (i.e. TREM2, CD33, and CD22) are critically involved in AD progression, we still lack
in-depth knowledge of the intracellular signaling molecules employed by these immune receptors to
influence neurodegenerative disease. CARD9 has been shown to control immune responses downstream
of TREM2, CD33, and CD22 in other models of disease (345, 346, 440), although the involvement of

CARD9 in AD and most other neurodegenerative disorders remains to be determined.

To explore a potential role for CARD9 in Alzheimer’s-related disease we crossed CARD9-deficient mice
with 5xFAD mice, a well-described mouse model of AB-mediated neurological disease. Here we find that
genetic ablation of Card9 in 5xFAD mice leads to increased Ap accumulation in the brain, exacerbated
neuronal loss, and worsened memory decline compared with 5xFAD littermate controls. Given that
CARDS is nearly exclusively expressed by microglia in the central nervous system (CNS) (441), we
observed that microglia in Card9" 5xFAD mice display dramatically increased proliferation while they
simultaneously exhibit impaired morphological activation in response to Ap plaques. We further show that

treating 5xFAD mice with a potent exogenous trigger of CARD? signaling leads to improved control of AR
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in the hippocampus. Taken together, these findings indicate that the innate immune signaling molecule
CARDS9 is a novel regulator of AB-mediated neurological disease and further suggest that targeting

CARD9 activation may offer a therapeutic strategy to promote A clearance.

3.3 Results

3.3.1 CARDS9 signaling restricts brain amyloidosis in 5xFAD mice

To investigate how CARD9 influences the development of A§} pathology, we introduced a germline deletion
of Card9 into 5xFAD mice, an AD mouse model characterized by early A accumulation (350, 442). At 5
months of age, Card9""'5xFAD mice had significantly greater AR burden in the cortex, hippocampus, and
thalamus in comparison to Card9"5xFAD and Card9*"*5xFAD (referred to as 5xFAD mice) littermate
controls (Figures 3.1A and 3.1B). Consistent with the increased levels of AB staining observed in 5xFAD
mice that lack CARD9, we likewise detected increased amounts of AB42, the most deleterious isoform of
AB (360, 443), in both the soluble (PBS-extracted) and insoluble (guanidine-extracted) brain fractions
obtained from Card9”"5xFAD mice (Figures 3.1C and 3.1D). The soluble fraction of Ap is thought to contain
the most neurotoxic oligomers of Ap (444), whereas the insoluble fraction consists of higher-order Ap
forms found in amyloid plaques (445). In alignment with the increase of Ap in the insoluble fraction, the
cortex in Card97"5xFAD also contain approximately double the number of individual plaques in comparison
to 5xFAD littermate control mice (Figures 3.1E and 3.1F). These data suggest that CARD9 plays an

important role in limiting Ap accumulation in 5xFAD mice.
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Figure 3.1. CARD9 deletion leads to increased AB accumulation in 5xFAD mice. (A-F) Brains were harvested from 5-month-old 5xFAD, Card9*-
5xFAD, and Card9*5xFAD mice to evaluate A load. (A) Representative images from sagittal sections of AR (D54D2, red; DAPI, blue) staining in the
cortex, hippocampus, and thalamus. Original magnification: 10x; scale bar = 2000 um and 10000 um. (B) Quantification of percent area covered by AB
in the cortex, hippocampus, and thalamus. Combined data from three independent experiments. (C-D) AB levels detected by AB-42 ELISA. (C) Soluble
(PBS buffer extraction) and (D) insoluble (guanidine extraction) fractions from 5-month-old 5xFAD, Card9*- 5xFAD, and Card9’ 5xFAD half-brain
hemispheres. (E-F) Representative images and quantification of AR plaques measuring ThioS* (pink) plaque numbers in the cortex field of view (FOV),
with combined data from a total of 50-100 plaques from 3 matching brain sections per mouse. Original magnification: 63x; scale bar = 40 um. Statistical

significance between experimental groups was calculated by one-way ANOVA with Tukey’s post hoc test (B-D, F). *P < 0.05, **P < 0.01, ***P < 0.001.
Error bars represent mean + S.E.M. and each data point represents an individual mouse (B-D, F) .

3.3.2 The loss of CARD9 exacerbates neuronal loss and memory decline in 5xFAD mice

Continual accumulation of Ap can cause appreciable neuronal damage in the AD brain (426, 446, 447)
and the deleterious effects of AB deposition on neuronal health is thought to drive behavioral changes and
pronounced learning and memory decline (363, 448-450). To determine if the increase in A accumulation

seen in Card9™

5xFAD mice is accompanied by heightened neuronal loss, we first evaluated neuronal cell
death by performing TUNEL staining on the CA1 region of hippocampal samples from 5xFAD, Card9*"
5xFAD, and Card9’5xFAD mice. The CA1 region of the hippocampus is densely packed with neurons
forming circuits responsible for the consolidation and retrieval of memory (451). Initial seeding of Ap often
originates in the hippocampus; therefore, neuronal damage is often seen in this region, and this is thought
to explain some of the learning and memory behavioral deficits commonly observed in Ap-driven mouse
models of AD (452-454). Although 5xFAD mice do not characteristically display marked neuronal loss until
later stages of disease (455), 5-month-old Card9”5xFAD mice were found to have pronounced levels of

TUNEL" NeuN" cells in the CA1, indicative of neuronal death (Figures 3.2A and 3.2B). Taken together,
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these data suggest that impaired control of Ap in CARD9-deficient 5xFAD mice is associated with

increased levels of neuronal cell death in the CA1 region of the hippocampus.

Given the increased neuronal loss and amyloidosis observed in CARD9-deficient 5xFAD mice, we next
sought to determine if Card9”5xFAD mice also display deficits in learning and memory. To this end, we
employed the Morris water maze (MWM) behavioral test to probe spatial learning and memory (456). Over
the first four days of MWM, 5xFAD control mice exhibited a substantial decrease in latency to find the
hidden platform which is indicative of intact spatial learning (Figure 3.2C). In comparison, Card9""5xFAD
mice spent more time searching for the hidden platform over the four acquisition days, demonstrating
significantly impaired spatial learning in comparison to 5xFAD littermate controls (Figure 3.2C). The
navigation path used by mice to find the platform can also provide insights into the degree of cognitive
dysfunction. Allocentric movement, for example, is defined by the ability of the mouse to find the hidden
platform within 3 navigational turns and is dependent on hippocampal spatial memory (457). Interestingly,
Card97"5xFAD mice displayed significantly decreased hippocampal-based allocentric spatial memory
when searching for the hidden platform compared with 5xFAD and Card9*"-5xFAD littermate control mice
(Figures 3.2D and 3.2E). Moreover, Card9’5xFAD mice also covered a significantly larger distance in
search of the hidden platform on the fourth day of the MWM test (Figure 3.2F), suggesting a less targeted
platform search in comparison to 5xFAD controls. Locomotor deficits did not contribute to any differences
seen between groups in the MWM acquisition days, as comparable speeds were measured between
5xFAD, Card9"5xFAD, and Card9”5xFAD mice (Figure 3.2G). Impaired spatial memory was also
displayed by Card9”5xFAD mice during probe day, as they spent significantly less time than 5xFAD and
Card9"5xFAD mice in the MWM pool target quadrant that had contained the hidden platform during the
first four days of acquisition (Figure 3.2H). Importantly, CARD9 deletion alone in the absence of AB
amyloidosis was not found to appreciably impact performance in the MWM test and we observed
comparable spatial learning and memory in Card9*", Card9*", Card9" mice (Figure 3.3). These findings
suggest that absence of CARD9 in 5xFAD mice leads to increased levels of neuronal cell death in the

hippocampus and accelerated cognitive impairments.
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Figure 3.2. Card9 deficiency leads to worsened neuronal health and cognitive impairment in 5xFAD mice. (A-B) Brains were harvested from 5-month-old
5xFAD, Card9+-5xFAD, and Card9-5xFAD mice to evaluate neuronal death. The CA1 region of the hippocampus was evaluated for neuronal cell death by the
TUNEL assay (pink), NeuN staining (green) and DAPI (blue). Original magnification: 63x; scale bars = 40 um. (C-H) The Morris water maze (MWM) test was
used to assess spatial learning and memory in 4-month-old 5xFAD, Card9*- 5xFAD, and Card9”- 5xFAD mice. (C-G) Acquisition stage of learning in the MWM.
(C) Latency to platform (acquisition). (D) Representative heatmaps of mouse trajectory on day 4 of acquisition and (E) plotted percentage of allocentric
navigation strategy during MWM acaquisition. (F) Distance traveled averaged from all four trials in maze (cm) and (G) average speed of travel (cm/s) on day 4 of
acquisition. (H) Percentage of time spent in the target quadrant (probe). Statistical significance between experimental groups was calculated by repeated-
measures two-way ANOVA with Bonferroni’s post hoc test (C, E) or one-way ANOVA with Tukey’s post hoc test (B, F-H) from three independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent mean + S.E.M. (B, C, E-H) and each data point represents an individual mouse (B, F-H), or the
average of experimental mice per group (C,E).
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Figure 3.3. Deletion of Card9 in the absence of AB-mediated pathology does not impact learning or memory. (A-F) The Morris water maze
(MWM) test was used to assess spatial learning and memory in 4-month-old Card9** (denoted as WT), Card9*-, and Card9’ mice. (A-E) Acquisition
stage of learning in the MWM. (A) Latency to platform (acquisition). (B) Representative heatmaps of mouse trajectory on day 4 of acquisition and (C)
plotted percentage of allocentric navigation strategies during MWM acquisition. (D) Distance traveled in maze (cm) and (E) average speed of travel
(cm/s) on day 4 of acquisition. (F) Percentage of time spent in the target quadrant (probe). Statistical significance between experimental groups was
calculated by repeated-measures two-way ANOVA with Bonferroni’s post hoc test (A, C) or one-way ANOVA with Tukey’s post hoc test (D-F) from
three independent experiments. NS = not significant, *P < 0.05. Error bars represent mean + S.E.M. (A, C-F) and each data point represents an
individual mouse (D-F).

3.3.3 CARD9 deficiency in 5xFAD mice results in altered microglial responses

In recent years there has been ever-growing interest in the roles that microglia play in AD. This was initially
sparked by results obtained in human genetics studies linking mutations in multiple microglial genes to
late onset AD (85). Follow-up studies in AD mouse models have largely confirmed that microglia can
influence various aspects of AD related pathology (97, 100, 105, 112, 113). Notably, mounting evidence
suggests that microglia are critically involved in both the phagocytosis and compaction of AB, and that this
subsequently helps to protect neurons from interacting with neurotoxic species of AB (101, 396).
Therefore, given our findings demonstrating increased levels of AB and neuronal loss in CARD9-deficient
5xFAD mice, paired with the knowledge that Card9 is primarily expressed by microglia in the brain, we
were interested in how CARD9 deletion affects the mobilization of microglial responses to Ap-driven

pathology.
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The observed increase in Ap load in the Card9”5xFAD brain prompted us to investigate potential
differences in the phagocytic capacity of macrophages in Card9-deficient mice. To begin, we generated
bone marrow-derived macrophages (BMDMs) from Card9""* (referred to as WT) and Card9” mice. WT
and Card9"- BMDMs were stimulated with oligomeric AB tagged with CyPher5E, a pH sensitive dye.
CypHer5E fluoresces when brought into the low-pH environment of the phagolysosome; consequently, an
increased staining of CypHer5E signal suggests elevated phagocytosis of Ap by BMDMs. In these studies,
we found that CARD9 deletion did not appreciably impact AB uptake by BMDMs (Figure 3.4). To discern
whether Card9-deficiency affects Ap clearance in vivo, we next injected CypHer5E-tagged Ap into the
cortex of WT and Card9” mice and compared the presence of CypHer5E relative to total Ap in the injection
site. Similar to our in vitro macrophage findings, we did not observe substantial differences in the clearance
of AB by IBA1* cells between WT and Card9” mice at 48 hours post intracortical injection of CypHer5E-
tagged AP (Figure 3.4). Collectively, these results suggest that Card9-deficiency does not appreciably
affect the phagocytosis of A by BMDMs or CNS-resident cells.
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Figure 3.4. CARD9-deficient mice do not display impaired AB clearance in vitro or in vivo. (A-C) Bone marrow-derived macrophages
(BMDMs) from C57BL/6J or Card9-deficient mice were stimulated with 10 um oligomeric AR (D54D2, red) tagged with pH-sensitive CypHer5e dye
(yellow) for 24 hours. (A) Representative images of stimulated BMDMs. (B) The percent area of CypHer5e dye relative to A and (C) percent area
of AB. Original magnification: 40x; scale bar = 40 um. (D-F) Brains harvested from C57BL/6J or Card9-deficient mice stereotaxically injected with
AB (D54D2, red) tagged with pH-sensitive CypHer5e dye (blue) in the cortex and harvested 48 hours post injection. (D) Representative images of
the AB-CypHer5E injection site in the cortex of C57BL/6J and Card9-deficient mice. (E) The percentage of the ratio of CypHer5e dye and residual
AB and (F) the percent area of IBA1* cells at the site of injection. Consecutive sections, spaced 40 uym apart, were quantified and averaged for
each mouse in a blinded fashion to assess total clearance of CypHer5E-labelled AR oligomers over the entire area of the injection site. Original
magnification: 40x; scale bar = 100 um. Statistical significance between experimental groups was calculated by unpaired two-tailed Student’s t-test
from two independent experiments. Error bars represent mean + S.E.M. and each data point represents an individual mouse (B-C, E-F).



To our surprise, we found that the loss of Card9 results in a step-wise increase in the number of IBA1-
labeled microglia within the cortex of 5xFAD mice (Figures 3.5A and 3.5B). This progressive increase in
microglia between 5xFAD, Card9*"5xFAD, and Card9”5xFAD mice is suggestive of a gene-dosage effect
for the Card9 allele (Figures 3.5A and 3.5B). The approximate doubling of microglial numbers in the cortex
of Card9""5xFAD mice compared with 5xFAD controls is likely explained by a similar magnitude increase
in the number of proliferating microglia (Figures 3.5C and 3.5D). More specifically, Card9""'5xFAD mice
have approximately twice the number of Ki67* microglia in their cortex compared with 5xFAD mice
(Figures 3.5C and 3.5D). In contrast, we did not observe any appreciable differences in microglial numbers
or Ki67 expression between CARD9-deficient and wild-type mice that lacked the 5xFAD transgenes
(Figure 3.6), suggesting that the increased numbers of microglia seen in Card9”5xFAD mice was likely

driven by AB-associated pathology.

The stimulation of microglial recruitment and proliferation in response to AD pathology is well
characterized (100, 458), however, the loss of CARD9 appears to significantly enhance to microglial
mobilization to AB plaques while concurrently exacerbating Ap load in the cortex of 5xFAD mice. One
potential explanation for these somewhat paradoxical findings of increased numbers of both microglia and
AB load in Card975xFAD mice is that the microglia recruited to Ap in CARD9-deficient 5xFAD mice are
less effective in influencing A compaction. To test this, we evaluated both AB plaque volume and
sphericity as a readout of the ability of CARD9-sufficient and -deficient microglia to shape AB plaque
compaction (100, 102, 396). For instance, more compact plaques are believed to indicate the formation
of a functional microglial barrier in which microglia physically interact with the plaque to decrease the Ap
footprint in the brain parenchyma (100, 459). While we did not observe any notable differences in AB
plaque sphericity between 5xFAD and Card9”5xFAD mice (Figures 3.5E and 3.5F), we did, however,
observe that CARD9 deficiency in 5xFAD mice leads to increased plaque volume when compared to
5xFAD littermate controls (Figures 3.5E and 3.5G).Therefore, despite the increase in microglia numbers
in Card9”5xFAD mice, Card9-deficient microglia failed to reduce the extent of AB plaque volume,

suggesting that CARD9 is critical for microglial containment of Ap.
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Figure 3.5. The loss of Card9 leads to altered microgliosis in 5xFAD mice. (A-l) Brains were harvested from 5-month-old 5xFAD, Card9*-5xFAD, and
Card9"5xFAD mice to assess microglial activity and AB plaque volume. (A-B) Representative images and quantification of microglia numbers (IBA1, cyan)
surrounding ThioS* plaques (pink) in the field of view (FOV) of the frontal cortex of 5xFAD, Card9*-5xFAD, and Card9’-5xFAD mice. Original magnification:
63x; scale bar = 40 pm. (C-D) Representative images of microglial proliferation measured by evaluating Ki67 (yellow) colocalization with IBA1+ (cyan)
microglia in the cortex of matched sagittal sections. Original magnification: 63x; scale bar = 40 um. (E-G) Representative images and quantification of
ThioS-labeled (pink) plaque sphericity and volume in the cortex. Original magnification: 63x; scale bar = 20 um. (F) Quantification of plaque sphericity with
1.00 being the most spherical. (G) Quantification of plaque volume in the cortex. (H-1) Microglial morphology calculated by Sholl analysis from a total of 12
microglia from 3 matching brain sections per mouse (n=5 mice per group). (H) Representative microglia renderings and (I) Sholl analysis. Original
magnification: 63x; scale bar = 10 um. Statistical significance between experimental groups was calculated by one-way ANOVA with Tukey’s post hoc test
(B-D, F-G) or repeated-measures two-way ANOVA with Bonferroni’s post hoc test (I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars
represent mean + S.E.M. (B-D, F-G, I). Each data point represents an individual mouse (B-D, F-G) or the average of 5 mice (l). Data was collected from 6
fields of view (FOV) from a total of 3 matched sagittal sections (B, D) or 50-100 plaques from the cortex of each mouse (F, G).

It is has been extensively shown that microglia become less ramified and more ameboid in morphology in
response to AB, and this is thought to affect the ability of microglia to handle and shape AB load (91).
Because Card9'5xFAD microglia exhibit increased proliferation without curbing Ap load, we were thus
also interested in investigating whether Card9-deficiency also impacts the ability of microglia to undergo
morphological changes in response to AB-associated pathology. To explore this in greater detail, we
focused on the ApB-rich cortex and identified progressive microglial morphological differences between
5xFAD, Card9*""5xFAD, and Card9""'5xFAD mice (Figures 3.5H and 3.51). For instance, Card9"5xFAD
and Card9""5xFAD microglia displayed significantly more complex morphology as measured by Sholl

analysis compared with 5xFAD microglia (Figures 3.5H and 3.51). In contrast, Card9*"*, Card9*", Card9™
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microglia did not exhibit morphological changes in the absence of AB (Figure S6). Therefore, CARDS9 is
critical in driving microglial morphological activation upon Ap stimulation. Collectively our findings suggest

that CARD9 regulates microglial proliferation and morphological activation as well as A compaction in
the 5xFAD brain.
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Figure 3.6. Card9 deficiency in the absence of AR -mediated neuropathology does not affect microglial number or morphology in adult mice.
Brains were harvested from 5-month-old Card9** (denoted as WT), Card9*-, and Card9’- mice to assess microglial activity. (A-B) Representative
images and quantification of microglia numbers (IBA1, cyan) in the field of view (FOV) of the frontal cortex. Original magnification: 63x; scale bar = 40
um. (C) Quantification of microglial proliferation measured by evaluating Ki67 (yellow) colocalization with IBA1+ (cyan) microglia in the cortex of
matched sagittal sections. (D-E) Microglial morphology calculated by Sholl analysis from a total of 12 microglia from 3 matching brain sections per
mouse (n=4 mice per group). (D) Representative microglia renderings and (E) Sholl analysis quantification. Original magnification: 63x; scale bar =
10 um. Statistical significance between experimental groups was calculated by one-way ANOVA with Tukey’s post hoc tests from two independent
experiments. Error bars represent mean + S.E.M. and each data point represents an individual mouse (B-C) or represents an average of 4 mice per
group (E). Data was collected from 6 fields of view (FOV) from a total of 3 matched sagittal sections (B-C).

3.3.4 Microglial ROS production and lipid droplet formation are not impacted by CARD9 deletion in 5xFAD

mice

While microglia can play beneficial roles in AD-related disease through their critical involvement in A
containment and disposal, unchecked activation of microglial inflammatory responses can also have
deleterious effects and perpetuate further AD pathogenesis (86, 446). To gain a deeper understanding of
how CARD9 may impact microglial-induced inflammation, we began by investigating whether Card9™
5xFAD microglia take on lipid-droplet-accumulating microglia (LDAM) properties. LDAMs have been
previously described in the aged brain as pro-inflammatory, with increased reactive oxygen species (ROS)
and cytokine production (379). To determine if CARD9-deficient microglia in the 5xFAD brain exhibit
LDAM-related dysregulation, we harvested brains from 5xFAD and Card9"5xFAD mice and measured
levels of BODIPY, a dye that labels lipid-droplets, and CellROX, a dye that fluoresces when oxidized by

ROS, in CD11b"CD45™ cells. However, flow cytometric analysis revealed no appreciable differences in
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BODIPY or CellROX staining in Card9’5xFAD microglia when compared to 5xFAD control microglia
(Figure S7). Thus, Card9-deficiency does not significantly increase the prevalence of LDAMs or ROS
production by microglia in the 5xFAD brain.

Aberrant production of proinflammatory cytokine production by microglia is also believed to contribute to
the propagation of AD pathology and memory deficits. For instance, the cytokines IL-6, IL-153, and IL-18
are often elevated in AD and have been reported to provoke Ap accumulation and cognitive decline (460-
463). CARDS9 is known to regulate NF-kB activation, a transcription factor that coordinates the production
of several pro-inflammatory cytokines including IL-6, pro-IL-1B, and pro-IL-18 (464). Therefore, we
investigated the levels of key pro and anti -inflammatory cytokines in the whole brain of 5xFAD, Card9*"
5xFAD, and Card9”5xFAD mice. However, we did not observe altered levels of IL-1a, IL-1B, IL-4, IL-6,
IL-10, IL-17, IFN-y, TNF-a by a multiplex ELISA (Figure S7). Altogether, these findings suggest that
CARD9 deletion in 5xFAD mice does not substantially influence proinflammatory cytokine levels,

production of ROS, or lipid droplet accumulation by microglia.
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Figure 3.7. Card9 deficiency does not significantly affect microglial ROS production, lipid droplet accumulation, or production of
inflammatory cytokines associated with microglial activation in 5xFAD mice. (A-D) CD11b"CD45™ cells were gated from the brains of 5-month-
old 5xFAD and Card9’-5xFAD mice and probed for reactive oxygen species (ROS) production and lipid droplet accumulation in microglia by flow
cytometry. (A-B) Representative flow-cytometry histograms and mean fluorescence intensity (MFI) quantification of BODIPY labeled lipid droplets in
sorted CD11bMCD45M cells . (C-D) Representative flow-cytometry histograms and MFI quantification of CellROX labeled ROS in sorted
CD11b"CD45M cells. (E) Brain homogenate supernatants from 5-month-old 5xFAD, Card9*-5xFAD, and Card9’-5xFAD mice were analyzed for
cytokine levels using a multiplex immunoassay. Statistical significance between experimental groups was calculated by unpaired two-tailed
Student’s t-test (B, D) and one-way ANOVA with Tukey’s post hoc tests (E). Error bars represent mean + S.E.M. and each data point represents an
individual mouse.
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3.3.5 Effects of CARD9 deletion on the microglial transcriptional response in 5xFAD mice

Microglia exposed to AD-associated pathology are thought to undergo a transcriptional shift to become
disease associated microglia (DAMs) (93). Upon stimulation, DAMs downregulate their homeostatic
markers and subsequently upregulate several activation markers in a biphasic manner (94). This process
of DAM acquisition is thought to supply microglia with an increased capacity to respond to and eliminate
AD pathology (168). Given that Card9-deficiency exacerbates disease progression in 5xFAD mice, we
hypothesized that the microglia of Card9’5xFAD mice would be unable to undergo the transcriptional
evolution seen in DAMs. Thus, to evaluate how CARD9 may affect microglia activity in an unbiased and
comprehensive manner, we performed bulk RNA sequencing (RNA-Seq) on magnetic bead-sorted
CD11b" cells from the brains of Card9*"* (WT), Card9™, 5xFAD, and Card95xFAD mice. Principal
component (PC) analysis uncovered a prominent separation between homeostatic (WT and Card9™) and
5xFAD (5xFAD and Card975xFAD) microglia (Figure 3.8A). More specifically, when comparing 5xFAD
and WT microglia, we identified 156 downregulated and 510 upregulated genes (FDR<0.1) (Figure 3.8B).
As expected, several of the top upregulated genes in 5xFAD microglia were DAM-defining genes,

including: Cst7, Lpl, and ltgax (Figure 3.8B).
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Figure 3.8. Card9-dependent regulation of the microglial transcriptional program in 5xFAD mice. (A-E) RNA-Seq was performed on
microglia from 5-month-old Card9** (denoted as WT), Card9", 5xFAD, and Card9-5xFAD mice sorted from single-cell brain suspensions using
anti-CD11b*-coated magnetic beads and magnetic column sorting. (A) Principal component (PC) analysis of sample clustering. (B) Volcano plot
comparing differentially expressed genes (FDR<0.1) between 5xFAD and WT microglia, where 156 genes are downregulated, and 510 genes
are upregulated. (C) Volcano plot comparing differentially expressed genes (FDR<0.1) between Card9-5xFAD and 5xFAD microglia, where 4
genes are significantly downregulated, and 4 genes are upregulated. (D) Heatmap representation of the top 10 overall upregulated and
downregulated genes between microglia isolated from Card9’-5xFAD and 5xFAD mice. (E) gPCR validation of Kif4 expression in microglia
sorted from Card9-5xFAD and 5xFAD mice. (F-G) Brains were harvested from 5-month-old 5XFAD, Card9*-5xFAD, and Card9"-5xFAD mice to
assess microglial Ferritin Heavy Chain levels in the cortex. (F) Representative images and (G) quantification of Ferritin Heavy Chain (FHC,
yellow) within microglia (IBA1, cyan) surrounding ThioS* plaques (pink) in the field of view (FOV) of the frontal cortex of 5xFAD, Card9*-5xFAD,
and Card9'-5xFAD mice. Original magnification: 63x; scale bar = 30 um. Statistical significance between experimental groups was calculated by
unpaired two-tailed Student’s t-test (E) and one-way ANOVA with Tukey’s post hoc test (G). *P < 0.05, **P < 0.01. Error bars represent mean +
S.E.M. (E,G). Each data point represents an individual mouse (E,G). Data was collected from 6 fields of view (FOV) from a total of 3 matched

sagittal sections (F-G).

To our surprise, we did not observe a major effect of CARD9 deletion on the microglial transcriptional
response in 5xFAD mice (Figures 3.8C and 3.8D). In fact, when comparing Card9’5xFAD microglia to
5xFAD microglia we only detected 4 downregulated (Madcam1, Igfbp2, Scand1, and Gm18736) and 4
upregulated (Gnb4, Ppfia4, Kif4, and Igcn) genes (FDR<0.1) (Figures 3.8C and 3.8D). However, we found
the upregulation of Kif4 in Card9’5xFAD microglia (Figures 3.8E) compelling due to the fact that KLF4

has been shown to regulate microglia-driven neuroinflammation and neuronal loss in the context of AD
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pathology (465, 466). Although we did not observe overt changes in inflammatory signaling or oxidative
stress between 5xFAD and Card9”5xFAD mice (Figures 3.8 and 3.7) which have previously been
described to be regulated by KLF4, we did observe a significant increase in neuronal cell death in the CA1
region of the hippocampus (Figures 3.2A and 3.2B). Neuronal cell loss is a key element contributing to
AD progression that is reported to be propagated by KLF4 (465-468). Interestingly, KLF4 is believed to
contribute to microglial iron dyshomeostasis that promotes impaired microglial response to AB (466). In
fact, iron-laden microglia have been identified in the AD brain (469). Therefore, we looked at ferritin heavy
chain accumulation in microglia, a subunit of ferritin critical for iron sequestration (470). We took into
account the increase in microglial coverage in the cortex of Card9”5xFAD mice by normalizing the volume
of ferritin heavy chain to the total volume of IBA1" cells, therefore reflecting the ferritin heavy chain level
per microglia, and observed a striking increase in ferritin heavy chain staining within Card9”""5xFAD
microglia compared with 5xFAD controls (Figures 3.8F and 3.8G). Thus, CARD9 likely regulates iron
homeostasis in 5XxFAD microglia. It is important to note that Card9-deletion at steady-state in the absence
of 5xFAD transgene did not cause a major transcriptional shift in microglia, with a unique 4 downregulated
(Ly6i, Hebp1, Tppp3, and Cd300e) and 4 upregulated (Cacnb2, Prkcq, Ppfia4, Mrc2) genes compared
with WT microglia (FDR<0.1) (Figure 3.9). These findings indicate that CARD9 deletion in 5xFAD mice
leads to elevated expression of KLF4 in the brain and that this is associated with increased production of

ferritin heavy chain by IBA1+ cells.
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Figure 3.9. Card9 deficiency in the absence of AR does not appreciably affect microglial transcription. (A-B) RNA-Seq was performed on
microglia from 5-month-old Card9** (denoted as WT) and Card9’- mice sorted from single-cell brain suspensions using anti-CD11b*-coated magnetic
beads and magnetic column sorting. (A) Volcano plot comparing significantly differentially expressed genes (FDR<0.1) between Card9’ and WT
microglia, where 4 genes are downregulated, and 4 genes are upregulated. (B) Heatmap representation of the top overall 10 upregulated and
downregulated genes between Card9’- and WT microglia.

3.3.6 Targeting CARDS9 activation limits A coverage in the hippocampus

Thus far, we have demonstrated that CARD9 deletion is detrimental for microglial activation and pathology

progression in the 5xFAD mouse model. These findings suggest that CARD9 activity plays a protective
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role in response to AP pathology, thus, we sought to explore whether CARD9 stimulation can reduce A
load in the brain. We chose to enhance CARDS9 signaling by targeting the activation of CLEC7A, a receptor
that has been extensively reported to promote CARD9 activation in response to fungal triggers (471, 472).
CLECT7A initiates downstream CARD9 signaling following its binding to -D-glucans, a component of yeast
cell walls (383). We injected pustulan, a B-D-glucan, into the AB-laden hippocampus of 5xFAD mice to
evaluate how the activation of the CLEC7A-CARD?9 pathway affected Af load. 2-month-old 5xFAD mice
were injected with vehicle or 2 ug of pustulan into the right and left hemisphere of the hippocampus (at £2
mm lateral, =2 mm posterior, and -2 mm ventral relative to the intersection of the coronal and sagittal
suture (bregma) at a rate of 200 nl/min), respectively. Brains were then harvested at 7 days post-injection
and AB plaque load was compared between the vehicle- and pustulan-treated hemispheres of the
hippocampus (Figure 3.10A). In 5xFAD mice, the hippocampal hemisphere treated with pustulan had
significantly reduced AB coverage compared to the vehicle-treated hippocampal hemisphere (Figures
3.10B and 3.10C). In contrast, the hippocampi of Card9""5xFAD mice had comparable levels of AR
regardless of treatment (Figures 3.10B and 3.10D), suggesting that pustulan promotes AB control in a
CARD9-dependent fashion. Altogether, these data indicate that CARD9 signaling contributes to the
restriction of AB-driven pathology in the 5xFAD mouse model of AD.
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Figure 3.10. Pustulan treatment enhances A clearance in a CARD9-dependent manner in the hippocampus of 5xFAD mice. (A-D) Right and left
hippocampal injection of vehicle or pustulan, respectively, into 2-month-old 5xFAD and Card9’ 5xFAD mice. Brains were then harvested 7 days post
injection (dpi). (A) Experimental design schematic. (B) Representative images of AB (pink) coverage in 2-month-old 5xFAD and Card9”- 5xFAD mice 7
days following intrahippocampal injection of vehicle or 2 pg of pustulan. (C-D) Quantification of AR (D54D2, pink) in the hippocampus of (C) 5xFAD and
(D) Card9- 5xFAD mice. Statistical significance between experimental groups was calculated by paired Student’s t-test (C-D). ns = nonsignificant, *P <
0.05. Representative data from 3 independent experiments (C-D). Error bars represent mean + S.E.M. and each data point represents an individual
mouse.
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3.4 Discussion

The identification of microglial AD risk genes from GWAS studies has implicated several receptors in both
aberrant and protective microglial responses (85, 94, 473). The characterization of these microglial
receptors in mice and humans has uncovered several potential therapeutic targets (474-476); the
activation or inhibition of these receptors has dominated microglia-targeted AD therapy as they extensively
influence microglial response to AD pathology (100, 103, 105, 112, 113, 124, 396). In particular, activation
of the TREMZ2 receptor has been demonstrated to exert neuroprotective effects and has advanced to
phase 2 clinical trials for AD treatment (474). However, much of the microglial downstream signaling in
AD remains poorly defined, potentially leaving a stone unturned for additional and more precise
interventions. The intricacies of microglial function in AD, and how best to target them, are more likely to
be uncovered by elucidating the unique and shared downstream molecular underpinnings of these

receptors.

In our studies presented here, we identify CARD9, an immune molecule downstream of several microglial
receptors implicated in AD, as an important regulator of microglial activation in the context of AB-driven
pathology in 5xFAD mice. We demonstrate that CARD9 regulates the microglial response to AB in the
5xFAD brain, ultimately impacting AR load and neuronal loss. In addition, we find that CARD9 protects
against cognitive impairment in 5xFAD mice. A transcriptional comparison between 5xFAD and Card9™
5xFAD microglia uncovered increased expression of Kif4 in CARD9-deficient microglia, a transcription
factor linked with increased neuronal loss and iron dyshomeostasis (465, 466, 468). Interestingly, in
addition to increased neuronal loss seen in the hippocampus, CARD9-deficient 5xFAD mice also display
significantly higher iron retention in their microglia, a phenotype emblematic of microglial dysfunction (477,
478). Furthermore, we demonstrate that pustulan-induced activation of CARD9 drives a reduction in A
plaque load in the hippocampus of 5xFAD mice. Together, our studies suggest an important role for

CARD?9 in regulating microglial activation and AR load in 5xFAD mice.

CARD9 has classically been defined for its roles in driving myeloid cell inflammatory responses in the
context of peripheral fungal infection (383, 403, 464, 479). The ability of microglia to function in the context
of infection has long been known (480-483), but whether this mirrors microglial responses to AD pathology
remains ill-defined. Interestingly, artifacts of fungal pathogens adjacent to A plaques have been found in
the brains of AD patients (117, 484), and although it remains controversial whether fungal infection
precedes or follows AD onset (119), microglia are well-equipped to recognize and respond to this
pathogen in the brain (480). Thus, microglia contain sophisticated machinery that responds to both
infectious triggers and AD pathology (86, 429, 482, 485); in turn, microglia have the potential to act as a
critical bridge between immune activation and AD pathogenesis. For example, CLEC7A, a receptor

upstream of CARD9, is upregulated by microglia surrounding fungal aggregates and AB plaques (105,
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485). Interestingly, fungal pathogens contain an amyloid-like structure on their cell surface that allows for
pathogen adhesion and biofilm formation (486, 487), which may explain the multi-modal upregulation of a
fungal receptor such as CLEC7A. Altogether, the characterization of this innate immune response in both

modalities of brain infection and neurodegeneration may uncover enigmatic etiologies of AD.

Targeting microglia in AD has become increasingly more complex as scientists gain a more complete
understanding of the pleiotropic roles that microglia play in the evolution of disease. Just as AD can be
stimulated by vastly heterogeneous triggers involving a combination of aging, environmental factors, and
genetics (249, 473, 488-490), microglial functions can also be significantly affected by these same
contributing factors. Importantly, the progression of microglial transcription throughout AD pathogenesis
has the capacity to significantly alter microglial responses and subsequent AD progression (93, 94, 105,
438, 491). Recent work has described the importance of these innate myeloid cells taking on a DAM
signature during AD, promoting enhanced phagocytic and inflammatory function (93). However, more
recent work has demonstrated that microglia undergo a phasic shift from phagocytic and proliferative to
anti-viral and apoptotic in the context of tauopathy (491). In the latter phase, microglia are
immunosuppressed, but also contribute to chronic inflammation, a pathogenic hallmark in the AD brain
(491). Ultimately, effectively targeting microglia in AD, either through the enhancement or diminution of
microglial function, may largely depend on the prevailing pathology, stage of disease, and the delineation

of influential microglial signaling.

Altogether, differential microglial responses in AD, including proliferation, activation, and pathology
clearance, involve critical downstream signaling that have remained poorly described to date. In the
studies presented here, we have demonstrated that CARD9 functions to impede AD pathology
progression and acts as a relevant intracellular mediator of microglial response to Af in 5xFAD mice. Our
findings highlight the important nature of CARD9, a shared downstream molecule of several AD-

associated microglial receptors, in protecting against AB-mediated neurodegeneration.

3.5 Methods

Mice

All mouse experiments were performed in accordance with the relevant guidelines and regulations of the
University of Virginia and approved by the University of Virginia Animal Care and Use Committee. Female
5xFAD mice (Stock # 34848-JAX), Card9” mice (Stock # 017309), and C57BL/6J mice (Stock # 000664)

were obtained from The Jackson Laboratory and were crossed to generate Card9** (denoted as WT),
Card9"", Card9”, Card9**5xFAD (denoted as 5xFAD), Card9"5xFAD, and Card9”5xFAD experimental
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mice. Mice underwent a 12-hour light/dark cycle, were housed in specific pathogen-free conditions and
kept at a standardized temperature (21 + 1.5° C) and humidity (50 £ 10%).

Brain tissue harvest

Experimental mice underwent euthanasia by means of CO, asphyxiation and were transcardially perfused
with 20 ml of 1xPBS. Brains were then harvested and bisected. The left hemisphere was drop-fixed in
4% paraformaldehyde over night at 4°C and the right hemisphere flash-frozen and stored at -80°C. Fixed
samples were placed in 30% sucrose until sunken in solution and then frozen in Tissue-Plus OCT
compound (Thermo Fisher). Using a cryostat (Leica), brains were sectioned at 50 ym in thickness and
stored in PBS + 0.05% sodium azide at 4°C until stained for imaging. For RNA extraction and protein
extraction, the flash-frozen brains were thawed on ice and mechanically homogenized in 500 ul of Tissue
Protein Extraction Reagent T-PER (Thermo Fisher, 78510) containing protease inhibitor cocktail cOmplete
(Roche, 11873580001) and phosphatase inhibitor cocktail PhosSTOP (Roche, 04906845001). For RNA
extraction, 50 pl of brain homogenate was diluted in 500 pl Trizol and stored at -80°C. The remaining brain
homogenates were then spun down at 16,000 rpm for 10 minutes and the supernatant was collected for

soluble amyloid beta analysis and pellet were isolated for insoluble amyloid beta analysis by ELISA.

Immunofluorescence microscopy

Brain sections were blocked for 1 hour at room temperature with 2% donkey serum, 1% bovine serum
albumin, 0.1% triton, 0.05% tween in PBS prior to incubation with primary antibodies. The primary
antibodies were then diluted in this block overnight at 4°C. Brain sections were stained with anti-AB
(D54D2, Cell Signaling, 1:300 dilution) to label plaques. To assess neuronal cell death, sections were
stained with anti-NeuN (MAB377, Millipore Sigma, 1:500 dilution) and TUNEL (Millipore Sigma,
11684795910, according to the manufacturer’s instructions). In order to analyze microglia, sections were
stained with IBA1 (ab5076, Abcam, 1:300 dilution). Microglial proliferation was assessed using Ki67-
EF660 (SolA15, Thermo Fisher, 1:100 dilution). Microglial iron accumulation was measured using Ferritin
Heavy Chain (PA5-27500, Thermo Fisher, 1:500). Following primary antibody incubation, sections were
then washed 3 times for 10 minutes at room temperature in PBS and 0.05% tween-20. After washing, the
brain sections were incubated in respective donkey Alexa Fluor 488, 594, 647 anti-rabbit, -goat, -rat, -
streptavidin, and -mouse (Thermo Fisher, 1:1000 dilution) for 2 hours at room temperature. Once again,
brain sections were washed 3 times for 10 minutes at room temperature. Following washing, sections
were stained with DAPI (1:1000) for 10 minutes at room temperature to label nuclei, or stained with
ThioflavinS (Sigma-Aldrich, 2 mg/10ml) for 8 minutes followed by three 2-minute washes with 50% ethanol
at room temperature to label plaques. Brain sections were then transferred to PBS before being mounted

to glass microscope slides with 50 pl of ProLongGold antifade reagent (P36930, Invitrogen) and
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coverslips. For storage, mounted brain sections were kept at 4°C and were imaged using LAS AF software
(Leica Microsystems) on a Leica TCS SP8 confocal microscope. Images were analyzed using FIJI

software or Imaris software (9.5.1).

ELISA

To assess amyloid beta composition in the brain, AB was measured in brain homogenates supernatants
for soluble AR analysis, or brain homogenate pellets that underwent guanidine extraction by incubating
the pellets 1:6 in 5 M guanidine HCL/50 mM tris, pH = 8.0 at room temperature for 3 hours for insoluble
AB analysis. The guanidine-extracted samples were then diluted 1:5 in PBS containing protease inhibitor
cocktail cOmplete (11873580001, Roche) then centrifuged at 16,000 g for 20 minutes at 4°C. The brain
homogenate supernatant was diluted 1:10 and the guanidine-extraction supernatant was diluted 1:200
and quantified by Amyloid beta 42 Mouse ELISA kit (KMB3441, Thermo Fisher).

Mouse behavior

The Morris water maze (MWM) was completed on 4-month-old mice and was performed as outlined in
(294). The first four days of acquisition had four 60-second trials and the fifth day (probe) had one 60-
second trial in which the hidden platform was removed. Mice were gently placed in an opaque 23°C pool
filled with white paint and a hidden platform 1 cm below water level. The pool contained 4 different visual
cues with varying shapes and colors and mice were placed in alternate places in the pool for each trial.
Mice were given 60 seconds to find the hidden platform during each trial, however, if the mouse was
unable to find the platform, they were placed on the platform for 5 seconds at the end of the trial. Tracking
and scoring of all behavioral trials was accomplished using video tracking software (Noldus Ethovision
XT).

AB oligomer preparation

AB (1-42) (641-15, California peptide) was monomerized using a previously published protocol (423),
using hexafluoroisopropanol (HFIP) (52517, Sigma-Aldrich). 5mM monomeric AR samples were incubated
for 24 hours at 4°C in F12 media to make a 200 uM stock of oligomeric AB. Samples were then incubated
with CypHer5E-NHS ester (PA15401, GE Healthcare) diluted in 0.1 M sodium bicarbonate for 30 minutes
covered and at room temperature. Following incubation, Biospin columns (7326227, Bio-Rad) were used
to quench unbound dye. CypHer5E-tagged AR oligomers were stored at 4°C prior to cell culture treatment

or injection.

In vitro phagocytosis
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Bone marrow-derived macrophages (BMDMs) were harvested from the hind limbs of WT and Card9™
mice. Collected bones were sprayed with 70% ethanol before being placed in IMDM (12440-053, Gibco)
containing penicillin/streptomycin (P/S) (15140-122, Gibco). Using a 25-gauge needle, marrow was
flushed through bones using 20 ml of IMDM containing P/S. Using an 18-gauge needle, the flushed bone
marrow was triturated 5 times to make a single-cell suspension. Samples were spun down at 1500 rpm
for 5 minutes at 4°C. Cell pellets were resuspended in bone marrow macrophages differentiation media
(BMDM media) containing IMDM, 10% FBS, 1% non-essential amino acids, 1% P/S, and 50 ng/ml M-
CSF. Cells were then plated on 150 X 25 mm culture dishes (430597, Thomas Scientific). Three days
after plating, 5 ml of BMDM media was added to each dish. On day 6, media was aspirated from dishes
and 10 ml of PBS was added to each plate and incubated for 10 minutes at 4°C. Using a scraper, BMDMs
were removed from the dish and transferred to a conical tube, spun down, and resuspended in BMDM
media. 2 million cells/well were pipetted in 6 well plates containing glass coverslips. The next day, BMDMs
were treated with 10 uM of oligomeric AR tagged with CypHer5E for 24 hours. BMDM-coated glass
coverslips were fixed for 10 minutes at room temperature in 4% PFA. Following fixation, coverslips were
washed 3 times with cold PBS. The cells were then permeabilized using 0.25% Triton X-100 diluted in
PBS for 10 minutes at room temperature. Cells were washed 3 times with cold PBS. The coverslips
containing BMDMs were then blocked in 2% donkey serum, 1% bovine serum albumin, 0.1% triton, 0.05%
tween in PBS for 1 hour prior to incubation with primary antibodies for CD68 (MCA1957, Bio-Rad, 1:1000
dilution) and anti-Ap (D54D2, Cell Signaling, 1:300 dilution) diluted in blocking buffer overnight at 4°C.
Cells were then washed 3 times with PBS and stained with Alexa Fluor secondary antibodies (Thermo
Fisher, 1:1000 dilution) for 1 hour at room temperature. Finally, cells were washed 3 times with PBS and
stained with DAPI (1:1000) for 10 minutes at room temperature before mounting the coverslips onto

microscope slides to assess AB phagocytosis.

In vivo phagocytosis

WT and Card9”" mice received a 1 pl injection of CypHer5E-tagged AB oligomers (1 mg/ml) into the right-
hemisphere cortex (at £2 mm lateral, 0 mm anterior-posterior, and —-1.5 mm ventral relative to the
intersection of the coronal and sagittal suture (bregma) at a rate of 200 nl/min) using a stereotaxic frame
(561730U, Stoelting) and nanoliter injector (NL2010MC2T, World Precision Instruments). 48 hours post
injection, mice were euthanized using CO- and transcardially perfused before processing the brains to be

imaged to assess A phagocytosis.
Flow cytometry

To assess BODIPY and ROS in gated microglia, mice were euthanized using CO. and transcardially

perfused using 20 ml of PBS. After removing the meninges and choroid plexus, the brains were processed
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into a single cell suspension as described in (424). Cell pellets were then resuspended in 13 ml of 37%
isotonic Percoll (17-0891-01. GE Healthcare) to remove myelin. Samples were spun down with no brake
and the myelin layer was removed. The remaining cell pellet was transferred to a 96 well V-bottom plate
and washed with 1X PBS. The assessment of lipid droplet accumulation in cells was accomplished by
staining the cells with BODIPY (D3861, Invitrogen, 1:2000) diluted in PBS at 37°C for 10 minutes. To label
reactive oxygen species, cells were stained with CellROX (C10491, Thermo Fisher, 1:500) diluted in PBS
at 37°C for 30 minutes. Following BODIPY and CellROX staining, cells were spun down 1500 rpm for 5
minutes at 4°C and washed with FACS buffer (pH 7.4, 0.1 M PBS; 1 mM EDTA, and 1% BSA). To label
microglia, cells were stained with flow antibodies for CD11b, and CD45 (eBioscience) diluted 1:200 in
FACS buffer for 20 minutes at 4°C. Cells were spun down and washed with FACS buffer. Prior to running
samples on the cytometer, cells were resuspended in 100 pyl FACS buffer containing DAPI 1:5000.
Microglia were gated as live cells (DAPI negative), single cells, and as CD11b"CD45™ cells. BODIPY and

CellROX mean fluorescence intensity (MFIl) was measured in these gated microglia.

MACS isolation of microglia for RNA-sequencing

Euthanasia of mice was performed using CO; followed by transcardial perfusion using 20 ml of 1X PBS
with heparin. The meninges and choroid plexus were removed from the brain before beginning the
magnetic-activated cell sorting (MACS)-sorting protocol. Microglia were isolated using the methods
described in (424). In brief, brains were placed in 5 ml of HBSS (with Mg and Ca) (14025092, Gibco) with
papain 4U/ml (LS003126, Worthington) and 50 U/ml DNase | (10104159001, Sigma-Aldrich). Following 3
triturations of the samples using a 5 ml serological pipette over 45 minutes at 37°C, the brain homogenates
were transferred to a conical tube containing a 70-um cell strainer and topped with 20 ml of DMEM/F12
(21331020, Gibco) containing 10% FBS, 1x antibiotic-antimycotic (15240096, Thermo Fisher), and 1x
GlutaMAX (35050061, Invitrogen). Strained samples were then spun down with slow brake (3 on a 0-10
scale) for 10 minutes at 300 G, resuspended in 160 ul MACS buffer (130-091-376, Miltenyi Biotec), and
then incubated with 20 ul MACS CD11b (microglia) microbeads (130-093-634, Miltenyi Biotec) for 15 min
at 4°C. Sorting was performed using LS columns and a QuadroMACS magnet (Miltenyi, 130-042-401 and
130-091-051) according to the product instructions. The protocol efficiency was validated using flow
cytometry (>90% CD11b"CD45™) before submitting for RNA-sequencing.

RNA-sequencing analysis
Microglia sorted using MACS isolation were sent to Azenta Next Generation Sequencing. Using splice-
aware read aligner HISAT2, FASTQ files were aligned with the UCSC mm10 mouse genome. Quality

control filtering was applied using Samtools. Next, HTSeq was used to sort reads into feature counts.

DESeqg2 (v1.30.0) was utilized to normalize raw counts to read depth, perform principal component
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analysis, and carry out differential expression analysis. The Benjamini-Hochberg procedure was used to
correct p-values and limit false positives arising from multiple testing. RNA-seq analyses were performed
using Seq2Pathway, fgsea, tidyverse, and dplyr software packages. Heatmaps were produced using the

pheatmap R package (https://github.com/raivokolde/pheatmap), lattice (http://lattice.r-forge.r-project.org/)

or ggplot2 (https://ggplot2.tidyverse.org) packages. Volcano plots were produced using the

EnhancedVolcano R package (https://github.com/kevinblighe/EnhancedVolcano).

Intrahippocampal injection procedure

5xFAD and Card9"5xFAD mice were anesthetized with a ketamine/xylazine cocktail before receiving a
bilateral hippocampal injection of 2 pl of vehicle or 2 ug pustulan into the right and left hemisphere of the
hippocampus (at £2 mm lateral, -2 mm posterior, and -2 mm ventral relative to the intersection of the
coronal and sagittal suture (bregma) at a rate of 200 nl/min) using a stereotaxic frame (51730U, Stoelting)
and nanoliter injector (NL2010MC2T, World Precision Instruments). Seven days post injection, mice were
euthanized using CO; and transcardially perfused before preparing brains for immunofluorescent staining
to evaluate AB clearance in the hippocampus. Images were analyzed using FIJI software or Imaris
software (9.5.1).

Statistics
All statistical analyses were performed using Prism software (GraphPad). Statistical tests include
Student’s t test (paired and unpaired), one-way ANOVA, and two-way ANOVA. P values less than 0.05

were deemed significant: *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data are represented as

mean + SEM.

101



Chapter 4

Discussion and Future Directions

4.1 Dissertation discussion

This dissertation focused on the signaling mechanisms by which the resident innate immune cells of the
brain, microglia, modulate Alzheimer’s disease pathology progression. We presented novel data outlining
the critical role spleen tyrosine kinase (SYK) plays in driving protective microglial mobilization and
proliferation in response to A pathology (Chapter 2). In addition, we showed that SYK regulates microglial
morphological activation, AKT/GSK3p-signaling, and disease-associated microglia (DAM) phenotype
acquisition (Chapter 2). Finally, we demonstrated that SYK drives microglial phagocytosis of multiple
neurodegenerative pathologies including AB in a mouse model of AD and damaged myelin in a mouse
model of demyelination (Chapter 2). We then described how another critical intracellular signaling
molecule further downstream of SYK, known as caspase recruitment domain-containing protein 9
(CARD?9), regulates microglial response to AB (Chapter 3). We observed CARD9-dependent protection
against AB accumulation, neuronal loss, and memory decline (Chapter 3). Finally, we showed that
pharmacological boosting of CARD9 signaling drives clearance of Ap plaques (Chapter 3). Initial work
characterizing important intracellular signaling in microglia during neurodegeneration have begun to
unravel some immunological mysteries of the brain during aging and disease. Therefore, the molecular
underpinnings of microglial response to AD pathology require further investigation to identify novel
therapeutic targets in lieu of unsuccessful Ap drug targets. In this discussion, | will feature future directions
to further uncover the significant mechanisms by which microglial SYK and CARD9 signaling pathways

may regulate microglial response to neurodegenerative pathology.
4.1.1 Neuroprotective roles of microglial SYK during neurodegenerative disease

Although several microglial receptors have been described to influence cellular responses to
neurodegenerative pathology, the intracellular signaling specifically directing microglial aptitude during
neurodegeneration has remained relatively unexplored. It is apparent that microglia critically regulate
pathology accumulation and disease progression during AD and demyelinating disease (88, 202, 384,
446, 492). Targeting downstream signaling molecules has the potential to produce more precise
interventions while allowing other cellular processes to remain unperturbed. In our studies, we find that
SYK instructs signaling downstream of several microglial receptors during AD and demyelination. Our
data also suggest that SYK drives neuroprotective and more targetable downstream signaling, such as
AKT phosphorylation, driving a shift away from detrimental GSK3p signaling. These findings, along with
future analysis of additional SYK-dependent alterations in microglial downstream signaling during

neurodegeneration, may guide novel targets for disease.
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Microglia remain a double-edged sword during neurodegeneration. Specifically in AD, activation of
machinery, such as the TREM2 and SYK signaling, protects against disease progression (97, 100, 103,
339, 357, 387, 400, 431, 493). However, continual microglial exposure to plaque pathology, and resultant
microglial activation, provokes a detrimental shift in function. For instance, microglia deviate from cells
capable of regulating cellular debris and offering trophic support to other cells in the brain, instead
becoming chronically activated cells that instigate neuroinflammation and drive heightened AD pathology
accumulation (133, 494-496). AD cases are vastly heterogenous due to their varying root causes, and
similarly, the kinetics by which microglia transform from protective surveillance cells to propagators of
disease likely remains variable in patients (497, 498). This underscores the importance of calibrating the
timing of pharmacologically targeting microglial populations. It is imperative that we further elucidate
microglial signaling, including SYK and its downstream mediators, throughout the timeline of disease so

that we may gain a broader understanding of when and how to target these immune cells.

The protective nature of homeostatic microglia undergoing transcriptional activation into DAMs during AD
remains contested (93, 94, 499). The loss of homeostatic expression in DAMs is countered with
upregulation of genes associated with machinery particularly apt at phagocytosing AD pathology (93, 94).
Therefore, this shift is likely beneficial in the short term. For instance, we demonstrate that SYK-deficient
microglia are unable to take on the DAM transcriptional signature and this exacerbates Ap pathology
accumulation. However, previous or continual exposure to stressors or neurodegenerative pathology can
make this microglial shift permanently inflammatory and propagative of more pathology and neuronal
damage (248, 496, 500, 501). Therefore, many studies are now focusing on the complete removal of
microglia following disease onset (124, 175, 178, 502). In the context of AD, these studies indicate that
microglia are necessary for amyloid plaque formation by building higher-order Ap structure from more
neurotoxic lower-order AP oligomers (120). However, AB plaques themselves damage surrounding
neurons, and are therefore not harmless. Following plaque formation, microglia form a critical barrier to
protect the surrounding neurons, and when this capacity is lost, neuronal loss and subsequent memory
decline is exacerbated, as seen in the SYK-deficient mice (101, 102, 396, 503). Interestingly, during a
“sledgehammer approach,” in which near complete removal of microglia is achieved, AB plaque load is
diminished, further demonstrating their role in building AB plaques (120, 124). However, the loss of
microglia disturbs additional protective responses, such as the microglial maintenance of the brain
vasculature (504). This loss of function can lead to different, but equally harmful, pathology accumulation

such as vascular amyloidosis that spurs intracranial hemorrhage and premature death (504).
Collectively, defining microglial signaling in the context of neurodegeneration will allow us to

comprehensively understand microglial biology during disease to support more informed targeting of

microglial responses. Defining the role of microglial SYK in driving protective signaling and responses
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during AD and demyelination is the tip of the proverbial iceberg for microglial signaling. Much of microglial
signaling in these disease contexts rely on upstream SYK (340, 505), leaving the role of many downstream
molecules undescribed. By understanding the nuances of microglial signaling during different stages of
disease, more individualistic therapies can be achieved. Although straightforward, the complete
elimination of microglia is likely too simplistic and dangerous to treat AD patients due to the intricacies of
microglial function throughout the brain. Embracing the complex nature of microglia and investigating the
molecular underpinnings of their responses may alleviate the burden of off-target effects and may unearth

a deeper understanding of how to address microglia during neurodegeneration.

4.1.2 Pathology regulation by CARD9 in Alzheimer’s disease

Microglial signaling encompasses many parallels with its peripheral counterparts. As the resident immune
cells of the brain, microglia possess machinery that responds to neurodegenerative and, similar to
peripheral macrophages, infectious triggers (506, 507). The shared nature and evolutionary roots of these
microglial signaling axes during both neurodegeneration and infection remains to be fully understood. One
such signaling arm abundantly described in peripheral macrophages during infection is the CLEC7A-SYK-
CARD9 fungal pathway (342, 383, 508). The downstream molecule, CARDS9, is a critical mediator of fungal
response, however, it's role in the brain has gone underappreciated until now. In our studies, we define a
role for CARD9 in driving protective microglial responses to AB pathology and dampening disease
progression in AD mice. The further delineation of the mechanisms by which CARDS9 is protective in the

context of AD is necessary for potential intervention.

Our studies indicate only a slight transcriptional shift between CARD9-sufficient and -deficient 5xFAD
microglia. This finding is surprising due to the appreciable differences in Ap pathology accumulation seen
between genotypes. However, increased AP load and exacerbated neuronal loss and memory decline in
Card9’-5xFAD mice is complimented with an increase in microglial transcription of Kif4. KLF4 levels are
appreciably increased in the AD brain and correspond with heightened levels of reactive oxygen species,
neuronal loss, and iron dyshomeostasis (465, 466). The loss of CARD9 does indeed exacerbate neuronal
loss in 5XxFAD mice and interestingly leads to iron retention in Card9”5xFAD microglia. Iron
dyshomeostasis in microglia causes the cells to become susceptible to a type of cell death known as
ferroptosis (509). The role of ferroptosis in regulating microglial viability and response to AD pathology

remains an important area of interest.

The utilization of a germline deletion of Card9 in 5xFAD mice introduces several caveats to our
experimental conclusions. In addition to the loss of CARD9 in microglia, we can assume there is a loss of
CARD?9 in other peripheral and CNS border-associated myeloid cells (510). The loss of CARD9 across a

vast population of immune cells, coupled with the limited transcriptional changes observed in CARD9-
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deficient 5xFAD microglia, suggests a potential role for peripheral cells driving differential pathology
accumulation in the brain. The description of peripheral perturbations affecting the brain is not a novel
concept, however, the mechanisms by which this occurs remains enigmatic and a burgeoning field of
study. Derivations of the exclusive role CARD9 plays in microglia requires the tandem use of our current

model and an alternative inducible deletion of Card9 in microglia.

4.2 Future Directions
4.2.1. Determining the role of SYK in generating a microglial response to injury

This dissertation work describes a striking regulation of microglial response to neurodegenerative
pathologies by SYK. However, the inability of microglia to associate with A and their “resting” state in
5xFAD Syk“M® mice led us to question the role of SYK in driving microglial sensing of disease and damage.
To ascertain whether SYK drives microglial “sensing” of damage, we chose to induce neuronal injury in
the brains of Ai6-ZsGreen Syk™ Cx3cr1ERT2Cr (Syk®™"A%) and Ai6-ZsGreen Syk"™ Cx3cr1ERT2C™ (SykAME-
A% mice. To begin, we inserted cranial windows in the skull of Syk®"*® and Syk*'®® mice 2 weeks prior
to inducing a laser injury using a 2-photon microscope. We will perform live imaging of the Ai6-labeled
microglia in Syk®"® and Syk“*M°*® mice immediately after injury. Under normal conditions, microglia
sense the insult and extend their processes out toward the area of injury, as measured by velocity of the
targeted response (511). Additionally, imaging will be performed 24 hours post injury to analyze microglial
recruitment to injury through the measurement of microglial cell body migration to the site. These studies
will aid in our understanding of what microglial responses are controlled by SYK and which ligands (i.e

AB or other disease-associated molecular patterns) critically inform these functions.

Laser Injury 2-photon imaging

Sykeomhis ' — | |} |
Sykemens | 1 hour post-injury 24 hours post-injury

Figure 4.1. Intravital imaging of microglial response to parenchymal laser injury. Experimental schematic to study the role of SYK in
regulating microglial response following laser injury to the brains of Sykcon-Ai6 and SykAMG-Ai6 mice.

4.2.2. Microglial receptors regulating SYK and CARD9 signaling

The comprehensive understanding by which SYK signaling regulates microglial response during
neurodegeneration requires the identification of upstream and downstream mediators of the molecule.
The further investigation of downstream signaling pathways activated by SYK following exposure to
neurodegenerative ligands is a continued area of interest for our research. We will achieve this aim by
first utilizing a combination of techniques investigating the phosphorylation of several key SYK targets
including: PLCy, ERK, NFkB, and VAV (340). Other potential downstream components include microglial

receptors. For instance, our RNA-sequencing of SYK-deficient microglia in both AD and demyelination
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models indicates increased expression of CD36, a scavenger receptor implicated in AD (492, 512-514).
CD36 responds to AB and damaged myelin ligands (492, 514), and the potential upregulation of this
receptor upon the loss of SYK may uncover additional molecular mediators of microglial function during
neurodegeneration. However, continual interest remains in determining which receptor predominantly
affects SYK activity during disease. For example, we describe TREM2, a receptor known to signal through
SYK (29), as a probable component of SYK signaling in 5xFAD microglia (Chapter 2, Figure 2.7).
However, an expansion beyond transcriptional similarities between 5xFAD Syk“M® and 5xFAD Trem2™"
microglia must be achieved to draw these conclusions. In addition, the role of CLEC7A, the fungal receptor
known to signal through both SYK and CARD9 in peripheral macrophages (114, 383), is a likely contributor
to SYK engagement in the AD brain (105). In this future direction, we intend to uncover and define critical
signaling receptors responsible for regulating SYK activation in response to both AD and demyelination

pathologies.

CD36 is a scavenger receptor characterized in microglia to respond to AB, apoptotic cells, myelin, and
oxidized low-density lipoproteins (513). Previous studies suggest that the TREM2 receptor relies on CD36
upregulation to promote Ap phagocytosis (400). However, CD36 is also propagative of a pro-inflammatory
state following exposure to Ap (514). This phenomenon draws parallels with the ambiguity of DAMs across
different disease stages. In our studies, we observe an upregulation of CD36 upon the loss of SYK in
5xFAD and EAE microglia. This finding may suggest a compensatory upregulation of CD36 by SYK-

deficient microglia to counterbalance defective SYK-dependent phagocytic pathways.

To study the potential regulation of CD36 expression and engagement by SYK, we will confirm increased
microglial CD36 protein levels by imaging SYK-sufficient and -deficient microglia from 5xFAD or
cuprizone-treated mice. Upon verification of differential CD36 expression at the protein level, we will test
the critical nature by which CD36 activation may influence SYK-deficient microglia. Utilizing a previously
described CD36 inhibitor (492), we can assess pathology accumulation between treated and non-treated
Syk"™® mice both in the 5xFAD and cuprizone models. If 5xFAD Syk“™® mice or Syk“™® mice undergoing
demyelination are treated with a CD36 inhibitor and have worsened Ap and myelin debris accumulation
compared with vehicle-treated 5xFAD Syk“"'® controls, we can infer that upregulation of CD36 by SYK-
deficient microglia acts in a protective manner. However, if 5xFAD Syk“"® mice or Syk*™° mice undergoing
demyelination are treated with a CD36 inhibitor and have diminished Ap and myelin debris accumulation
compared with vehicle-treated 5xFAD Syk“M® controls, we can assume that the upregulation of CD36 by

SYK-deficient microglia acts in a detrimental manner for pathology accumulation.
Using this experimental model of CD36 inhibition in AD, we can also gain valuable information on the role

CD36 plays in driving differential microglial response to pathology in the context of neurodegeneration.

The study of microglial morphology and association with pathology may offer a broad understanding of
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how CD36 may regulate microglial behavior. Based on past characterization of CD36 as a critical receptor
for oxidized lipids (515, 516), we will also aim to uncover any potential links with increased CD36
expression and the increased levels of reactive oxygen species observed in 5xFAD Syk*M® microglia.
Outside of promoting TREM2-driven phagocytosis (400), CD36 signaling in AD microglia is not wholly
established, and the objective of our future studies involves the establishment of its potential role in other

processes during neurodegeneration.

Impaired TREM2 receptor function can negatively impact microglial response to AD pathology (97, 100,
101, 396, 431, 435). Several years of work has described the involved microglial signaling orchestrated
by TREM2 activation in neurodegenerative disease (29, 30, 103). The activation of SYK following the
stimulation of TREM2 is well documented (29), however the receptor specificity by which SYK relies on
TREM2 to direct its downstream signaling is not wholly described. Data presented in this dissertation
indicate that SYK signaling does not completely rely on TREM2 activation, but instead likely involves
additional receptor activation such as CLEC7A. This conclusion was drawn from an RNA-sequencing
comparison in which 5xFAD Syk“™® microglia have vastly more differentially expressed genes than 5xFAD
Trem2 microglia when each are compared with 5xFAD microglia (Figure 2.7). To further elucidate
TREM2-independent workings of microglial SYK signaling during AD, we will compare pathology
accumulation and microglial activation between 5xFAD Syk“™® and 5xFAD Trem2". More specifically, we
can delve into altered microglial signaling between groups to uncover unique pathway alterations upon
the loss of SYK or TREM2 in 5xFAD microglia. These studies will further specify the cellular mechanisms,

including relevant receptors, by which SYK directs microglial responses in AD.

CLECTYA is a fungal receptor primarily characterized on peripheral myeloid cells (114, 517). However,
recent work has uncovered a potential role for the receptor in microglia during AD (105, 439). In addition
to RNA-sequencing data illustrating the upregulation of Clec7a in DAMs, plaque-associated microglia also
strongly upregulate the receptor at points of interaction between microglia and Ap species (105). This
observation has spurred our interest in understanding the role of CLEC7A in driving microglial responses
during AD. Interestingly, upon activation CLEC7A can signal through both SYK and CARD?9 (383, 518),
and based on our previous findings outlining protective SYK and CARD9 signaling in microglia, we
assumed a similar role for the CLEC7A receptor. However, our preliminary findings suggest that CLEC7A
signaling in 5xFAD mice is detrimental. Therefore, we aim to understand the mechanisms by which

CLEC7A may drive worsened disease progression in AD mice.

To begin to ask how CLEC7A may influence AD progression, we used mice with a germline deletion of
CLECTYA crossed with 5xFAD mice. Antithetical to our original hypothesis, we found that 5-month-old
Clec7a’™ 5xFAD mice exhibit markedly less AB plaque load in the cortex of the brain compared with 5xFAD
controls (Figures 4.2A and 4.2B). Furthermore, we observed a slight reduction in the quantity of ThioS-

labeled AP plaques (Figures 4.2C and 4.2D) in the Clec7a™ 5xFAD mouse cortex compared with controls.
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Of the remaining plaques found within the Clec7a™ 5xFAD cortex, the plaques displayed significantly
higher intensity (Figure 4.2E), indicating increased plaque density compared with 5XxFAD mice. The
density and composition of AB plaques are often indicative of microglial formation and compaction of
plaques into more inert structures (100). Interestingly, soluble oligomeric levels of AB remain unchanged
between groups, whereas insoluble Ap levels were diminished in the Clec7a™ 5xFAD brain compared with
5xFAD mice (Figure 4.2F). This reduction in insoluble Ap levels suggests that upon the loss of CLEC7A,
there are fewer Ap fibrils that make up the higher-order ThioS-labeled plaque architecture. In fact, plaque
composition within the cortex of Clec7a™ 5xFAD mice is shifted away from ThioS and predominantly
composed of lower-order 6E10 labeled AB (Figures 4.2G and 4.2H). However, the neurons surrounding
the modified Ap plaques in both Clec7a*~ 5xFAD and Clec7a” 5xFAD structures undergo reduced damage
compared with 5xFAD controls as measured by APP* dystrophic neurite frequency (Figures 4.21 and 4.2J)
(100). Therefore, CLEC7A-deficient 5xFAD mice display reduced Ap levels coupled with altered AP
composition in the cortex, which ultimately protects surrounding neurons from Ap-induced neuronal

toxicity.
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Figure 4.2. The loss of CLEC7A increases AB burden and alters plaque composition in 5xFAD mice. (A-J) 5-month-old 5xFAD, Clec7a*-
5xFAD, and Clec7a” 5xFAD were harvested to evaluate amyloid beta (AB) load in the brain. (A-B) Immunofluorescence staining of AB (D54D2,
yellow; DAPI, blue) was performed on sagittal sections and the percent area covered by A in the cortex, hippocampus, and thalamus was quantified.
Original magnification: 10x; scale bar = 2000 um. (C-E) AB load and intensity in the cortex labeled with ThioflavinS (ThioS, cyan). Original
magnification: 63x; scale bar = 20 um. (F) Soluble (PBS) and insoluble (Guanidine) fractions of AB442 measured in the right hemisphere of the brain
by ELISA. (G-H) Representative images and quantification of AR plaque composition labeling 6E10 (yellow) for flamentous forms of AR and ThioS
(cyan) for more compact or inert forms of AB in the cortex of matched sagittal brain sections. Original magnification: 63x; scale bar = 3 um. (H)
Quantification represents the percent volume of the 6E10/ThioS ratio per field of view from a total of 10-15 plaques from 3 brain sections per mouse.
(I-J) The formation of dystrophic neurites surrounding plaques in the cortex was determined by staining for APP (green) and AB using ThioS (red).
Original magnification: 63x; scale bar = 7 um. (J) Quantification of APP* puncta found within 15 and 30 um of AB plaques from a total of ~40 plaques
from 3 matching brain sections per mouse. Statistical significance between experimental groups was calculated by one-way ANOVA with Tukey’s

post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 (B, D-F, H, J). Error bars represent mean + S.E.M. and each data point represents an individual
mouse.
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The predominance of CLEC7A expression by microglia in the brain prompted our query into how CLEC7A
may regulate microglial response to Ap pathology in 5xFAD mice (441). We observed increased numbers
of microglia within the Clec7a™ 5xFAD cortex compared with 5xFAD controls (Figures 4.3A and 4.3B). In
addition, the cortex of Clec7a’™ 5xFAD possess more microglia directly surrounding the AB plaques,
suggesting a heightened microglial response to AD pathology upon the loss of CLEC7A (Figures 4.3A
and 4.3C). However, we did not detect an increase in microglial proliferation in the Clec7a” 5xFAD brain
(Figures 4.3A and 4.3D), leaving open the possibility of potential infiltration of peripheral macrophages or
altered microglial turnover in disease. To further elucidate what may cause increased Iba1* cell numbers
in the cortex Clec7a” 5xFAD mice, we will begin by utilizing a co-labeling system to differentiate potential
macrophages from brain-resident microglia. Iba1 can label both microglia and macrophages, however
P2Y12 is a microglia-specific marker (519). The colocalization of Iba1 and P2Y12 indicates microglia,
while Iba1-only cell labeling identifies infiltrating macrophages. If we determine there are macrophages in
the Clec7a’™ 5xFAD brain using this system, we can analyze the microglia to macrophage ratio to decipher
whether CLEC7A deficiency accounts for increased Iba1® cell numbers through means of altered

microglial cell number or alternative macrophage infiltration.

Microglial activation and phagocytic responses to Ap are critical for pathology clearance and subsequent
neuronal protection (397, 401, 520). Interestingly, microglia undergo a morphological shift upon
stimulation with AB (91). Following activation, microglia become more ameboid-like in structure while
losing their cellular ramifications (91). Surprisingly, Clec7a™ 5xFAD microglia are more morphologically
at-rest and retain more ramifications compared to 5xFAD microglia (Figures 4.3E and 4.3F). Clec7a™
5xFAD and Clec7a™" 5xFAD microglia also appear to have less Ap engulfed within microglia despite
having reduced levels of A overall (Figures 4.3G and 4.3H). Although surprising, the decreased microglial
uptake of Ap in CLEC7A-deficient microglia coupled with the observed reduction in AB levels (Figure 4.2)
may be explained by efficient Ap uptake not captured at this timepoint. Alternatively, the increased number
of Iba1* cells in the Clec7a’ 5xFAD brain may be able to “divide and conquer,” leaving less Ap to be
engulfed by neighboring cells. To determine if the phagocytic capacity of CLEC7A-deficient microglia is
truly impaired, we will employ a Methoxy-X04 experiment in which we will inject this BBB-permeable dye
that labels Ap and study AP uptake by microglia using flow cytometry. We anticipate that Clec7a™ 5xFAD
microglia do not have impaired phagocytosis, however, if they display reduced Ap engulfment it may heed

us to uncover if CLEC7A regulates phagocytosis of differential forms of Ap.
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Figure 4.3. Clec7a-deficiency alters microglial response to AB pathology in 5xFAD mice. (A-H) 5-month-old 5xFAD, Clec7a*- 5xFAD,
and Clec7a”- 5xFAD were harvested to evaluate microgliosis in the brain. (A-C) Microglia were imaged by labeling with Iba1 (green)
surrounding AB plaques labelled with ThioS (cyan) to assess microglial coverage and proximity to plaques. (A) Representative images of Iba1
and ThioS staining in the cortex of matching sagittal brain sections. Original magnification: 63x; scale bar = 20 pm. (B) Quantification of
microglial numbers in the field of view (FOV). (C) Quantification of the number of microglia within a 30 um radius surrounding ThioS-labelled
AB plaques. Each point represents an individual mouse with an average of 50-100 plaques from 3 matching brain sections per mouse. (D)
Quantification of Ki67+ microglia in the field of view (FOV) in the cortex of mice averaged from 3 matching brain sections per mouse. (E)
Imaris-rendered microglia morphology labeled with Iba1 (yellow) in the cortex. Original magnification: 63x; scale bar = 7 um. (F) Sholl analysis
quantification from a total of 12 microglia from 3 matching brain sections per mouse (5xFAD n=7, Clec7a*- 5xFAD, n=7, Clec7a”- 5xFAD n=8).
(G) Imaris-rendered AB plaques (ThioS, pink) and Iba1+ cells (green) with the completely localized AB-microglia (engulfed) channel in cyan.
Original magnification: 63x; scale bar = 7 um. (H) Percent area of engulfment quantification from a total of ~20 plaques from 3 matching brain
sections per mouse. Statistical significance between experimental groups was calculated by one-way ANOVA with Tukey’s post hoc test (B-D,
H) or a repeated-measures two-way ANOVA with Bonferroni’s post hoc test (F). *p < 0.05 **p < 0.01, ****p < 0.0001. Error bars represent mean +
S.E.M. and each data point represents an individual mouse (B-D, H).

Finally, to study CLEC7A regulation of microglial activation in AD, we chose an unbiased approach in
which we performed bulk RNA-sequencing on MACS-isolated 5xFAD and Clec7a”™ 5xFAD microglia.
Firstly, we observed the downregulation of many immune-related genes in Clec7a” 5xFAD microglia,
including: Ccl24, Cxcl1, and Ccl7 (Figures 4.4A and 4.4B). Additionally, several differentially expressed
genes implicate NK cells and neutrophils which we will examine using both flow cytometry and imaging to
determine potential infiltration of these cells into the brain of Clec7a’ 5xFAD mice. In addition to gene
expression, we were also interested in defining key cellular signaling pathways potentially altered upon
the loss of CLEC7A in 5xFAD microglia. To this end, we used a Luminex assay to study the
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phosphorylation of AKT and its downstream phosphorylated targets. AKT regulates many neuroprotective
microglial activities, including cell survival, mobilization, and metabolism (367, 521). We observed
increased phosphorylation of PTEN and GSK3p in Clec7a’ 5xFAD microglia (Figure 4.4C). PTEN has
been shown to drive microglial phagocytic capacity (522). Interestingly, the increased Ser9
phosphorylation of GSK3p seen in Clec7a™ 5xFAD microglia leads to protective inhibition of GSK3. It
has been demonstrated that GSK3p contributes to A and tau accumulation; thus, the inhibition of GSK3p
activity through increased Ser9 phosphorylation likely contributes to reduced disease severity in Clec7a™
5xFAD mice (371-373, 376, 377). Therefore, the altered AKT signaling found in Clec7a’ 5xFAD microglia

likely drives some of the protective phenotypes observed following the loss of CLEC7A in 5xFAD mice.
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Figure 4.4. Altered transcription and cell signaling in CLEC7A-deficient microglia. (A-B) Microglia from 5-month-old 5xFAD and
Clec7a”- 5xFAD mice were sorted from single-cell brain suspensions using anti-CD11b*-coated magnetic beads and magnetic column
sorting, finally, RNA-Seq was performed. (A) Heatmap representation of the top significantly upregulated and downregulated genes
(FDR<0.1) between 5xFAD and Clec7a” 5xFAD microglia. (B) GO term enrichment scatter plot highlighting major pathways that are
repressed in Clec7a”- 5xFAD microglia in comparison to 5XxFAD microglia. (C) Mouse AKT pathway phosphorylation array conducted
on microglia from 5-month-old 5xFAD and Clec7a” 5xFAD mice that were sorted from single-cell brain suspensions using anti-
CD11b*-coated magnetic beads and magnetic columns; n of 4 for each group. Statistical significance between experimental groups
was calculated by an unpaired Student’s t-test (C). *p < 0.05, **p < 0.01. Error bars represent mean + S.E.M.
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To further delineate the root mechanisms by which CLEC7A may drive harmful microglial responses to
ApB pathology, we will begin by defining the importance of the ligands in driving alternative CLEC7A
receptor activity. Our previous work describes that the hippocampal treatment of the CLEC7A ligand -D-
glucan (pustulan) is protective for driving microglial clearance of AB. These data indicate the protective
nature of CLEC7A in the context of AD. However, contrary to our pustulan data, we observe that the
presence of CLEC7A worsens disease pathology in 5xFAD mice. Thus, the distinction between
endogenous versus exogenous ligands may be required to understand the full complexity of CLEC7A
signaling during AD. Endogenous ligands such as those found within AB plaques, vimentin, annexins,
galectin-9, N-glycans, etc., versus exogenous ligands such as pustulan may differentially drive non-
protective and protective microglial response to Ap (517). This reasoning may explain the contrasting
phenotypes during the exogenous hippocampal pustulan injections and the loss of CLEC7A in the context
of endogenous AB. To test this hypothesis, we will inject alternative endogenous ligands (such as galectin-
9) into the hippocampus of 5xFAD and Clec7a’ 5xFAD mice followed by an evaluation of AB clearance
by microglia. These studies may uncover the nuances of CLEC7A signaling in regulating microglial

response during AD and identify novel targets for modulating receptor signaling.

4.2.3. Investigating how microglial SYK signaling regulates different cell types (i.e. astrocytes, T cells,
OPCs)

In Chapter 2 of this dissertation, we observe that the loss of SYK in microglia can affect the activity of
other cell types. For instance, the T cell response is altered in Syk“™® during EAE, with increased CD45",
CD4", and CD8" T cell numbers and increased cytokine expressing CD4"* T cells (Figure 2.10). In addition,
OPC proliferation is decreased in the Syk*™® corpus collosum following cuprizone-induced demyelination,
ultimately affecting oligodendrocyte numbers during remyelination (Figure 2.12). These observations may
be an artifact of increased pathology accumulation within the area of disease. However, these findings
may also be explained by microglial SYK signaling driving microglial activities to shape the cellular milieu
during disease. To further investigate how microglial SYK signaling may influence alternative cell types
during neurodegeneration, we aim to identify potential signals produced by microglia to drive cellular

responses outside of microglia themselves.

The role of astrocytes, T cells, and OPCs in neurodegeneration is vast (351, 352, 523-528). The
contribution of these cells in addressing AD pathology remains almost completely ignored in the studies
outlined in this dissertation. However, the communication of all cell types during neurodegeneration is the
preeminent goal for understanding the full picture of disease onset and progression. To begin to
interrogate the ability of microglial SYK to impact alternate cell types and disease severity, we will first turn
to studying microglial interaction with astrocytes. The roles astrocytes play in AD are numerable, and
include the regulation of the BBB, neuronal activity, and Ap clearance (523). To begin to study how SYK

in microglia may alter astrocytic response, we will examine astrocytic numbers and activation between
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Syk™", Syk™MC BxFAD Syk™", and 5xFAD Syk*M® mice. Understanding how microglial SYK regulates
astrocytic activity at homeostasis is necessary to draw conclusions from potential differences we may
observe between 5xFAD and 5xFAD Syk“M® mice. Based on the inability of SYK-deficient microglia to
activate both transcriptionally and morphologically, we hypothesize that the Syk*“® brain may have
diminished signals from microglia to promote astrocytic activation (529). Studying the transcriptional and
morphological activation of astrocytes using RNA-sequencing and imaging may begin to answer how the
presence of SYK signaling in microglia influences astrocytic responses in the 5xFAD brain environment.
Comparing the transcriptional shifts in astrocytes between 5xFAD and 5xFAD Syk“*M® mice may uncover
potential SYK-modulated signaling pathways to follow up with using both in vitro and in vivo methods.
Altogether, the ability of microglia to regulate astrocytic activation and the capacity of astrocytes to regulate
AD pathology may expose novel mechanisms by which microglial SYK influences other cellular responses

in the context of AD.

SYK signaling in microglia also affects CD4" T cell response in EAE-induced neurodegeneration (Figure
2.10). For instance, in Chapter 2 of this dissertation we find that the spinal cords of Syk“"® mice contain
increased numbers of CD4" T cells and increased numbers of cytokine producing CD4* T cells compared
with Syk®" mice. Unchecked CD4" T cell response during EAE is harmful and contributes to heightened
disease (530, 531). However, the induction of regulatory T cells can curb the pro-inflammatory CD4*T cell
response, and under certain contexts, microglia can act as antigen-presenting cells to prompt the induction
of regulatory T cells (530). Therefore, we will investigate whether microglial SYK affects regulatory T cell
induction and if this may explain the heightened CD4" T cell response observed in the spinal cords of
Syk*™® mice during EAE. These studies may further expound the importance of microglial signaling

through SYK to impact neurodegenerative disease severity.

The induction of demyelination using cuprizone granted us a unique opportunity to study if SYK signaling
in microglia influences the OPC response to demyelinating conditions in the corpus collosum. In Chapter
2 of this dissertation, we observed a reduced population of OPCs during demyelination and remyelination
in Syk"M® mice, which likely contributes to the reduced oligodendrocyte number seen in the corpus
collosum of Syk“™® mice during remyelination. OPCs play a vital role during demyelination, and their
recruitment to areas of demyelination and subsequent proliferation and maturation into myelinating
oligodendrocytes promotes neuronal repair (532). The impaired OPC response we observed in Syk*V®
mice may reinforce the worsened damaged myelin accumulation in the cuprizone treated mice. To uncover
what SYK-regulated microglial signaling molecule(s) drive OPC response during demyelination we will
employ an alternative model of demyelination using lysolecithin to induce demyelination in a defined
temporal and spatial area (533). Using this method, we will harvest Syk®" and Syk“"'® microglia and OPCs
for RNA-sequencing from the area of demyelination in the corpus collosum. Differential transcription
between Syk®™ and Syk“™® microglia and OPCs at 6 days post-demyelination induction may uncover

altered signaling pathways that will require in vitro validation and subsequent in vivo studies utilizing the
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supplementation or inhibition of the altered signaling in Syk*™® microglia and OPCs. The identification of
microglia-OPC crosstalk has to potential to unearth previously underappreciated SYK-dependent

microglial signaling that can alter multicellular responses during neurodegeneration.

4.2.4. Examining the specific role of CARD9 in microglia during AD

Previous work describes that the stimulation of CLEC7A-SYK signaling can lead to the activation of
CARDS9 (383). Our work demonstrates critical and varying roles for CLEC7A, SYK, and CARD9 in
regulating microglial response and AD pathology accumulation. More specifically, our experiments define
a protective role for CARD9 in 5xFAD mice, however, our model does not specifically target CARD9 within
microglia. Although microglia are the predominant expressors of CARD9 in the brain (441), peripheral
myeloid cells and other brain-resident cells also possess CARD9 (464, 472, 510). Therefore, the
distinction between protective CARD9 signaling in microglia or alternate cells remains to be realized. Thus,

we intend to tease out potential cellular mechanisms by which CARD9 may alter AD progression.

To begin to understand how CARD9 specifically affects microglial responses in the context of AD, we
began by injecting a newly developed CARD9 inhibitor directly into the hippocampus of 5xFAD and Card9
~B5xFAD mice (534). We performed this experiment on 3-month-old mice and waited seven days post
injection to harvest the right hippocampus (vehicle injected) and left hippocampus (CARD9 inhibitor
injected) to analyze AB and Iba1” cell coverage (Figure 4.5A). Importantly, off-target effects were not
observed, as we did not detect differences in AB load or Iba1” cell level measures between the treated
and non-treated hippocampal hemispheres of Card9” 5xFAD mice (Figure 4.5B and 4.5D). In addition,
we did not find a difference in AB load or Iba1* cell coverage between the vehicle or CARD9 inhibitor-
treated 5xFAD hippocampus (Figure 4.5B and 4.5C), indicating that the acute inhibition of CARDS9 in the
hippocampus does not alter Ap plague accumulation or Iba1* cell coverage. This finding may support the
potential significance of peripheral CARD9 or that chronic inhibition of CARD9 is necessary to see

significant changes in Ap levels.

Outside of generating a novel mouse line in which we would flox CARD9 specifically out of Cx3cr1-
expressing cells, we can further demonstrate the role of CARD9 independent of microglia by depleting
microglia in 5xFAD and Card9” 5xFAD mice to examine if there are apparent differences in disease
progression upon the absence of these cells. Therefore, we will expose 2-month-old 5xFAD and Card9™
5xFAD mice to PLX5622 to eliminate microglia and examine AB accumulation following 2 months of
microglial depletion. If Card9”5xFAD mice that receive PLX5622 continue to have significantly worsened
Ap compared with 5XxFAD mice, we can assume that CARD9 may play an important role in regulating AD
pathology peripherally. If this is the case, the reframing of this project would be significant and require

entirely new experiments investigating the peripheral cell type responsible for this affect. In addition,
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follow-up studies would need to determine the potential cellular or peripheral factor infiltration into the CNS
of 5xFAD mice.
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Figure 4.5. Acute CARD9 inhibition in the hippocampus does not affect AR or Iba1* cell coverage. (A-D) Right and left
hippocampal injection of vehicle or CARD9 inhibitor (BRD5529), respectively, into 3-month-old 5xFAD and Card9”’ 5xFAD mice.
Brains were then harvested 7 days post injection (dpi). (A) Experimental design schematic. (B) Representative images of AB (pink)
and Iba1 (cyan) coverage in 3-month-old 5xFAD and Card9’- 5xFAD mice 7 days following intrahippocampal injection of vehicle or
200 pmol of the CARDS9 inhibitor. (C-D) Quantification of AR (D54D2, pink) and Iba1* cells (cyan) in the hippocampus of (C) 5xFAD
and (D) Card9 5xFAD mice. Statistical significance between experimental groups was calculated by paired Student's t-test (C-D). ns
= nonsignificant. Representative data from 2 independent experiments (C-D).

However, if Card9” 5xFAD mice that receive PLX5622 no longer have increased AB accumulation
compared with 5xFAD mice, we can assume that microglial CARD9 may play an important role in
regulating AD pathology. The continuation in understanding of how microglial CARD9 staves off disease
progression requires additional mechanistic insight. As an extension of our current dataset, we asked how

increased expression of KLF4 in Card9”

5xFAD microglia may drive any detrimental effects. Increased
KLF4 expression is a marker for AD and contributes to neuronal loss and iron dyshomeostasis (465, 466).
To determine if KLF4 may contribute to the worsened disease state observed in Card9” 5xFAD mice, we

injected a KLF4 inhibitor (Kenpaullone) into the hippocampus of 5xFAD and Card9” 5xFAD mice (535).
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As internal controls, the opposing side of the hippocampus was injected with vehicle. Seven days post-
injection, we analyzed AB and Iba1” cell coverage in the injected right and left hippocampus of 5xFAD and
Card9”" 5xFAD mice (Figure 4.6A). We did not observe a difference in Ap load between the inhibitor- and
vehicle-injected hippocampus of 5xFAD mice (Figure 4.6B and 4.6C). However, we did find significantly
less Iba1™ cell coverage in the KLF4 inhibitor-injected side of the hippocampus (Figure 4.6B and 4.6C).
Thus, KLF4 may regulate microglial response to AD pathology. In addition, although not statistically
significant, the KLF4 inhibitor-injected hippocampal hemisphere of Card9” 5xFAD mice had slightly
reduced AP coverage with no change in Iba1* cell coverage (Figure 4.6B and 4.6D). Therefore, KLF4 may
be partially responsible for driving alternate and harmful microglial responses upon the loss of CARD9 in
5xFAD mice.
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Figure 4.6. Acute KLF4 inhibition in the hippocampus reduces Iba1* cell coverage in 5xFAD mice. (A-D) Right and left
hippocampal injection of vehicle or KLF4 inhibitor (Kenpaullone), respectively, into 4-month-old 5xFAD and Card9’- 5xFAD mice.
Brains were then harvested 7 days post injection (dpi). (A) Experimental design schematic. (B) Representative images of A (pink)
and Iba1 (cyan) coverage in 4-month-old 5xFAD and Card9-- 5xFAD mice 7 days following intrahippocampal injection of vehicle or 5
pmol of the KLF4 inhibitor. (C-D) Quantification of AR (D54D2, pink) and Iba1* cells (cyan) in the hippocampus of (C) 5xFAD and (D)
Card9’- 5xFAD mice. Statistical significance between experimental groups was calculated by paired Student’s t-test (C-D). ns =
nonsignificant, *P < 0.05. Representative data from 2 independent experiments (C-D).

Overall, the delineation of cell specific CARD9 activation may provide a novel understanding by which
microglia or the peripheral immune system impacts AD progression. The interplay between immune and

AD signaling pathways has become increasingly apparent. The further characterization of these

117



independent or shared pathways may uncover highly specific treatments through the modulation of CNS-
resident or non-residentimmune cells. Added understanding of spatially and temporally affected microglial
intracellular signaling in disease will continue to provide a necessary and informed approach to

intervention during neurodegeneration.

4.3 Concluding Remarks

The increasing prevalence of Alzheimer’s disease has resulted in a collective dedication by multiple
scientific disciplines to uncover methods to prevent disease onset and progression. This collective mission
has brought about a growing appreciation for the interplay between the immune system and the brain
during disease. More specifically, the resident immune cells of the brain, microglia, have received a
decade of limelight due to their ability to proficiently respond to AD pathology. The continued probing of
microglial function during AD has unmasked a rather complicated role for these cells throughout varying
stages of disease. In addition, microglial responses during demyelination-related neurodegeneration also
indicate a nuanced but critical role for these immune cells during disease. In turn, interventional
approaches resulting in massive alterations of microglial function have proved ineffectual, steering future
work to focus on the manipulatable “understory” of microglial signaling. This dissertation work reveals a
pivotal role for microglial SYK in regulating numerous microglial responses that are critically relevant in
the context of AD and demyelinating disease. Indeed, we found that SYK modulates downstream
microglial signaling necessary for phagocytosis and both morphological and transcriptional activation. An
additional chapter of this dissertation describes the ability of CARD9, a downstream molecule activated in
the context of fungal infection, to curb AD pathology progression in 5XxFAD mice. Therefore, our work
identified two microglial intracellular signaling molecules that can massively and/or specifically impact
microglial function during neurodegeneration. Work from this dissertation delves into previously
undescribed microglial biology during neurodegeneration which can lead to increasingly informed

modulation of microglial activity for therapeutic intervention.

4.4 Materials and Methods

Mice

All mouse experiments were performed in accordance with the relevant guidelines and regulations of the
University of Virginia and approved by the University of Virginia Animal Care and Use Committee. Female
5xFAD mice (Stock # 34848), Syk"" mice (Stock #028652), and Cx3cr1ER7%"® mice (Stock # 020940) were
obtained from The Jackson Laboratory and were crossed to generate Syk™" (denoted as Syk™"), Syk™
Cx3cr1ERT2e (denoted as Syk*M®), 5xFAD Syk™ (denoted as 5xFAD), and 5xFAD Syk™ Cx3cr1ERT2cre
(denoted as 5xFAD Syk*“®) experimental mice. Female 5xFAD mice (Stock # 34848), Clec7a™ (Stock #
12337), Card9” mice (Stock # 017309), and C57BL/6J mice (Stock # 000664) were obtained from The

Jackson Laboratory and were crossed to generate Clec7a™* (denoted as WT), Clec7a™", Clec7a™, 5xFAD,
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Clec7a™5xFAD, Clec7a”5xFAD, Card9™* (denoted as WT), Card9"™, Card9”, Card9**5xFAD (denoted
as 5xFAD), Card9*5xFAD, and Card9”5xFAD experimental mice. Mice underwent a 12-hour light/dark
cycle, were housed in specific pathogen-free conditions and kept at a standardized temperature (21 + 1.5°
C) and humidity (50 + 10%).

Brain tissue harvest

Experimental mice underwent euthanasia by means of CO, asphyxiation and were transcardially perfused
with 20 ml of 1xPBS. Brains were then harvested and bisected. The left hemisphere was drop-fixed in
4% paraformaldehyde over night at 4°C and the right hemisphere flash-frozen and stored at -80°C. Fixed
samples were placed in 30% sucrose until sunken in solution and then frozen in Tissue-Plus OCT
compound (Thermo Fisher). Using a cryostat (Leica), brains were sectioned at 50 ym in thickness and
stored in PBS + 0.05% sodium azide at 4°C until stained for imaging. For RNA extraction and protein
extraction, the flash-frozen brains were thawed on ice and mechanically homogenized in 500 ul of Tissue
Protein Extraction Reagent T-PER (Thermo Fisher, 78510) containing protease inhibitor cocktail cOmplete
(Roche, 11873580001) and phosphatase inhibitor cocktail PhosSTOP (Roche, 04906845001). For RNA
extraction, 50 pl of brain homogenate was diluted in 500 pl Trizol and stored at -80°C. The remaining brain
homogenates were then spun down at 16,000 rpm for 10 minutes and the supernatant was collected for

soluble amyloid beta analysis and pellet were isolated for insoluble amyloid beta analysis by ELISA.

Immunofluorescence microscopy

Brain sections were blocked for 1 hour at room temperature with 2% donkey serum, 1% bovine serum
albumin, 0.1% triton, 0.05% tween in PBS prior to incubation with primary antibodies. The primary
antibodies were then diluted in this block overnight at 4°C. Brain sections were stained with anti-AB
(D54D2, Cell Signaling, 1:300 dilution) to label plaques. Neuronal health was probed by staining for anti-
APP (Y188, ab32136, Abcam, 1:750). In order to analyze microglia, sections were stained with IBA1
(ab5076, Abcam, 1:300 dilution). Microglial proliferation was assessed using Ki67-EF660 (SolA15,
Thermo Fisher, 1:100 dilution). Following primary antibody incubation, sections were then washed 3 times
for 10 minutes at room temperature in PBS and 0.05% tween-20. After washing, the brain sections were
incubated in respective donkey Alexa Fluor 488, 594, 647 anti-rabbit, -goat, -rat, -streptavidin, and -mouse
(Thermo Fisher, 1:1000 dilution) for 2 hours at room temperature. Once again, brain sections were washed
3 times for 10 minutes at room temperature. Following washing, sections were stained with DAPI (1:1000)
for 10 minutes at room temperature to label nuclei, or stained with ThioflavinS (Sigma-Aldrich, 2 mg/10ml)
for 8 minutes followed by three 2-minute washes with 50% ethanol at room temperature to label plaques.
Brain sections were then transferred to PBS before being mounted to glass microscope slides with 50 pl

of ProLongGold antifade reagent (P36930, Invitrogen) and coverslips. For storage, mounted brain
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sections were kept at 4°C and were imaged using LAS AF software (Leica Microsystems) on a Leica TCS

SP8 confocal microscope. Images were analyzed using FIJI software or Imaris software (9.5.1).

ELISA

To assess amyloid beta composition in the brain, AB was measured in brain homogenate supernatants
for soluble AB analysis, or brain homogenate pellets that underwent guanidine extraction by incubating
the pellets 1:6 in 5 M guanidine HCL/50 mM tris, pH = 8.0 at room temperature for 3 hours for insoluble
AB analysis. The guanidine-extracted samples were then diluted 1:5 in PBS containing protease inhibitor
cocktail cOmplete (11873580001, Roche) then centrifuged at 16,000 g for 20 minutes at 4°C. The brain
homogenate supernatant was diluted 1:10 and the guanidine-extraction supernatant was diluted 1:200
and quantified by Amyloid beta 42 Mouse ELISA kit (KMB3441, Thermo Fisher).

MACS isolation of microglia for RNA-sequencing

Euthanasia of mice was performed using CO; followed by transcardial perfusion using 20 ml of 1X PBS
with heparin. The meninges and choroid plexus were removed from the brain before beginning the
magnetic-activated cell sorting (MACS) protocol. Microglia were isolated using the methods described in
(424). In brief, brains were placed in 5 ml of HBSS (with Mg and Ca) (14025092, Gibco) with papain 4U/ml
(LS003126, Worthington) and 50 U/ml DNase | (10104159001, Sigma-Aldrich). Following 3 triturations of
the samples using a 5 ml serological pipette over 45 minutes at 37°C, the brain homogenates were
transferred to a conical tube containing a 70-um cell strainer and topped with 20 ml of DMEM/F12
(21331020, Gibco) containing 10% FBS, 1x antibiotic-antimycotic (15240096, Thermo Fisher), and 1x
GlutaMAX (35050061, Invitrogen). Strained samples were then spun down with slow brake (3 on a 0-10
scale) for 10 minutes at 300 G, resuspended in 160 ul MACS buffer (130-091-376, Miltenyi Biotec), and
then incubated with 20 ul MACS CD11b (microglia) microbeads (130-093-634, Miltenyi Biotec) for 15 min
at 4°C. Sorting was performed using LS columns and a QuadroMACS magnet (Miltenyi, 130-042-401 and
130-091-051) according to the product instructions. The protocol efficiency was validated using flow
cytometry (>90% CD11b"CD45™) before submitting for RNA-sequencing.

Flow cytometry
To label microglia, cells were stained with flow antibodies for CD11b, and CD45 (eBioscience) diluted
1:200 in FACS buffer for 20 minutes at 4°C. Cells were spun down and washed with FACS buffer. Prior

to running samples on the cytometer, cells were resuspended in 100 ul FACS buffer containing DAPI

1:5000. Microglia were gated as live cells (DAPI negative), single cells, and as CD11b"CD45™ cells.
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RNA-sequencing analysis

Microglia sorted using MACS isolation were sent to Azenta Next Generation Sequencing. Using splice-
aware read aligner HISAT2, FASTQ files were aligned with the UCSC mm10 mouse genome. Quality
control filtering was applied using Samtools. Next, HTSeq was used to sort reads into feature counts.
DESeq2 (v1.30.0) was utilized to normalize raw counts to read depth and carry out differential expression
analysis. The Benjamini-Hochberg procedure was used to correct p-values and limit false positives arising
from multiple testing. RNA-seq analyses were performed using Seq2Pathway, fgsea, tidyverse, and dplyr
software  packages. Heatmaps were produced using the pheatmap R package

(https://github.com/raivokolde/pheatmap), lattice  (http:/lattice.r-forge.r-project.org/) or  ggplot2

(https://ggplot2.tidyverse.org) packages.

Intrahippocampal injection

5xFAD and Card9” 5xFAD mice were anesthetized before receiving a bilateral hippocampal injection of
2 ul of vehicle, 200 umol of BRD5529, or 5 umol of Kenpaullone into the right and left hemisphere of the
hippocampus (at £2 mm lateral, =2 mm posterior, and -2 mm ventral relative to the intersection of the
coronal and sagittal suture (bregma) at a rate of 200 nl/min) using a stereotaxic frame (51730U, Stoelting)
and nanoliter injector (NL2010MC2T, World Precision Instruments). Seven days post injection, mice were
euthanized using CO; and transcardially perfused before preparing brains forimmunofluorescent staining
to evaluate AB clearance in the hippocampus. Images were acquired using LAS AF software (Leica

Microsystems) on a Leica TCS SP8 confocal microscope and analyzed using FIJI software.

Statistics

All statistical analyses were performed using Prism software (GraphPad). Statistical tests include
Student’s t test (paired and unpaired), one-way ANOVA, and two-way ANOVA. P values less than 0.05

were deemed significant: *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data are represented as

mean + SEM.
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