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ABSTRACT OF THE DISSERTATION

Contribution of C5aR1 to Neuroinflammation and Neuronal Dysfunction

in Alzheimer’s Disease

By
Michael Hernandez
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2017

Professor Andrea ]. Tenner, Chair

C5aR1, a receptor for the complement activation proinflammatory fragment, C5a, is
primarily expressed on cells of the myeloid lineage, and to a lesser extent on endothelial cells
and neurons in brain. Previous work demonstrated that a C5aR1 antagonist, PMX205,
decreased amyloid pathology and suppressed cognitive deficits in Alzheimer disease (AD)
mouse models. However, the cellular mechanisms of this protection have not been
definitively demonstrated. Here, we show that C5a can induce neuronal cell death. Both
pharmacologic and genetic data indicate that C5aR1 is required for the C5a-induced decrease
of neuron MAP-2. Additionally, in the context of AD, we show that increased neuronal
damage is caused by the addition of C5a to neurons treated with fAf3, and can be blocked by
the C5aR1 antagonist, PMX53.To understand the role of microglial C5aR1 in an AD mouse
model, CX3CR16¢P and CCR2RFP reporter mice were bred to C5aR1 sufficient and knockout
wild type and Arctic mice. Microglia (GFP-positive, RFP-negative) and infiltrating monocytes

(GFP and RFP-positive) were sorted for transcriptome analysis at 2, 5, 7 and 10 months of

XV



age. Immunohistochemical analysis showed no CCR2* monocytes/macrophages near the
plaques in the Arctic brain with or without C5aR1. RNA-seq analysis on microglia from these
mice identified inflammation related genes as differentially expressed, with increased
expression in the Arctic mice relative to wildtype and decreased expression in the
Arctic/C5aR1KO relative to Arctic. In addition, phagosomal-lysosomal genes were increased
in the Arctic mice and further increased in the Arctic/C5aR1KO mice. These data are
consistent with a microglial polarization state in the absence of C5aR1 signaling with
restricted induction of inflammatory genes and enhancement of degradation/clearance
pathways and support the potential of this receptor as a novel therapeutic target for AD in

humans.
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CHAPTER 1

Introduction

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly. Itis
characterized by the presence of plaques composed of aggregated B-amyloid (AfB),
neurofibrillary tangles (NTF) composed of phosphorylated tau, and a loss of neurons
resulting in brain atrophy and cognitive loss. The disease was first described by Dr. Alois
Alzheimer after studying a woman, August Deter, suffering from senile dementia at the
Frankfurt Asylum from 1901-1906. After her death, her brain was examined and the first
report of massive neuronal loss, amyloid plaques, and neurofibrillary tangles was presented
in 1906 at a meeting of the Southwest German Psychiatrists (Cipriani et al., 2011)

Alzheimer’s disease affects about 5.4 million people in the United States, most cases
being sporadic also known as late-onset AD (LOAD), however, roughly 200,000 of AD
patients suffer from what is termed early-onset Alzheimer’s disease, driven by mutations in
one of three genes (Scheuner et al., 1996). The greatest risk factor for AD is age, 5.2 million
people with AD are over the age of 65 and 1 in 9 people over the age of 65 have AD. The first
symptom of the disease is subjective cognitive decline, a worsening memory loss or
increasing frequency of confusion (Alzheimer's, 2016). The decline in cognitive function

inevitably leads to patients requiring caregivers, the majority being unpaid caregivers. An



estimated 15 million Americans provided unpaid care for patients with AD and other
dementias, a contribution valued at $221.3 billion, this does not include the estimated $236
billion spent for healthcare, long-term care and hospice.

Currently, a definitive diagnosis of Alzheimer’s disease is not made until post mortem,
when a pathologist can look for amyloid senile plaques and neurofibrillary tangles. Validated
biomarkers that detect the disease early do not exist. What initiates the disease is still
unclear and there is no disease-modifying drug available to patients. Currently, drugs target
the consequence of neuronal loss by increasing the amount of the neurotransmitter
acetylcholine by slowing down the breakdown through acetylcholinesterase inhibitors, or
by enhancing the glutamatergic signal, all of which have been shown to slow the progression
of cognitive symptoms (Farlow et al., 2008). However, these drugs do not alter the pathology
and are only targeting the symptoms of the disease. The pathological hallmarks of the disease
and the accompanying inflammatory response, primarily driven by myeloid cells in the
brain, that increases with age and disease progression have led to several hypotheses put
forward to explain the causative factors of this disease such as the Af hypothesis, the tau
hypothesis, and more recently, inflammation as a contributor to the progression of the

disease.

Amyloid-beta

The amyloid cascade hypothesis posits that the deposition of Af in the brain is a
crucial initial step that leads to the formation of the senile plaques, neurofibrillary tangles,
neuroinflamation, neuronal cell death, and ultimately results the dementia seen in AD

(Hardy and Selkoe, 2002) . The discovery of familial AD caused by mutations in either



amyloid precursor protein (APP), presenilin 1 (PSEN1) or presenilin 2 (PSEN2) further
supported the hypothesis. The APP protein, normally cleaved by a-secretase, is aberrantly
processed by 3 and y-secretases, resulting in the pathological Af peptide (AB42). Presenilins
are postulated to regulate APP via y-secretase. The APP gene is found on chromosome 21,
and initial support of the amyloid hypothesis was based on the finding that people with
Down'’s syndrome develop typical AD pathology. Even more convincing is microduplications
of regions of chromosome 21. When individuals have only the APP gene micro-duplicated,
leaving the rest of chromosome 21 intact, they do not have Down’s syndrome but get AD
pathology (Rovelet-Lecrux et al.,, 2006). Further support of the amyloid hypothesis is the
identification of a missense mutation (A673T) at the AP region in APP that results in a
lifelong decrease in production of AP due to a decrease in APP cleavage by B-secretase. The
effect of the mutation may be compounded since other studies have shown that the A3
formed has altered aggregation properties (reviewed in (Selkoe and Hardy, 2016)). The
hypothesis has been modified over the years and the current hypothesis suggests species of
AR, such as oligomers, cause cellular stress and ultimately neurotoxicity and loss of synapses

in the diseased brain.

Tau

The tau hypothesis postulates that tau hyperphosphorylation leads to the final
common pathway of AD pathogenesis that precedes the detrimental neuronal degeneration
and loss of cognitive function. Evidence strengthening this hypothesis include clinical
observations of AD patients that are closer in line with tau pathology. For example, the

severity of cognitive deficits in patients correlates better with increasing amounts of NTF in



the brain upon autopsy (Giannakopoulos et al., 2003). There is also a high correlation
between hyperphosphorylated tau in the cerebral spinal fluid (CSF) and the cognitive
impairment experienced by patients with AD (Clark et al., 2003; Maddalena et al., 2003;
Toledo et al., 2014). Moreover, Tau depletion has been shown to protect against AB-
associated neuronal death in APP/PS1 mouse model of AD (Leroy et al., 2012). Thus, tau
dysfunction via hyperphosphorylation and aggregation is generally accepted to be a major

player in the cause of the disease.

Neuroinflammation

Previously, neuroinflammation was thought to occur only in the late stages of the
disease. Glia activation was thought to simply accompany amyloid plaque deposition but was
not believed to play a major role in the disease (reviewed in (Wyss-Coray, 2006)). Recent
clinical and genetic work involving genome-wide association studies (GWAS) have linked the
pathology in AD with neuroinflammation, suggesting a more prominent role in the
pathogenesis of the disease (Zhang etal., 2013; Karch and Goate, 2015). Neuroinflammation

is described in more detail in the “cells of the CNS” subsection, below.

The Complement System

The complement system is part of the innate immune system and is crucial for
protection from invading pathogens. The term complement was coined in the late
nineteenth century by Ehrlich and Morgenroth as a set of heat-labile activity present in
serum, complementing the activity of antibodies. However, Bordet and Gengou are noted as

performing the crucial complement fixation assays demonstrating the importance of



complement as a substance rather simply an activity found in serum (Morley and Walport,
2000).

Complement consists of more than 30 proteins found in plasma and cell surfaces,
which protects from infection and aids in resolution of injury (Ricklin et al., 2010). The
complement system is composed of three activation pathways: the classical pathway, the
mannose-binding lectin pathway, and the alternative pathway. Fibrillar amyloid beta can
activate the complement cascade via the classical or the alternative pathway (Figure 1.1).
The classical complement pathway is initiated when C1q, a component of the C1 complex,
binds to immunoglobulins bound to cell surfaces or immune complexes/aggregates. In
addition, C1q can recognize specific non immunoglobulin substances such as apoptotic cells,
lipopolysaccharides, and fAf. Binding of C1q to its target leads to the activation of C1r, which
in turn, activates C1s. The activation of C1s leads to the cleavage of C4 generating C4b, which
binds to the surface of the initiating activator of the cascade, which then recruits C2 where it
is cleaved by the C1s protease into C2a and C2b. C4b and C2b form the C3 convertase (C4b2b)
which can then cleave C3 into C3a and C3b. The C5 convertase is formed when C3b associates
with the C4b2b on the activator to form C4b2b3b. C5 convertase can then split C5 into C5a
and C5b and C5b can then initiate the formation of the pore-forming C5b-9 complex. The
mannose-binding lectin (MBL) pathway is similar to the classical pathway except that the
pattern recognition molecules MBL and ficolin 1, -2, -3 leads to the activation of the
MBL/ficolin-associated serine proteases (MASPs) and the formation of the C3 convertase
and subsequent C5 convertase. The alternative pathway is activated by spontaneous
hydrolysis of C3, which functions similarly to C3b leading to the alternative C3 convertase

C3bBb and alternative C5 convertase C3bBb3b (reviewed in (Merle et al., 2015)).
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Figure 1.1: Schematic diagram of complement activation by fibrillar B-amyloid.
Fibrillar Af can activate the classical complement pathway in the absence of antibody, or the
alternative pathway. These two pathways converge at C3 cleavage with end results including
opsonization (C3b deposits on fibrillar A) and engulfment (of AB), leukocyte recruitment
(by anaphylatoxins C3a and C5a) and potential bystander lysis by the membrane attack

complex (MAC) (Tenner and Pisalyaput, 2008).
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Synthesis of Complement Proteins in the CNS

It's been known for over 30 years that the liver is the major source of complement
proteins in serum (Ramadori et al., 1984). The blood-brain barrier (BBB) limits complement
proteins from crossing into the CNS so it is important that local sources of complement exist
to protect the brain from possible pathogens and aid in the clearance of cellular debris. The
synthesis of these proteins is now recognized to be differentially induced in multiple cell
types, including myeloid cells, and importantly can be induced in CNS resident neurons,
astrocytes, oligodendrocytes, and microglia with injury or aging (reviewed in (Woodruff et
al, 2010)). Thus, while in many cases of AD the blood brain barrier may be transiently
compromised allowing entry of blood localized complement proteins, complement
components are present even with an intact blood brain barrier in both human and mouse

injured/aging brain.

Complement in aging and AD brain

Over 30 years ago it was demonstrated that Clq, the initiating component of the
classical complement cascade, could be synthesized in the absence of the C1 serine proteases
Clr and Cl1sin the peripheral myeloid cells (Bensa et al., 1983). In the CNS, synthesis of C1q
has also been shown to be upregulated as an early response to injury in the absence of the
classical pathway serine proteases (Benoit et al.,, 2013) suggesting C1l-independent C1q-
mediated functions. Interaction of C1q but not C1, with myeloid cells, including microglia,
has been shown to suppress proinflammatory cytokine production and enhance clearance
of apoptotic cells and neuronal blebs (Fraser et al., 2009; Fraser et al,, 2010). Recently, C1q

has been found to have direct protective effects on primary cultured neurons under nutrient



stress or amyloid induced toxicity, again without the presence or activation of any
downstream components of the complement cascade (Pisalyaput and Tenner, 2008a; Benoit
and Tenner, 2011; Benoit et al., 2013). In a series of innovative experiments, C1q along with
C3 (and presumably C1r, C1s, C4 and C2) was found to be involved in synapse pruning during
retinal development and functional maturation of lateral geniculate neurons (Stevens et al,,
2007), that involved phagocytosis by microglia via the complement receptor, CR3 (Schafer
et al,, 2012). More recently, the Stevens’ lab has found that synapse loss in early AD can be
attributed to complement aberrantly targeting synapses and implicated microglia in the
removal of synapses via the C3 receptor (Hong et al.,, 2016).

Complement components are increased with aging in the CNS. An analysis of
complement gene expression in human brain showed significant upregulation of
complement component mRNA with aging and AD relative to that in young brain (Cribbs et
al, 2012). A recent study showed C1q protein was found to be dramatically increased in the
normal aging of mouse and human brain. Adult C1q knockout KO) mice exhibited enhanced
synaptic plasticity compared to littermate controls, independent of C3. The aged C1q KO
mice showed significantly less cognitive decline without any noticeable synapse loss
(Stephan et al., 2013). Similar work investigating age-related synaptic health in C3 deficient
mice showed enhanced synaptic plasticity relative to wildtype at 12 months, with dramatic
synapse loss with age in WT that was absent in C3 KO mice (Shi et al,, 2015). Although these
last two studies found differing results in synaptic plasticity in adult mice in C3 KO relative
to WT, both clearly show a decrease in synaptic plasticity and cognitive decline with aging

that is rescued in the complement deficient mice.



Cells of the CNS
Neurons

Alzheimer’s disease is not only characterized by pathological proteins (Ap and Tau)
but also by atrophy of the brain due to a loss of neurons and synaptic connections. The
hippocampus is known to have significantly increased rates of atrophy in presymptomatic
and mild cognitive impaired (MCI) patients (Scahill et al., 2002) . Many factors have been
implicated in the loss of neurons in AD (Bamberger and Landreth, 2002). The generation of
oligomeric and fibrillar forms of A3 can have detrimental effects on neurons. It is widely
accepted that the oligomeric form of AP is the toxic species for synapses on neurons,
particularly considering the recent work by Hong et al. demonstrating oligomeric A3
increases C1q and microglia phagocytic activity resulting in increased ingestion of synapses
(Hong et al,, 2016). Loss of synapses likely play a large role in the pathology leading to
cognitive loss in AD, however, other injuries to neurons may contribute to the disease.

Recent studies have shown that C5aR1 signaling is detrimental in various
neurodegenerative disease mouse models including in Huntington’s disease (Singhrao et al,,
1999; Woodruff et al., 2006), traumatic brain injury (Sewell et al., 2004), and ALS (Woodruff
et al., 2008). The effects of C5a on neurons in vitro have been studied, although the results
have varied greatly. Some studies have shown C5a can directly act on C5aR1 and cause
apoptosis (Pavlovski et al.,, 2012; Hernandez et al., 2017). Others have shown that addition
of C5a can protect terminally differentiated neuroblastoma cells from A} toxicity (O'Barr et
al,, 2001). Aside from direct injury to neurons from amyloid, glia in the CNS have been shown

to mediate neurodegeneration by secretion of proinflammatory cytokines and reactive



oxygen species, and a loss of secretion of neuronal survival factors (reviewed in (Mosher and

Wyss-Coray, 2014; Heneka et al., 2015).

Microglia

Inflammation is a fundamental response to infection and injury. In the brain, the
primary immune cells are microglia. Much like resident macrophages in other tissues,
microglia monitor the environment for pathogens, maintain tissue homeostasis,
phagocytose dead and dying cells, and quickly respond to disturbances in the local
environment (reviewed in (Ransohoff and El Khoury, 2015)). An example of a disturbance
that microglia can respond to is the deposition of beta amyloid in AD to form plaques. Meyer-
Luehmann et al showed that microglia are activated and recruited to newly formed plaques
within 1-2 days after first appearing in the brain (Meyer-Luehmann et al., 2008). Microglia
have been found to be associated with A3 plaques in both human brains and mouse models
of AD (El Khoury and Luster, 2008; Fonseca et al., 2009). As the macrophages of the brain,
they play a major role in directing the immune response by the production of
proinflammatory or anti-inflammatory molecules.

Microglia are a heterogenous cell type, with many functional states to accomplish the
many immunomodulatory tasks required of them (reviewed in (Colton, 2009)). In vitro,
microglia stimulated with fibrillar AB (fAB) increase the synthesis and release of
proinflammatory mediators like nitric oxide, cytokines, and reactive oxygen species.
Although the release of proinflammatory mediators by fAf is rather low, a marked increase
and release is observed when microglia are additionally incubated with a costimulatory

factor such as IFN-y or LPS in addition to fAf (Li et al,, 2004). In Alzheimer’s disease,
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microglia can detect amyloid 8 via various cell-surface receptors such as CD36, CD14, and
Toll-like receptors (TLR2, TLR4). The recognition of AP results in the activation of microglia
that consequently leads to the production and release of proinflammatory mediators such as
cytokines and chemokines (Jana et al., 2008; Stewart et al., 2010; Liu et al., 2012).

Microglia also express C5aR1 leading to C5a induced pro-inflammatory cytokine
production as well as chemotactic functions ((Miller and Stella, 2008) and reviewed in
(Woodruff et al.,, 2010)). In addition, microglial TLRs, have been shown to synergize with
C5aR1 in the periphery in mice in vivo, further increasing pro-inflammatory cytokine
production than when signaling alone (Zhang et al., 2007; Abe et al.,, 2012). In contrast,
C5aR2, also expressed by neurons and microglia, is not coupled to G proteins (in both
rodents and humans), and is unable to signal and elicit an intracellular Ca?* response (Cain
and Monk, 2002; Okinaga et al., 2003). It has been suggested that the human C5aR2 acts as a
scavenger of C5a to reduce the pro-inflammatory response (Scola et al., 2009).

Microglia can also lead to neurodegeneration by inducing astrocytes, glia that
normally have a support function in the CNS and blood-brain barrier, to a neurotoxic
phenotype. Illuminating work just published by the Barres group and colleagues
demonstrated reactive microglia (stimulated with LPS) can induce astrocytes to a neurotoxic
phenotype they termed Al by secretion of C1q, TNF-a and IL-1a. These Al astrocytes are
characterized by a loss of normal astrocytic functions (phagocytosis, promotion of synapse
formation and neuron survival) and release of a soluble toxin that kills a subset of neurons
and mature oligodendrocytes (Liddelow et al., 2017). This work describes yet another way

microglia can lead to neurodegeneration when “classically” activated and implicates early
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complement components with neurodegeneration when present with inflammatory
cytokines, as is the case with AD (Cribbs et al., 2012).

Amyloid production and impaired clearance mechanisms have long been postulated
to play an important role in the pathogenesis of AD. While in early-onset AD, mutations in
either APP, PSEN1, or PSEN2 cause an increase in Af production or aggregation (that
becomes pathological), in sporadic AD, clearance of A3 may be key to the pathogenesis of the
disease. Mawuenyega et al. demonstrated clearance of A0 and A4z was impaired in LOAD
patients compared to cognitive normal controls, whereas production rates of either A3
peptide was not significantly different between the LOAD patients and the controls
(Mawuenyega et al., 2010). Microglia and/or infiltrating monocytes, although distinguishing
the two cell types from each other has long been controversial, are thought to be crucial in
the clearance of amyloid beta. It is hypothesized that downregulation of phagocytic receptors
on microglia, due to the inflammatory environment in AD (TNF-a and IL-1p), is responsible
for the decrease in the phagocytic potential of microglia (in part due to the decrease in AB-
binding receptors like scavenger receptors and RAGE) and subsequent failure to degrade
amyloid deposits (Hickman et al., 2008).

Here [ will present, in Chapter 2, evidence that support previous results (Pavlovski et
al, 2012) demonstrating C5a can induce neuronal cell death. Both pharmacologic and
genetic data indicate that C5aR1 is required for the C5a-induced decrease of neuron MAP-2.
Additionally, in the context of AD, increased neuronal damage is caused by the addition of
C5a to neurons treated with fA, and can be blocked by the C5aR1 antagonist, PMX53. I will
also demonstrate in Chapter 3 and 4 that genetic ablation of C5aR1 in an accelerated mouse

model of AD prevented (or delayed) deficits in hippocampal dependent behavioral
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performance. The gene expression profiles of microglia suggest a polarization to an
inflammatory and less phagocytic state in AD with progression of plaque pathology,
supporting the findings of Hickman et al, that an increase in inflammation leads to a decrease
in phagocytosis and protein degradation systems (Hickman et al., 2008) . Genetic deletion of
C5aR1 maintained a less inflammatory and more phagocytic program (at the transcriptome
level) in the microglia. These data, consistent with the increasingly proposed role of
inflammation in neurodegenerative disorders, provide additional compelling rationale to
pursue inhibition of C5aR1 as a highly specifically targeted candidate therapy to slow the

progression of AD in humans (Figure 1.2).
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CHAPTER 2

C5a Increases the Injury to Primary Neurons Elicited by

Fibrillar Amyloid Beta

Abstract:

C5aR1, the proinflammatory receptor for C5a, is expressed in the CNS on microglia,
endothelial cells, and neurons. Previous work demonstrated that the C5aR1 antagonist,
PMX205, decreased amyloid pathology and suppressed cognitive deficits in two Alzheimer
Disease (AD) mouse models. However, the cellular mechanisms of this protection have not
been definitively demonstrated. Here, primary cultured mouse neurons treated with
exogenous C5a show reproducible loss of MAP-2 staining in a dose-dependent manner
within 24 hours of treatment, indicative of injury to neurons. This injury is prevented by the
C5aR1 antagonist PMX53, a close analog of PMX205. Furthermore, primary neurons derived
from C5aR1 null mice exhibited no MAP-2 loss after exposure to the highest concentration
of C5atested. Primary mouse neurons treated with both 100 nM C5a and 5 uM fA3, to model
what occurs in the AD brain, showed increased MAP-2 loss relative to either C5a or fAf3 alone.
Blocking C5aR1 with PMX53 (100 nM) blocked the loss of MAP2 in these primary neurons
to the level seen with fAf3 alone. Similar experiments with primary neurons derived from
C5aR1 null mice showed a loss of MAP-2 due to fA treatment. However, the addition of C5a
to the cultures did not enhance the loss of MAP-2 and the addition of PMX53 to the cultures

did not change the MAP-2 loss in response to fAf. Thus, at least part of the beneficial effects
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of C5aR1 antagonist in AD mouse models may be due to protection of neurons from the toxic

effects of C5a.

Introduction

Alzheimer’s disease (AD) is the most common form of dementia among the elderly.
Characteristic neuropathological changes seen in AD brain include synaptic and neuronal
loss, neurofibrillary tangles (NFTs), extracellular senile plaques composed of amyloid (A3)
protein deposits and evidence of inflammatory events. The relative contributions of these
pathological markers to the cognitive dysfunction in AD remains controversial, but clinical
and transgenic animal studies are increasingly suggesting that Af3 alone is not sufficient for
the neuronal loss and subsequent cognitive decline observed in AD ((Aizenstein et al,,
2008;Blurton-Jones et al., 2009;Fonseca et al., 2009) and reviewed in (Selkoe and Hardy,
2016)). The role of neuroinflammation in neurodegenerative diseases, particularly relating
to Alzheimer’s disease, is an active area of research (reviewed in (Wilcock et al., 2011;Wyss-
Coray and Rogers, 2012)), and immune activation in the brain has been identified by many
groups as a potential therapeutic target ((Bachstetter et al,, 2012) and reviewed in (Heneka
etal, 2015)).

The complement system is a well-known part of the innate immune system that
consists of more than 30 proteins found in plasma and cell surfaces, which protects from
infection and aids in resolution of injury (Ricklin et al., 2010). Complement activation leads
to the enhancement of phagocytosis of pathogens, apoptotic cells and cellular debris as well
as the generation of the anaphylatoxin C5a. This powerful anaphylatoxin can recruit

phagocytes, such as microglia, to sites of infection and/or injury via its G-protein-coupled
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receptor C5aR1 (Yao et al., 1990;Nolte et al., 1996), as reviewed in (Klos et al., 2009). In the
CNS, the C5aR1 receptor has been reported to be expressed by many cell types including
microglia, astrocytes, and neurons (reviewed in (Woodruff et al,, 2010)). While issues with
antibody specificity and sensitivity have led to inconsistent reports, our lab has
demonstrated specific C5aR1 staining on microglia that increases in AD mouse models (Ager
etal., 2010).

Evidence is accumulating that most complement factors are synthesized in the brain
upon insult and are upregulated in the brain in both humans and mouse models in aging and
AD, (Fonseca etal., 2011;Cribbs et al,, 2012;Benoit et al,, 2013) and reviewed in (Harvey and
Durant, 2014). Moreover, the beta-sheet conformation of fA3 has been shown to initiate the
activation of the complement cascade by the classical and alternative pathways (reviewed in
(Alexander et al., 2008)). Since the 1980's, complement factors have been known to be
associated with fibrillar (thioflavine-staining) amyloid plaques found in AD patient brains
(McGeer et al., 1989;Rogers et al., 1992;Afagh et al.,, 1996). In addition, plaques from mouse
models of AD have also demonstrated extensive deposition of factors of complement
(Akiyama et al., 2000;Matsuoka et al., 2001;Zhou et al., 2008;Loeffler et al., 2008).

Recent studies have shown that C5aR1 signaling is detrimental in various
neurodegenerative disease mouse models (Woodruff et al, 2006;Woodruff et al,
2008;Fonseca et al., 2009;Brennan et al., 2015). Indeed, our previous study in two mouse
models of Alzheimer’s disease showed a dramatic (50-70%) decrease in amyloid plaque
deposition, glial activation markers, and phosphorylated tau after 12 weeks of treatment
with the C5aR1 antagonist PMX205. However, whether this protective effect was the result

of an effect of the antagonist on microglia, where receptors have clearly been documented,
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or a direct effect on neurons or both could not be addressed in those models (Fonseca et al,,
2009). The effects of C5a on neurons in vitro have been studied, although the results have
varied greatly. Some studies have shown C5a can directly act on C5aR1 and cause apoptosis
(Farkas et al.,, 1998;Pavlovski et al,, 2012). Others have shown that addition of C5a can
protect terminally differentiated neuroblastoma cells from A toxicity (O'Barr et al., 2001).
Given that cell lines do not always recapitulate findings in primary cells, we tested if C5a can
enhance the injury to mouse primary neurons treated with fAf in vitro.

Our new findings support previous results demonstrating that C5a can induce
neuronal cell death. Both pharmacologic and genetic data indicate that C5aR1 is required for
the C5a-induced decrease of neuron MAP-2. Additionally, in the context of AD, we show that
increased neuronal damage is caused by the addition of C5a to neurons treated with fAf3, and
can be blocked by the C5aR1 antagonist, PMX53. These findings suggest that at least part of
the therapeutic benefit of C5aR1 antagonist seen earlier in mouse models of AD (Fonseca et
al., 2009) may result from a direct protection of neurons and support further investigation
of the use of such antagonists as part of a therapeutic strategy to slow the progression of
Alzheimer’s disease and other neurological disorders in which complement activation may

occur generating C5a in a neuronal environment in humans.

Materials and Methods
Reagents

Hanks’ balanced salt solution (HBSS), serum-free neurobasal media (NB), B27
supplement (50x), L-glutamine, Prolong Gold anti-fade reagent with 4’,6-diamidino-2-

phenylindole (DAPI), SuperScript III reverse transcriptase, SYBR/Green Master mix, and
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Alexa 405-, 488-, or 555-conjugated secondary antibodies were obtained from
ThermoFisher. Poly-L-lysine hydrobromide, cytosine (3-D-arabinofuranoside hydrochloride
(Ara-C), and anti-actin antibody were from Sigma. Microtubule-associated protein 2 (MAP-
2) antibody was obtained from Abcam. C5aR1 antibody (10/92) was obtained from SeroTec
(Ager et al., 2010). Anti VGLUT1 and anti GAD67 antibodies were obtained from Millipore.
HRP-conjugated F(ab')> antibodies were from Jackson ImmunoResearch Laboratories.
Human C5a peptide was obtained from CompTech. PMX53 was obtained from Cephalon. All
buffers are made with Millipore-purified water with additional filters to eliminate LPS and
are periodically tested for endotoxin using the Limulus amebocyte lysate clot assay (all

solutions added to cells were < 0.1 EU/mL; 1 EU is equivalent to 0.1 ng/mL LPS).

[-amyloid synthesis, purification, and conformation characterization

Human B-amyloid (1-42) (APi-42), provided by Dr. Charles Glabe (University of
California at Irvine), was synthesized by fluoren-9-ylmethoxy carbonyl chemistry using a
continuous flow semiautomatic instrument as described previously (Burdick et al., 1992).
The peptide was reconstituted in filter-sterilized water at a concentration of 1mM after
which, equal volume of 2X TBS (0.033M Tris, 0.267 M NaCl) was added (final concentration
500 uM AB). After 20-24 hr at 4°C to allow fibril formation, aliquots were frozen for future
use. The peptide conformation was analyzed by circular dichroism (CD) to confirm -sheet
conformation. Briefly, after using 1x TBS as a blank, 200 pl of the peptide at 50 uM was run
on a Jasco J-720 CD spectrometer and read from 200 nm to 250 nm with a step resolution of
0.5 nm and a scan speed of 20 nm/min. Four scans were acquired and averaged to generate

the CD spectra of the peptide (Figure 2.1) (Li et al., 2004).
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Animals, neuron isolation, and culture

All animal experimental procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of University of California, Irvine. C57BL/6] were purchased
from Jackson Laboratory and C5aR1 knock out mice were originally a gift provided by Dr.
Rick Wetsel (Hollmann et al.,, 2008). Pregnant mice were sacrificed by exposure to CO2
followed by cervical dislocation as a secondary method of euthanasia, after which the E15-
E16 embryos were quickly removed and the whole brains kept in Hank's balanced salt
solution free of calcium and magnesium (CMF) and cleaned of meninges. Cerebral cortices
were dissected out and exposed to 0.125% of trypsin in CMF for 7 min at 37°C. Cortical
tissues were then resuspended in Dulbecco’s modified eagle medium (DMEM) supplemented
with fetal bovine serum (DMEM/FBS10%; endotoxin concentration < 0.06 EU/mL), and
dissociated by trituration using flame polished siliconized Pasteur pipettes. Viable cells,
quantified by trypan blue exclusion, were plated at 1-2 x 10> cells per well in 0.5 mL of
DMEM/FBS10% on poly l-lysine (100 ug/mL) coated glass coverslips (Neuvitro) in 24-well
plates (Costar, Cambridge, MA, USA). After 2 hours the media was replaced
with 0.5 mL serum-free neurobasal medium supplemented with B27 (NB/B27). On day 3,

the media was supplemented with Ara-C at 10 nM to reduce glia
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Figure 2.1. Circular dichroism of amyloid beta preparation confirms beta sheet
structure. Amyloid beta peptide incubated for 20-24 hours shows minima at 218nm,

indicative of - sheet structure.
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proliferation, and cultures were grown for 7-10 days in vitro before stimulation with 5 pM
fAB, human C5a (1, 10 and 100 nM) (Benoit and Tenner, 2011) and/or PMX53 (100 nM).

The concentration of fA} chosen was previously shown to confer partial damage to primary
rat neurons (Li et al., 2004) and confirmed with mouse neurons (Benoit et al,, 2013). The
dose of 100 nM C5a was selected for further interaction studies with fAf after preliminary
studies demonstrated 100 nM of C5a caused the biggest decrease in MAP-2 (Figure 2.2). In
some experiments, TNF-alpha was added on day 7 at 0, 10, and 100 ng/mL for 24 hours,

followed by lysis of neurons for RNA isolation for C5aR1 qRT-PCR.

Immunocytochemistry

Neurons were fixed with 3.7% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Immunocytochemistry was performed as described previously (Benoit and
Tenner, 2011). Briefly, after blocking with 10% FBS in PBS, neurons were incubated with
chicken anti-MAP-2 antibody (dilution: 1:10000) for 24 hrs at 4°C. After three washes,
coverslips were incubated with Alexa fluor 488-conjugated anti-chicken IgG antibody
(dilution: 1:1000) at room temperature for 1 hr. For colocalization experiments after
blocking, cells were incubated with chicken anti MAP-2 antibody (9 ug/ml) and mouse anti
GADG67 (1.5 ug/ml], clone 1G10.2, Millipore) or mouse anti VGLUT1 (1 ug/ml, Millipore) for
1h at RT. Cells were then incubated with the corresponding secondary antibodies, Alexa fluor
488-conjugated anti chicken IgG (dilution: 1:1000) and Alexa 555 conjugated anti mouse IgG
(dilution: 1:300) respectively for 1 hr at RT. The slides were mounted with 5 pl of Prolong
Gold anti-fade reagent with DAPI. Cells were examined using the Axiovert 200 inverted

microscope with AxioCam digital camera controlled by Axiovision program (Zeiss)
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Figure 2.2. C5a at a concentration of 100 nM increases MAP-2 loss in the presence of
fAB. Primary neurons from WT mice were generated using E15-E16 pups and cultured for
7-10 days. The cells were then stimulated with 5 uM fAf3 and 1, 10 or 100 nM hC5a for 24
hours. MAP-2 was visualized by immunocytochemistry (20x magnification) and quantified
using Image] software as described in Materials and Methods. Data are presented as mean
+/- SEM. n = 3 independent experiments, each with 3 coverslips per treatment, 3 images per
coverslip. p values are calculated using One-way ANOVA, uncorrected Fisher’s LSD test.

Values of p< 0.05 were considered statistically significant.
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or the Nikon Eclipse Ti-E fluorescent microscope and the NIS-Element AR 3.00 software. For
each coverslip (3 per condition, per experiment), 3-5 micrographs were taken to represent
the entirety of the coverslip. The MAP-2 area was quantified using Image] software (Benoit
et al.,, 2013). Briefly, the images were converted to grayscale, using the adjust “threshold”
function under default conditions, the MAP-2 stained neurons were highlighted as regions of
interest, and the area (as measured in pixels) was quantified using the “measure” function.
The loss of MAP2 immunoreactivity_has been demonstrated to be directly proportional to
neuronal death (Brooke et al., 1999).

For colocalization of MAP-2 and GAD67 or VGLUT-1 images were analyzed using Zeiss
Axiovision 4.6 software and percent of immunopositive area (% Field Area)
(immunopositive area / total image area x 100) was determined. The mean % Field Area of

each condition was obtained by averaging 5-7 images per coverslip (3 per condition).

Western blot

Neurons plated in 12-well plates at 2.5 x 105 cells per well, were washed with 1 mL
Hank’s Balanced Salt Solution (HBSS) and lysed with 200 pL of SDS reducing sample buffer.
Samples were boiled for 5 min and equal amount of volume was loaded and separated by a
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose membrane (GE Healthcare), and then incubated with blocking buffer (5%
powdered milk in Tris buffered saline (TBS)/Tween 0.1%) for 1 hr at RT. After washing,
membranes were incubated overnight at 4°C with rat anti-C5aR1 antibody (dilution:
1:1000). After three washes, the membranes were incubated with HRP-conjugated anti-rat

antibody (dilution: 1:5000) for 1 hr at RT. The blots were developed using enhanced
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chemiluminescence plus (ECL+, GE Healthcare) and analyzed using the Nikon D700 digital
SLR camera (Khoury et al,, 2010) and Image] software. Equal protein loading for each lane
per gel was confirmed by subsequent actin probing with mouse anti-actin antibody (dilution:

1:2000) followed by HRP-conjugated anti-mouse antibody (dilution 1:5000).

RNA extraction and qRT-PCR

Total RNA from cortical neuronal cultures was extracted using the Illustra RNAspin
mini isolation kit (GE Healthcare). cDNA synthesis was performed using Superscript III
reverse transcriptase following manufacturer’s instructions. Quantitative RT-PCR was
performed using the iCycler iQ and the iQ5 software (Bio-Rad) using SYBR/Green Master
Mix. Mouse C5aR1 and HPRT primers were designed using primer-blast (ncbi.nlm.nih.gov)
and obtained from  Eurofins (Louisville, KY): C5aR1l: Forward 5’-3"
GGGATGTTGCAGCCCTTATCA; Reverse 5’-3: CGCCAGATTCAGAAACCAGATG. HPRT:
Forward 5’-3: AGCCTAAGATGAGCGCAAGT; Reverse 5°-3: ATCAAAAGTCTGGGGACGCA.

Quantitative RT-PCR data was only accepted if detected below 40 cycles of amplification.

Statistical analysis

All of the data are presented as mean +/- SEM. Using Prism GraphPad, two-group
comparisons were analyzed by the unpaired 2-tailed Student’s t test, and multiple-group
comparisons were performed by One-way ANOVA uncorrected Fisher’s LSD test as noted in
Figure Legends. Values of p< 0.05 were considered statistically significant. Each
independent experiment consisted of a neuronal culture derived from its own unique litter

of pups to attain biological replicates.
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Results
Mouse primary neurons express C5aR1

C5aR1 has previously been observed on a subset of neurons from both human and
murine samples (O'Barr et al,, 2001;Woodruff et al., 2010). To investigate whether the C5aR
antagonist benefit seen in our previous in vivo AD mouse models could be in part due to a
direct protective effect on neurons, primary mouse neuron cultures from E15.5 cortical
neurons were cultured for 7 days and qRT-PCR was performed to determine C5aR1
expression in those primary mouse cultures. Unstimulated primary neurons showed C5aR1
mRNA in wild type primary neuron cultures but not neurons derived from C5aR1KO pups
(Figure 2.3A). The expression of C5aR1 was upregulated by TNF-a in a dose-dependent
manner (Figure 2.3B) within 24 hrs of treatment in wild type but not C5aR1KO primary
neurons. Protein expression in these neuronal cultures was below the level of detection with
the proven specific anti C5aR1 antibody (10/92) by immunohistochemistry and by western
blot analysis. Anti-C5aR1 antibody reactivity was confirmed in primary neonatal microglia
culture lysates derived from C5aR1-sufficient pups and which was absent in microglia from

C5aR1KO pups. (data not shown and (Ager et al., 2010)).

C5a is toxic to primary neurons via C5aR1
Given that neuronal C5aR1 has been implicated in neurodegeneration and has been
shown to lead to apoptosis of cultured neurons (Pavlovski et al., 2012), we tested whether

purified
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Figure 2.3. C5aR1 expression on primary neurons.

Primary neurons from WT mice and C5aR1KO mice were generated using E15-E16 pups,
cultured for 7-10 days, and RNA was collected from either (A) unstimulated cultures (WT
n=4; KO n=2) or from (B) cultures treated with 0, 10 or 100 ng/ml of TNF-« for 24 hrs (n=2
for WT cells and n= 1 for C5aR1 knock out cells). Quantitative RT-PCR for C5aR1 expression
relative to HPRT was performed with technical triplicates in each experiment. P values are
calculated using unpaired 2-tailed t-test. Values of p < 0.05 were considered statistically

significant.
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human C5a was neurotoxic to our primary mouse cortical neurons. After 24 hours of
exposure to C5a, the 10 nM and 100 nM concentrations of C5a tested were found to be
damaging to neurons, as assayed by MAP-2 staining (a surrogate marker of neuronal health
more sensitive than other assays (Brooke et al.,, 1999)). The maximal concentration of 100
nM C5aled to the greatest MAP-2 loss (Figure 2.4A-D, F). Pretreating the neurons with equal
molar concentrations of the specific insurmountable C5aR1 antagonist, PMX53, completely
prevented the MAP-2 loss induced by C5a (Figure 2.4E-F). To further confirm that C5a was
acting through C5aR1 on neurons, primary neuron cultures were isolated from C5aR1KO0
pups, cultured and tested as with wild type neurons. Addition of C5a at 100 nM did not

decrease MAP-2 compared to untreated C5aR1KO neurons (Figure 2.4G-I).

C5a enhances the toxicity of fibrillar amyloid beta

Complement components have been found to be upregulated in the AD brain, with
many studies suggesting a detrimental role for complement in AD (Fonseca et al,
2009;Veerhuis, 2011) . To determine whether C5a can further damage neurons treated with
fApB, 7-10 day primary neuronal cultures were exposed to fA that was verified to have beta-
sheet structure by circular dichroism (Figure 2.1). While 5 uM fAf} alone reduced MAP-2 by
18.5% within 24 hrs (Figure 2.5A-B), addition of 100 nM C5a to fAB-treated neurons further
decreased MAP-2 by 20.8% relative to fAP alone (Figure 2.5D, K). The additional decrease
of MAP-2 observed after addition of C5a was blocked by pre-treatment with PMX53 (Figure
2.5E, K). Neuron cultures derived from C5aR1KO mice did not show a decrease in MAP-2

relative to fAB-treated neurons after C5a was added to the cultures
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Figure 2.4. C5a causes MAP-2 loss in a dose-dependent manner. Primary neurons from
WT mice (A-E and F) or C5aR1KO mice (H-I and G) were generated using E15-E16 pups and
cultured for 7-10 days. The cells were then stimulated with the indicated concentrations of
hC5a, and/or 100nM PMX53 for 24 hours. MAP-2 was visualized by immunocytochemistry
(10x magnification) and quantified (F-G) using Image] software as described in M & M. Data
are presented as percentage of MAP-2 area relative to untreated (UT) +/- SEM. n =4
independent experiments (F) and n = 3 independent experiments (G), each experiment
having 3 coverslips per treatment, 3-5 images per coverslip. p<0.05 *, p< 0.01 ** relative to
untreated cultures using One-way ANOVA, uncorrected Fisher’s LSD test (F), and p < 0.02 t

unpaired 2-tailed t-test (F,G).
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Figure 2.5. C5a increases toxicity in fAB-treated neurons. Primary neurons from WT
mice (A-E and K) or C5aR1KO mice (F-] and L) were generated using E15-E16 pups and
cultured for 7-10 days. The cells were then stimulated or not with 5 uM fAf3, 100 nM hC5a,
and/or 100nM PMX53 for 24 hours. MAP-2 was visualized by immunocytochemistry (20x
magnification) and quantified using Image] software (K,L). Data are presented as mean MAP-
2 area +/- SEM. n = 3 independent experiments, each with 3 coverslips per treatment, 5
images per coverslip. P values are calculated using unpaired 2-tailed t-test. Values of p <

0.05 were considered statistically significant.
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(Figure 2.5G-1, L). As expected, pre-treatment with PMX53 did not protect C5aR1KO

neurons from the fAB-mediated toxicity (Figure 2.5I, ], and L).

VGLUT1 and GAD67 staining in mouse neuron cultures

To characterize the neuronal populations present in the 7-10 day mouse cultures and
determine if either neuronal population was selectively affected by treatments, staining for
GABAergic (GAD67+) and glutamatergic (VGLUT1+) markers was performed. The neuronal
cultures were positive for both markers (Figure 2.6) and when treated with Af or C5a, no
decrease in a selective population of neurons (glutamatergic or GABAergic) was seen

(Figure 2.7).

Discussion

Our previous work demonstrated that blocking C5aR1 in two mouse models of
Alzheimer’s disease resulted in a reduction of activated glia and amyloid deposits (Fonseca
et al, 2009). Given the dominant expression of C5aR1 on microglia (Ager et al., 2010), it was
hypothesized that the basis for the protective role of the C5aR1 antagonist in vivo was by
inhibiting C5aR1-dependent proinflammatory responses of microglia. However, here we
show that C5aleads to a decrease in MAP-2 staining when added to primary neuron cultures
alone, and increases neuronal damage resulting from Af} treatment. PMX53, a C5aR1 specific
antagonist (Otto et al., 2004), blocked the C5a-induced loss of MAP-2.

Although C5aR1 protein in these neurons was not detectable using anti C5aR1 antibody
(10/92), others have evidence of C5aR1 neuronal protein expression using a polyclonal

chicken antibody (Pavlovski et al., 2012). Since primary neurons derived from C5aR1KO0O
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Figure 2.6. Primary neuronal cultures include GABAergic and glutamatergic neurons.
Immunofluorescent staining of GAD67 (red, GABAergic neurons) (left panel) or VGLUT1
(red, Glutamatergic neurons) (right panel) in 7-day mouse neuron cultures. Nuclei are
labeled with DAPI (blue) (10x magnification). Top right Inset in each panel is 20x

magnification of region denoted by the arrow. Scale Bar: 50 pm
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Figure 2.7. fAf3 and C5a kill both GABAergic and glutamatergic neurons in culture.
Quantification of the immunostaining of MAP-2 (grey bars) (A,B) and GAD67 (black bars)
(A) or VGLUT1 (black bars) (B) in 7days cultures untreated or treated with 5 uM fA or C5a

(100 uM). Bars represent the average of 5-7 images per coverslip (n=3) per condition +/-

SEM.
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mice showed no C5a-induced loss of MAP-2, taken together these data provide evidence that
neuronal C5aR1 is the receptor mediating the C5a induced neuronal damage, and suggests
that another beneficial consequence of C5aR1 antagonists in the context of AD is suppressing
detrimental neuronal C5a-C5aR1 signaling.

The complement cascade is a powerful effector mechanism of the innate immune system
that can be directly activated by fibrillar A} and has been implicated as a potential player in
the inflammatory response in AD (reviewed in (Wyss-Coray and Rogers, 2012)). In brain,
synthesis of most of the complement components increase during aging with a further
increase in AD patients and animal models of AD consistent with a role for complement in
the progression of the disease (Reichwald et al., 2009;Cribbs et al., 2012). Thus, as fibrillar
plaques appear and complement component expression increase with age, complement will
be activated generating C5a which will then diffuse and bind to C5aR1 expressing neurons
and microglia.

Toll-like receptors (TLRs) are recognition components of the innate immune response
that trigger protective inflammatory responses to the pathogens they recognize. TLR have
been found to synergize with C5a-induced activation of phagocytes in the periphery
(reviewed in (Song, 2012;Hajishengallis et al, 2013)) exacerbating a proinflammatory
response thereby producing detrimental levels of proinflammatory cytokines (e.g. TNF-q, IL-
1B). While neurons are also known to have TLR4 (Leow-Dyke et al., 2012), in vitro, we noted
additive but not synergistic neuronal loss when C5a was added with fA{ to cultured neurons.
While no preferential loss of GABAergic or glutamatergic neurons were seen in our cultures,

it is possible that in vivo some subsets of neurons may be more susceptible to C5a mediated
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damage than others. Whether proinflammatory functions of C5a and TLR triggered in
microglia may synergize to enhance neuronal dysfunction in vivo remains to be seen.

It is worth noting that addition of recombinant C5a has been shown to decrease cell
viability in undifferentiated SH-SY5Y cells while retinoic acid (RA)-differentiated SH-SY5Y
cells showed no change in viability to C5a and were protected against aggregated A injury
(O'Barr et al., 2001). These findings can be explained by the difference in biology when
comparing cell lines used in that report to primary cultures used here or to the effect of RA-
differentiation. More recent work using primary mouse neurons demonstrated recombinant
C5a had a negative impact on neuronal viability (Pavlovski et al., 2012), which our study
corroborates.

Primary neurons, although a better alternative to transformed and dividing cell lines, do
not always recapitulate what happens in vivo. However, in our previous work with the 3xTg
AD mouse model, PMX205, a close analog of PMX53, significantly and substantially reduced
hyperphosphorylated tau by 69%. Thus, in vivo neurons were protected directly or
indirectly when C5aR1 was inhibited. The in vitro data here thus suggest that the use of a
C5aR1 antagonist could be beneficial in neurological diseases in which complement
activation generating C5a occurs. PMX53 and PMX205 are cyclic hexapeptides based on the
C-terminal end of C5a that differ only in substitution of hydrocinnamate for acetylated
phenylalanine, (reviewed in (Kohl, 2006)), are orally active, with PMX205 showing more
favorable bioavailability (Woodruff et al., 2005). The C5aR1 specific antagonists PMX53
and/or PMX205 have been shown to reduce disease activity in several animal models,
including models of CNS disease such as brain trauma (Sewell et al., 2004), amyotrophic

lateral sclerosis (ALS) (Woodruff et al, 2008) and Huntington-like neurodegeneration
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(Woodruff et al., 2006). In addition, the genetic deficiency of C5 has been shown to be one of
a limited number of genetic differences associated with decreased amyloid deposition in
DBA/2] mice vs. C57Bl6 mice transgenic for the human APP gene (Ryman et al., 2008;Jackson
et al.,, 2015), supporting a pathogenic role for C5a in the context of the AD brain in vivo.

When proposing systemic C5aR1 antagonist administration, it is important to
consider the possibility that the recruitment of leukocytes into areas of infection may be
dampened. However, the ability to generate bacteriolytic C5b-9 and to opsonize
pathogens with C3b/iC3b (for ingestion and killing of pathogens) as well as the presence
of antibody and T cell mechanisms of immune protection would remain intact. Thus,
killing of C5b-9 susceptible microbes could still occur, as well as protective complement-
independent and C3b/iC3b dependent antibody effector mechanisms (such as Fc
receptor mediated phagocytosis, neutralization, complement opsonization and
enhanced cytotoxicity). The lack of observable toxicity in multiple acute rodent models
previously investigated and the extended treatment in our studies (Fonseca et al., 2009),
lack of adverse effects in Phase 1 and 2 studies in humans of PMX53 (Kohl,
2006;Vergunst et al., 2007) and the current use of Eculizamab (anti C5) as a therapy in
humans, suggest a promising safety profile of treatment with C5a receptor antagonists.

In summary, C5a was found to induce neuronal damage both alone and in the
presence of amyloid . This damage was prevented in the presence of PMX53 and absent
for neurons genetically lacking C5aR1. These findings further implicate C5aR1
antagonists as a class of AD therapeutics that could have benefit in slowing progression

of the disease while having limited negative suppressive effects on the immune system.
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CHAPTER 3

Prevention of C5aR1 Signaling Delays Microglial
Inflammatory Polarization, Favors Clearance Pathways

and Suppresses Cognitive Loss

Abstract

Since pharmacologic inhibition of C5aR1, a receptor for the complement activation
proinflammatory fragment, C5a, in Alzheimer disease (AD) mouse models suppressed
pathology and cognitive deficits, we genetically deleted C5aR1 in the Arctic AD mouse model
to validate that the antagonist effect was specifically via C5aR1 inhibition. Indeed, lack of
C5aR1 prevented behavior deficits at 10 months, although amyloid plaque load was not
altered. In addition, since C5aR1 is primarily expressed on cells of the myeloid lineage, and
only to a lesser extent on endothelial cells and neurons in brain, to understand the role of
microglial C5aR1 in an AD mouse model, CX3CR1GF? and CCR2RFP reporter mice were bred to
C5aR1 sufficient and knockout wild type and Arctic mice. Immunohistochemical analysis
showed no CCR2* monocytes/macrophages near the plaques in the Arctic brain with or
without C5aR1. Microglia (GFP-positive, RFP-negative) were sorted from infiltrating
monocytes (GFP and RFP-positive) for transcriptome analysis at 2, 5, 7 and 10 months of age.
RNA-seq analysis on microglia from these mice identified inflammation related genes as
differentially expressed, with increased expression in the Arctic mice relative to wildtype

and decreased expression in the Arctic/C5aR1KO relative to Arctic. In addition, phagosomal-
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lysosomal gene expression was increased in the Arctic mice and further increased in the
Arctic/C5aR1KO0 mice. These data are consistent with microglial polarization in the absence
of C5aR1 signaling toward restricted induction of inflammatory genes and enhancement of
degradation/clearance pathways and support the potential of this receptor as a novel

therapeutic target for AD in humans.

Introduction

Alzheimer’s disease is a neurodegenerative disorder associated with the loss of
cognitive function and characteristic neuropathological changes that include synaptic and
neuronal loss, neurofibrillary tangles and extracellular senile plaques composed of amyloid
beta (Af3) protein deposits. The association of complement proteins and reactive glia with
senile plaques suggests that inflammatory processes may play a role in the disease and that
complement activation may contribute to the inflammatory environment (Fonseca et al,,
2011; Cribbs et al.,, 2012; Meraz-Rios et al,, 2013; Heneka et al., 2015).

Inflammation is a fundamental response to infection and injury. In the brain, the
primary immune cells are microglia (reviewed in (Ransohoff and El Khoury, 2015)). In AD,
activated microglia have been found to be associated with Af} plaques in both human brains
and mouse models of AD (El Khoury and Luster, 2008; Fonseca et al., 2009). Microglia are of
particular interest in Alzheimer’s disease since microglial dysfunction has been implicated
as a factor in the progression of AD. Indeed, Zhang and colleagues identified the immune
modulatory functions of microglia, such as cytokines, Fc receptors, TRL’s and complement

to be key nodes and networks of late onset Alzheimer’s disease (LOAD) (Zhang et al., 2013).

47



The complement system is a well-known powerful effector mechanism of the immune
system that normally contributes to protection from infection and resolution of injury
(Ricklin and Lambris, 2013). Complement activation generates activation fragments C3a and
C5a that interact with cellular receptors to recruit and/or activate phagocytes (including
microglia) (Davoust etal,, 1999; Monk et al., 2007). While complement activation in the brain
can be beneficial and indeed crucial at times, it can also be detrimental. Recently it has been
shown that early components of the classical complement are essential for synaptic pruning
during development (Stevens et al, 2007). However, when excessive, this synaptic
elimination is correlated with certain age-related and neurodegenerative disorders (Shi et
al,, 2015; Hong et al,, 2016). Fibrillar Af3 can activate the classical complement pathway (in
the absence of antibody) or the alternative complement pathway (Jiang et al., 1994; Bradt et
al., 1998) and complement components are associated with human AD and mouse models of
AD (Matsuoka et al,, 2001; Fonseca et al,, 2011). Potential consequences of this activation
include opsonization (with C3b and iC3b) of fAf3 for engulfment by phagocytes, leukocyte
recruitment (by C3a and C5a) and potential bystander lysis on neuronal cells by the
membrane attack complex (MAC) (reviewed in (Alexander et al., 2008)).

In vitro cultures of C57BL6/] cortical neurons express C5aR1 and, upon binding,
C5a is reported to injure neurons (Pavlovski et al., 2012; Hernandez et al., 2017). Microglia
also express C5aR1 leading to C5a-induced chemotactic functions (Yao et al, 1990). In
addition, microglia express TLRs (Toll Like Receptors). TLR stimulation has been shown to
synergize with C5aR1 in the periphery in mice in vivo, increasing the pro-inflammatory
cytokine production over TLR signaling alone (Zhang et al., 2007; Abe et al., 2012). Thus, to

maintain the clearance promoting properties of complement, strategic therapeutic targeting,
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such as through pharmacologic treatment with C5aR1 antagonists, could retain the
beneficial but inhibit some of the detrimental aspects of complement activation.

Previous studies in our lab have demonstrated that treatment of mouse models of
AD with a specific C5aR1 antagonist, PMX205, decreased fibrillar plaque accumulation and
microglial CD45 expression and enhanced behavioral performance (Fonseca et al., 2009).
Given that CD45 was thought to be upregulated in “activated” microglia, here we investigated
the effect of C5aR1 gene ablation on behavior, pathology and microglial gene expression in
wild type and the Arctic AD mouse model. The Arctic Alzheimer’s disease mouse model has
the human APP transgene containing three mutations (Swedish, Indiana, and Arctic) that
increase risk of AD in humans (Nilsberth et al.,, 2001; Hollmann et al., 2008). The Arctic
mutation results in the increased rate of fibril formation upon generation of the cleaved
AfR42 peptide, resulting in a quite aggressive rate of fibrillar amyloid plaque deposition,
initiating as early as 2 months of age in the mice (Cheng et al., 2004). Since that form of Af3
is known to activate complement, C5a should be generated. Therefore, we crossed Arctic
mice (Cheng et al.,, 2004) with C5aR1KO0 (Hollmann et al., 2008) mice to test the hypothesis
that the absence of C5aR1 would suppress microglial inflammatory responses and behavior
deficits. Subsequently, both Arctic and Arctic/C5aR1KO0 mice were crossed to the CCR2RFP
and CX3CR1GFP reporter mice (Jung et al, 2000; Saederup et al, 2010) to enable
fluorescence-activated cell sorting (FACS) of adult microglia (GFP+ RFP-) from
monocytes/macrophages (GFP+ RFP+) isolated from brain at different ages for microglial
specific gene expression analysis.

Our findings demonstrate that deletion of C5aR1 protects from spatial cognitive

deficits even in the presence of fibrillar amyloid plaques. Infiltrating CCR2-positive
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monocytes were not detected around the plaques in this Arctic AD mouse model. Moreover,
microglial transcriptome analysis revealed inflammatory genes, including chemokines and
members of the NF-kB pathway, were increased in the Arctic mouse as early as 5 months of
age and remained elevated until 10 months of age while not so upregulated in the
Arctic/C5aR1KO0. Additionally, degradation pathways, such as the phagosome and lysosome
pathways, were increased in the Arctic/C5aR1KO relative to the Arctic mice as early as 2
months of age and persisted through 10 months. Taken together, the data suggest inhibition
of C5aR1 signaling suppresses the C5a-induced polarization toward a more inflammatory,
less phagocytic state, and thereby can protect from cognitive deficits. The data supports
further investigation of the use of antagonists for C5aR1 as part of a novel therapeutic

strategy to slow the progression of Alzheimer’s disease cognitive decline.

Materials and Methods
Animals
All animal experimental procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of University of California at Irvine, and performed in

accordance with the NIH Guide for the Care and Use of Laboratory Animals. The AD mouse

model used was the Arctic48, which carry the human APP transgene with the Indiana
(V717F), Swedish (K670N + M671L), and Arctic (E22G) mutations (under the control of the
platelet-derived growth factor-f3 promoter), that produce Af3 protofibrils and fibrils as early
as 2-4 months old (Cheng et al., 2004), graciously provided by Dr. Lennart Mucke (Gladstone
Institute, San Francisco, CA, USA). Homozygous breeding pairs of CX3CR1-GFP and CCR2-

RFP mice were obtained from Jackson Laboratories and bred to C57/B6] to produce double
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homozygous reporter mice (CX3CR1GFP/GFPCCR2RFP/RFP) Double homozygous reporter mice
were bred with Arctic model to generate mice heterozygous for hAPP, APP+/
CX3CR1GFP/+*CCR2RFP/+ (Arctic) and littermates lacking hAPP that were used as controls (WT).
C5aR1 knockout mice generated by target deletion of the C5a receptor gene (Hollmann et al.,
2008), were bred with CX3CR1GFP/GFPCCR2RFP/RFPAPP+/- mice to produce Arctic mice lacking
C5aR1 (Arctic/C5aR1K0) and APP-/- mice lacking the C5a receptor (C5aR1K0), all
heterozygotic for CX3CR16F? and CCR2RFP. None of the mice generated exhibited any gross

abnormalities.

Behavior Testing

Mice were handled for two minutes each for five consecutive days prior to all
behavior testing. After handling, mice were acclimated (allowed to explore) to a behavior
chamber for five minutes/day, for four consecutive days. On the training day (24 hours
following the last day of habituation), mice were exposed to two of the same objects (e.g. 100
mL glass beakers, blue legos, or opaque light bulbs) in fixed positions within the context
chamber near one wall. Twenty-four hours later they were tested in a hippocampal
independent novel object recognition task (iNOR), or in a hippocampal dependent object
location memory task (OLM). The iNOR paradigm involved exchanging one of the objects for
a novel object (e.g. blue lego or 100 mL beaker). Testing for spatial memory (OLM) was
performed by moving one of the objects to the center of the context, thus changing the spatial
relationship of that object within the context. Animals’ preference for novelty was tested by
determining the time spent with familiar and novel objects or locations. Objects used, sizes

of objects, and dimensions of the contexts were as described (Haettig etal.,2011). To prevent
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olfactory distractions, all objects were cleaned with ethanol and the bedding stirred after
each trial. Testing was scored blind by two independent observers using stopwatches and
results correlated. Performance of mice during habituation to the context was also video
recorded on Day 4 (the day preceding training) during which speed (Figure 3.1A), distance
traveled (Figure 3.1B), % time spent in an inner zone of the chamber (Figure 3.1C), and %
time spent in an outer zone of the chamber (Figure 3.1D) were scored using ANY-maze
video tracking system software (version 4.82, Stoelting Co.). There were no significant
differences found in performance between any of the genotypes in any of the measures
demonstrating that there were no motor or motivational impairments in the different
genotypes. Data from behavior performance were converted with the formula (time spent
with novel object minus time spent with familiar object) /time spent with both objects) x 100
to obtain a percent (%) discrimination index (Stefanko et al.,, 2009). Data are presented as
mean +/- SEM. Results were compared with two-tailed non-parametric Mann-Whitney U
test or unpaired t-test or ANOVA followed by Tukey’s post hoc tests. Differences were
considered significant when p was < 0.05. Mice were removed if they spent less than 1
second/minute with the objects during training and/or testing or if the performance of mice

was +/- 2 standard deviations from the mean.
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Figure 3.1. Representative habituation performance during testing and performance
during training. Representative analysis of (A) Speed (B) distance traveled (C) percent of
total time spent in an inner zone and (D) percent of total time spent in an outer zone
quantified using the ANY-maze software. Data are from 10 months animals: n = 19 (WT),
16 (C5aR1KO0), 7 (Arctic) and 8 (Arctic/C5aR1KO0), representative of at least 2 experiments
and similar assessments in 7 months animals. (E) During training all genotypes were

assessed for time spent with each object (left and right of the context). Bars show average
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percent time +/- SEM per object (left and right) for each genotype at 7 months. n= 10,9, 9,
and 10 for WT, C5aR1KO, Arctic, and Arctic/C5aR1KO respectively. No preference for left or

right is detected by 1 way AVOVA.
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Microglia isolation and FACS

Adapted from (Njie etal., 2012), mice from WT, C5aR1KO, Arctic and Arctic/C5aR1K0O
genotypes were perfused with PBS at 2,5, 7 and 10 months, and the brains (without olfactory
bulbs, cerebellum, or midbrain) collected for microglia isolation. Brains were treated with
Dispase Il (Roche) at 37°C for 1 hr and passed through a 70 uM nylon cell mesh strainer (BD
Biosciences) to obtain a single cell suspension. The cell suspension was washed in Hanks’
balanced salt solution (HBSS; ThermoFisher) and spun at 1000 x g for 10 min at 4°C. The cell
pellet was resuspended in 70% Percoll (Sigma; diluted in HBSS), and 35% Percoll (diluted in
HBSS) was carefully layered over to create a discontinuous Percoll gradient. After
centrifugation at 800 x g for 45 min at 4°C, the cells at the interphase were quickly collected,
washed with HBSS + 2% heat-inactivated fetal bovine serum (FBS; Gibco) and passed
through a 40 pM nylon mesh cell strainer. Using a FACS Aria II, the viable cell population was
gated based on forward and side scatter properties of a propidium iodide stained control.
Using these forward and side scatter parameters, the GFP*RFP*and the GFP*RFP- cells were
sorted and collected directly into RA-1 lysis buffer (Illustra RNAspin mini isolation kit, GE

Healthcare).

Immunohistochemistry

Some cohorts of mice were perfused with phosphate buffered saline (PBS). The brain
was dissected at 4° C with half of the tissue immediately frozen on dry ice for biochemical
analysis, and the other half drop-fixed in 4% paraformaldehyde-PBS at 4°C for
immunohistochemistry. After 24 hours, the fixed tissue was placed in PBS/0.02% sodium

azide at 4°C until use. Vibratome sections (coronal, 40 um) were incubated sequentially with
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3%H202/10% Methanol/Tris buffer saline (TBS) to block endoperoxidase and with 2%
BSA/0.1%Triton/TBS to block nonspecific binding. Tissues were next incubated overnight
at 4°C with anti mouse CD45 antibodies (rat monoclonal anti CD45, 1 ug/mL, Serotec, or goat
anti CD45 0.2 pg/mL, R&D systems, Minneapolis, MN), anti Af} antibody (rabbit polyclonal
1536 (Webster et al., 2001) gift from N.R Cooper) or appropriate control IgG in blocking
solution. Primary antibodies were detected with biotinylated secondary antibodies against
the corresponding species, followed by ABC complex and DAB (VECTOR, Burlingame, CA).
In animals lacking GFP constructs, fibrillar A3 was stained with 1% thioflavine as previously
described (Fonseca et al., 1999). For immunofluorescence staining of total Af3, samples were
incubated with blocking solution followed by rabbit polyclonal anti Af} (1536) and labeling
detected with Alexa 405 anti rabbit secondary antibody.

Immunostaining was observed under a Zeiss Axiovert-200 inverted microscope (Carl
Zeiss, Thornwood, NY) and images were acquired with a Zeiss Axiocam high-resolution
digital color camera (1300x1030 pixel) and analyzed using Axiovision 4.6 software. Percent
of immunopositive area (% Field Area) (immunopositive area / total image area x 100) was
determined for all the markers studied by averaging 2-4 images per section for Af; and
thioflavine or 6 images per section for CD45 of the hippocampal area. Digital images were
obtained using the same settings, and the segmentation parameters were constant as
previously reported (Fonseca et al., 2004). The mean value of the % Field Area for each
marker in each animal was averaged per genotype group with the number of animals per
group indicated in figure legends. Data were analyzed using one-way ANOVA statistical
analysis. Staining of all genotypes that were compared by image analysis in an experiment

was done simultaneously per given marker.
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RNA extraction and RNA-Seq

Total RNA from GFP*RFP- cells was extracted using the Illustra RNAspin mini
isolation kit. RNA was quantified using the NanoDrop ND-1000 spectrophotometer
(ThermoFisher) and the quality checked using the Agilent Bioanalyzer 2100 (Agilent
Technologies). Sequencing was performed by the University of California at Irvine Genomics
High Throughput Facility. The SMARTer Stranded Total RNA-Seq Kit - Pico Input Mammalian
(Clontech Laboratories) was used to generate Illumina-compatible RNA-seq libraries.
Briefly, total RNA was converted into cDNA and then adapters with barcodes for Illumina
sequencing were added by PCR. The PCR products were then purified and the ribosomal
cDNA depleted with sequence specific probes and RNaseH. The resulting cDNA fragments
were further amplified (12 cycles) and the PCR products were purified once again to yield
the final cDNA libraries. The barcoded cDNA libraries were multiplexed on the Illumina

HiSeq 2500 platform to yield 100-bp paired-end reads.

Read alignment and expression quantification

Pair-end RNA-seq reads were aligned using STAR v.2.5.1b (Dobin et al., 2013) with
parameters ‘--outFilterMismatchNmax 10 --outFilterMismatchNoverReadLmax 0.1 --
outFilterMultimapNmax 10’ to the reference genome GRCm38/mm10. We used STAR to then
convert to transcriptome-based mapping with gene annotation Gencode v.M8. Gene
expression was measured using RSEM v.1.2.25 (Li and Dewey, 2011) with expression values

normalized into transcripts per million (TPM).
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Building of gene expression matrix for time-course gene expression and pathway analysis
Libraries with uniquely mapping percentages higher than 65% were considered to
be of good quality and kept for downstream analysis. Protein coding and long non-coding
RNA genes, with expression TPM >=0.5 in at least one of the duplicates for each genotype,
were collected and quantile normalized for subsequent time-course and pathway analysis.
Fastq files and processed data matrices were deposited in GEO with the accession ID

GSE93824.

Time-course gene expression analysis

Quantile normalized gene expression (TPM) profiles were analyzed with maSigPro
(Nueda et al,, 2014) to identify distinct gene expression profiles across time points whose
expression differed in at least one other age in one other genotype with multiple cluster
sizes. A cluster size of k=9 gave the best set of profiles. An alpha of 0.05 for multiple
hypothesis testing and r? =0.7 for regression model were used to acquire significant genes

for each cluster.

Gene ontology and pathway analysis
Gene clusters were analyzed for Gene ontology (GO) enrichment by Metascape

(http://metascape.org) (Tripathi et al.,, 2015) using a hypergeometric test corrected p-value

lower than 0.05. maSigPro clusters were also analyzed for KEGG pathway enrichments using
PaintOmics 3 (Garcia-Alcalde et al, 2011) with significant pathways selected based on

Fisher’s exact test p-value lower than 0.05.
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qRT-PCR

RNA was converted to cDNA using Superscript III reverse transcriptase (Life
Technologies) following manufacturer’s instructions and quantified using the NanoDrop
ND-1000 spectrophotometer (ThermoFisher). Quantitative RT-PCR was performed using
the StepOnePlus Real-Time PCR System, the StepOne software v2.3 (Applied Biosystems)
with the following FAM dye and MGB quencher TagMan probes (ThermoFisher):
Mm00443111_m1 (Ccl4), Mm00436450_m1 (Cxcl2), Mm00437306_m1 (Vegfa),
MmO00515586_m1 (Ctsd), Mm00487585_m1 (Man2b1, Mm00499230_m1 (Npc2). All genes
were multiplexed with the VIC dye and MGB quencher probe Mm01545399_m1 (Hprt) to
allow for normalization of housekeeping gene in same well. For each gene, cDNA from 3
samples (unique animals) of each genotype was tested in triplicate. Two of the samples
were from the same samples as the RNA-seq dataset and one was from a sample not

analyzed by RNA-seq at ages 5 and 10 months.

Results
C5aR1 Deficiency Prevents Deficits in Spatial Specific Object Location Memory

Since a C5aR1 antagonist had previously been shown to suppress AD-like pathology
in mouse models of AD (Fonseca et al,, 2009), we evaluated the effect of C5aR1 gene ablation
on the ability to perform in both a hippocampal dependent spatial and non-spatial memory
task. Spatial memory cognitive deficits are observed in AD patients and the Arctic AD mouse
model has been shown to recapitulate only hippocampal dependent spatial impairments
(Cheng et al., 2004). Our hypothesis was that knocking out C5aR1 would lead to less

inflammation and, thus, to better performance. To confirm that the behavior deficit is only
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spatial and hippocampal-dependent we used both the traditional hippocampus independent
novel object recognition (iNOR) and a modification of the iNOR paradigm that assessed
spatial memory and was hippocampal dependent, the object location memory (OLM) task
(Mumby et al., 2002; Balderas et al., 2008). Mice of all 4 genotypes (WT, C5aR1KO, Arctic,
Arctic/C5aR1KO0) spent about 50% of their time with each object during the training phase
demonstrating no preference for a certain side of the chamber or one of the objects within
the chamber indicating that memory retrieval 24 hours later would not be confounded by
inherent spatial or object preferences (Figure 3.1E). As expected, at 7 (data not shown) and
9 (Figure 3.2A, B) months of age, all genotypes performed well, and there were no
differences in performance between genotypes in the hippocampal independent iNOR task
demonstrating that the Arctic mice as well as C5aR1 deficient mice were not impaired.

When tested in the spatial OLM task (Figure 3.2C), WT and C5aR1KO mice at both 7 and 10
months of age exhibited a discrimination index greater than 30% during the first two
minutes of testing, indicating that they had a strong preference for exploring the object in
the new location and that genetic deletion of C5aR1 alone is not detrimental or beneficial
(Figure 3.2D, E). The C5aR1 sufficient Arctic mice did not exhibit significant behavioral
deficits at 7 months, although there were 2 animals that were noticeably performing worse
than all other mice (Figure 3.2D, right). However, at 10 months of age, there was a significant
deficit (p <.001) in performance of Arctic mice in comparison to wild type mice, while
importantly, Arctic/C5aR1K0 did not differ from wild type or C5aR1K0. A statistically
significant difference in behavior (p<.05) was observed between the Arctic mice lacking
C5aR1 compared to the C5aR1 sufficient Arctic mice indicating protection from deficit in the

Arctic/C5aR1K0 mice relative to the Arctic mouse (Figure 3.2E), consistent with the
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hypothesis that blocking C5aR1-mediated events slows or prevents the progression of

cognitive defects.

Microglia marker CD45, but not plaque accumulation, exhibited slight but significantly lower
expression at 7 but not 10 months of age in the C5aR1 deficient AD mouse model

Arctic mice at 7 and 10 months of age have abundant fibrillar plaque pathology in the
hippocampus. Genetic deletion of C5aR1 did not alter the extent of fibrillar plaque pathology
at either 7 or 10 months of age (Figure 3.3). In contrast, in the 7 month old mice (behavior
shown in Figure 3.2D), there was significantly less CD45 reactivity in the Arctic/C5aR1K0
mice than in the C5aR1 sufficient Arctic mice, which suggests a lower microglial activation
response (20%, p =.03) (Figure 3.3B). However, that difference was not sustained in the 10
month mice (Figure 3.3D). Furthermore, neither fibrillar plaque pathology nor CD45
correlated with behavioral parameters of individual animals (data not shown). These data
suggest that induction of CD45 is not necessarily an indication of neurotoxic effects that

impact behavior in this model.
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(C). The novel object replacement or the object moved was counter balanced among all
trials. Performance was evaluated using the first two minutes of testing at 9 months for
iNOR (B), and either 7 months (D) or 10 months (E) for OLM. (B) WT n=11, C5aR1KO n=6,
Arctic n=4, C5aR1KO Arctic n=5. Right plots in D and E are the scatter plots for left bar
graphs, respectively. (D) n =10 (WT), 9 (C5aR1K0), 9 (Arctic) and 10 (Arctic/C5aR1KO).
(E) n =29 (WT), 25 (C5aR1K0), 12 (Arctic) and 9 (Arctic/C5aR1K0). (B,D,E) Data is
expressed as the average +/- SEM. P values were determined by ANOVA followed by Tukey’s

post hoc test (Cole, 2013).
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Fibrillar plaque and CD45 microglial expression in hippocampus.
Representative pictures of thioflavine-S staining (fibrillar plaques) (top panels) and CD45
staining (microglia) (lower panels) at 7 (A) and 10 months (C). Scale bar: 50 um. (B) Image
analysis of 7 month thioflavine-S (upper) and CD45 (lower) staining (Arctic n=9,
Arctic/C5aR1KO0 n=9) (D) Image analysis of 10 mo thioflavine (Arctic n=12, Arctic/C5aR1KO
n=9) (upper) and CD45 (Arctic n=11, Arctic/C5aR1KO n=7) lower). Bars represent group

means +/- SEM of n animals per genotype. Data represent the average of 2 to 4 sections per

animal. P value was calculated using one way ANOVA.
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Single copy of CX3CR1 or CCR2 does not alter plaque deposition in Arctic mice

In the Arctic AD mouse model, we used the CX3CR16F? and CCR2RFP reporter mice to
differentiate microglia from infiltrating CCR2-positive monocytes (Mizutani et al., 2012).
Crossing  CX3CR1GFP/GFPCCR2RFP/RFP  mijce  with the Arctic mice generated
CX3CR1+/GFPCCR2*/RFPArctic/- (WT) and CX3CR1*/GFPCCR2+/RFPArctict/- (Arctic) mice.
Crossing CX3CR1GFP/GFPCCR2RFP/RFP mijce with the Arctic/C5aR1K0 mice ultimately
generated CX3CR1+/GFPCCR2+/RFP C5aR1~/- (C5aR1K0) and CX3CR1*/GFPCCR2+/RFPArctic*/-
C5aR1+/- (Arctic/C5aR1KO0) mice. Since some studies with Alzheimer’s disease mouse models
have suggested that CX3CR1 and CCR2 play a role in the progression of disease (El Khoury
etal, 2007; Lee etal,, 2010; Liu et al., 2010), we first determined if having only a single copy
of either gene alters plaque deposition or CD45 reactivity. In this model, thioflavine staining
showed no change in plaque deposition in the CCR2*/RFP Arctic mice and CD45 reactivity was
also unchanged relative to CCR2*/* Arctic mice (Figure 3.4A, C, E). Since thioflavine staining
would overlap with GFP, anti Af3 staining was used to measure the plaque load in the Arctic
and Arctic CX3CR1+/GFP_ Af3 was unchanged in CX3CR1*/GFP Arctic relative to CX3CR1+/*
Arctic and no change was seen in CD45 reactivity when compared to CX3CR1*/* Arctic mice
(Figure 3.4B, D, E).

To confirm that the RFP fluorescence is localized with CD45high cells, we injected mice
with 5mg/kg LPS i.p. to increase the number of monocytes infiltrating to the CNS. After 24
h, myeloid cells isolated using a Percoll gradient were stained with CD11b-PECy7 and CD45-
APC antibodies and analyzed by flow cytometry (Figure 3.4F). CD11b*CD45!ow cells are
widely considered to be resident microglia cells (Figure 3.4F, left panel) and here were

distinguished by their GFP and lack of RFP expression (Figure 3.4F, right panel,
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Figure 3.4. A plaque load and CD45 expression in Arctic heterozygous for CX3CR1
and CCR2. Brain sections from Arctic, Arctic-CX3CR1*/6FP or Arctic-CCR2+/RFP reporter mice
at 6 or 7 months were stained with either thioflavine (A), or an anti-Af3 antibody (1536) (C)
to assess the plaque load (A, C). CD45 reactivity was probed to investigate microglial
activation (B,D). Arctic mice were compared to Arctic mice heterozygous for CCR2-RFP (A,
B) or heterozygous for Cx3CR1-GFP (C,D). Scale bar is 100 um. (E). Bars represent the
average Field Area % of 3-4 animals per genotype (2 sections per animal). No statistically
significant difference was observed in Arctic compared to Arctic-CCR2+/RFP in thioflavine
(p<0.75) or CD45 (p<0.09) or between Arctic and Arctic-CX3CR1+/GFF in Af3 (p<0.67) or

CD45 (p<0.71) by one-way ANOVA statistical analysis. (F) 5 month CX3CR1+*/GFPCCR2+/RFP
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were injected with 5mg/kg LPS i.p. After 24 hours, isolated myeloid cells were stained with
CD11b-PECy7 and CD45-APC antibodies and analyzed by flow cytometry to determine if
infiltrating GFP+RFP+ segregate with monocytes/macrophages (CD11b+ CD45high) and if all
microglia (CD11b+ CD45'9w) are GFP+RFP-. The left pseudo color dot blot shows isolated
microglia/macrophages plotted as intensity of CD45 and CD11b. The right FACS plot shows
GFP+RFP+ monocytes/macrophages (red) and GFP+RFP- microglia (green) gated and

plotted on those same axes.
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green dots). Infiltrating CCR2* monocytes are described in the literature as CD11b* CD45high
and here were distinguishable by their GFP and RFP expression (Figure 3.4F, right panel,
red dots). Interestingly, the GFP/RFP fluorescence shows some CD45"igh cells are RFP-
negative and GFP-positive (Figure 3.4F, right panel, green dots), which could be microglia
that have upregulated levels of CD45 (Tan et al., 2000) upon activation with LPS, or,

alternatively, could be infiltrating monocytes that have downregulated CCR2.

Lack of CCR2-positive infiltrating monocytes around plaques

We next proceeded to age wildtype (WT), C5aR1KO, Arctic, and Arctic/C5aR1KO0 mice
at 2,5, 7,and 10-11 months. As expected, no plaque pathology nor microglia clustering was
observed in wildtype mice or C5aR1KO mice (Figure 3.5A, C). Plaque deposition increased
with age and microglia clustered around the plaques, but was similar in the Arctic and
Arctic/C5aR1KO0 mice across the different ages (Figure 3.5B, D). Strikingly, no RFP-positive
cells were found in areas near the plaques at any age. No RFP-positive cells were found
anywhere in the parenchyma, while a few RFP-positive cells were localized around the
surface of the brain, possibly meningeal macrophages (Figure 3.5B, D insets). Percoll
gradient isolated cells, from brains of mice in the same cohort as that analyzed by [HC, when
sorted by RFP and GRP identified a small population of GFP and RFP-positive cells. RFP-
positive cells (which could represent the meningeal macrophages) represented 2-6% of the
GFP-positive population (Figure 3.5E), while RFP-negative microglia made up 94-98% of
the GFP-positive cells (Figure 3.5F). The absolute number of cells recovered varied, with

means among all genotypes and ages between 700 and 2000
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Figure 3.5. Glia clustering around plaques are CX3CR1+*CCR2-. Brain sections of (A) WT,
(B) Arctic, (C) C5aR1KO, and (D) Arctic/C5aR1KO0 mice (all CX3CR1+/GFPCCR2+/RFP) at 2, 5, 7,
and 10 months were fluorescently labelled in blue with anti-Af antibody (1536). Staining
was performed at separate times for cohort one (A, B) and cohort 2 (C, D). Inset shows
CCR2+/RFP macrophages. Scale bar: 50 pm (E) Percoll purified brain cells from WT, Arctic,
C5aR1KO0 and Arctic/C5aR1K0 mice (all CX3CR1+/GFPCCR2+/RFP; n=4-12 per genotype, per
age) were FACS-sorted as GFP*RFP* (E, G) and GFP*RFP- cells (F, H) and quantified as a

percentage of total GFP+ cells (E, F) and total cell count (G, H).
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for RFP-positive cells (Figure 3.5G) and between 27,000 and 55,000 for RFP-negative GFP-

positive microglia (Figure 3.5H).

Analysis of age dependent patterns of gene expression

To identify transcriptome changes in microglia in Arctic/C5aR1K0 mice relative to
Arctic mice, the FACS-sorted cells were collected and RNA extracted for RNA-seq analysis.
RNA was isolated from the GFP-positive/RFP-negative cells of WT, C5aR1KO, Arctic, and
Arctic/C5aR1KO0 mice at 2, 5, 7, and 10 or 11 months of age (Figure 3.6A). RNA quality and
quantity was sufficient for RNA sequencing and analysis (Table 3.1). RNA-seq libraries that
passed our quality filters were used to estimate gene expression level. By doing time-course
analysis with maSigPro (Nueda et al., 2014) we identified 2156 differentially expressed
genes that showed dynamic expression patterns over time with age and disease progression.
The genes were partitioned into nine clusters, ranging in size from 125 genes to 445 genes,
to show distinct temporal and genotype-specific profiles (Figure 3.6B, Figure 3.7). To
identify clusters of interest to study further, we did the following: 1) Assessed the gene
expression patterns of each cluster (generated by maSigPro) to identify differences in gene
expression between the Arctic and Arctic/C5aR1KO0 (Figure 3.6B, Figure 3.7). 2) Gene
ontology (GO) enrichment analysis using Metascape (Tripathi et al,, 2015) to aid in the
identification of clusters that had genes associated with biologically relevant processes
(Table 3.2). 3) Pathway analysis using PaintOmics 3 to identify significantly enriched KEGG
pathways in each cluster (Table 3.3). Cluster 4 contained 125 genes (Table 3.4) that
increased with age starting by 5 months in the Arctic relative to wildtype. Those genes did

not increase in the Arctic/C5aR1KO until 10 months of age and
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Figure 3.6. Temporal gene expression profiles across four genotypes. (A) RNA-seq

experiments were performed using duplicate samples from WT (blue), C5aR1KO (red),

Arctic (green) and Arctic/C5aR1KO (orange) mice at 2, 5, 7 and 10-11 months. A total of 32

RNA-seq libraries were sequenced and analyzed. Reads were aligned to the reference

genome with STAR. Gene expression level was estimated by RSEM and analyzed with

maSigPro to identify distinct gene expression profiles across time. Differentially expressed

genes during the time-course were loaded into Metascape and PaintOmics 3 to acquire gene

ontology (GO) and KEGG pathways enrichment. (B, left) Heatmap of 2156 differentially

expressed genes across four genotypes and four ages. 9 gene expression clusters were

derived from maSigPro and labeled with number and color on the side. Quantile normalized
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TPM plus 0.1 were transformed between -1 and 1 to present high (red) and low (blue)
expression level within each cluster. (B, right) Gene expression profiles for cluster 4 and 2.
Median profile are plotted across all replicates for all the genes in the corresponding cluster.
WT (blue), C5aR1KO (red), Arctic (green) and Arctic/C5aR1KO (orange). (C) Gene ontology
enrichment was measured on genes from cluster 4 (green) and 2 (yellow). Gene ontology
terms were sorted based on p-value. The percentage of genes in the cluster that are

contained in the GO term is listed on the side in parentheses.
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at that time showed levels similar to that seen in the 10 month wildtype animals and still
lower than the Arctic expression at 10 months (Figure 3.6B). Cluster 2 consisted of

336 genes (Table 3.4) that were unchanged in the C5aR1KO relative to wildtype but
increased in the Arctic after 2 months relative to WT. The same genes were further increased
in the Arctic/C5aR1KO (Figure 3.6B). Gene ontology enrichment analysis using Metascape
identified the enriched GO terms for cluster 4 of which the top 3 where: inflammatory
response, antigen processing and presentation, and positive regulation of immune system
process (Figure 3.6C, left), whereas the top 3 enriched GO terms in cluster 2 were cellular
amide metabolic process, ribosome biogenesis, and innate immune response (Figure 3.6C,

right).

Pathway analysis reveals less inflammation and more protein degradation in Arctic C5aR1KO

Pathway analysis of cluster 4 identified several inflammatory diseases pointing to
inflammation as well as canonical inflammation pathways. Of interest were NF-kB signaling,
cytokine-cytokine receptor interaction, TLR signaling and chemokine signaling due to their
statistical significance as well as their biological significance in the context of AD (Table 3.3).
These four pathways were then investigated further and the 16 differentially expressed
genes between the Arctic and Arctic/C5aR1KO (found in these 4 pathways) were plotted on
a heat map (Figure 3.8A). These genes remained elevated in the Arctic relative to WT,
C5aR1KO, and Arctic/C5aR1KO0 through 10 months of age (Figure 3.8A). Increases in those
genes appeared in both WT and Arctic/C5aR1KO only beginning at 10 months (consistent
with the increase in inflammatory gene expression with age (Giunta et al., 2008)) but

remained significantly lower than in microglia from the

74



WT KO ARC ARCKO
2 5 71 2 5 71 2 5 710 2 5 710

TLR4
TNF cao
cD14
. ia 2 TNFRs
lI3ra 3 LR \
Vegfa o
Ccl3 2]
Celd & /\

N
Cxcl2 N m
B o \Q° @ o ’ 20%
cdt4 & ps0_L peS =Y
Tir § X ‘ S,
S$ =
Vcam1 P50 P65

Cd40
Rela
Nfkb1
Relb
Nfkb2
Ptgs2

65
Ap

Cytokines, chemokines, cell adhesion,
survival, innate immunity

z
M
i
w
4}
@
3
2
5
@

HE =
-1 -05 0 05 1
Normalized (TPM+0.1)

Vegfa

@
3
©

2
3

N
s NN

o o o

n
S
Relative Expression

Relative Expression
Relative Expression
8
Relative Expression

5 months 10 months

Figure 3.8. Gene expression profiles of selected genes in inflammation pathways. All
genes in heat map were present in cluster 4 and found in the NF-kB signaling pathway,
cytokine-cytokine receptor interaction, and/or chemokine signaling KEGG pathways. (A)
Selected genes were clustered based on molecule functions: cytokines (skyblue),
chemokines (yellow green), receptors (pink), NF-kB signaling (brown). Quantile normalized
TPM plus 0.1 were transformed between -1 and 1 to present high (red) and low (blue)
expression level during time-course across four genotypes for each gene. (B) Schematic of
the NF-kB pathway with genes present in heat map colored accordingly. (C) RT-PCR analysis
on a subset of genes to validate the RNA-seq dataset. For each gene, 3 samples, two from the
RNA-seq dataset and an additional sample not analyzed by RNA-seq, were analyzed for each
genotype at ages 5 (left) and 10 months (right).
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Arctic mice. Most of these inflammatory genes shown in Figure 3.8A were either NF-kB
subunits, transcriptionally regulated by NF-kB or were upstream activators of NF-kB as
shown color-coded in Figure 3.8B. These differentially expressed genes included cytokines
and growth factors or their receptors (Il1a, Vegfa, 113ra,), chemokines (Ccl3, Ccl4, Cxcl2,
Cxcl16), signaling receptors (TIr4, Vcam1, Cd40), NF- kb transcription factor subunits (Rela,
Nfkb1, Relb, Nfkb2) and Ptgs2 (COX2) (Figure 3.8A). Representative genes were validated by
RT-PCR for each genotype at ages 5 and 10 months. Ccl4 and Cxcl2 were both significantly
increased in the Arctic relative to WT at 5 months (3.5x and 4.4.x respectively) and were
decreased in the Arctic/C5aR1KO by 35% and 23%, respectively relative to the Arctic.
Although Vegfa was not significantly increased in the Arctic relative to the WT at 5 months,
it was significantly decreased by 46% in the Arctic/C5aR1KO relative to the Arctic (Figure
3.8C, left). At 10 months, only Cxcl2 was significantly decreased in the Arctic/C5aR1KO
relative to the Arctic and all 3 genes validated by RT-PCR showed no difference in expression
between the WT and Arctic (Figure 3.8C, right), thus following the same trend observed in
the RNA-seq data where C5aR1 deficiency in the Arctic leads to reduced expression of
inflammatory genes early in the progression of the disease. Aside from cluster 4, cluster 3
also included some of the same pathways as in Fig. 6, such as chemokine signaling and
cytokine-cytokine receptor interaction (Table 3.3), however the genes in this cluster did not
contain differences between the Arctic and Arctic/C5aR1KO0, rather, the C5aR1KO mice were
substantially upregulated relative to the other genotypes.

Like cluster 4, pathway analysis of cluster 2 genes identified pathways that were of
statistical significance as well as biologically relevant for microglia. The lysosome, antigen

processing and presentation, and phagosome pathways identified 22 genes that were
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differentially expressed between the Arctic and Arctic/C5aR1KO0. Trem2 and Tyrobp, also
included in cluster 2, were added to the heat map due to known roles in microglial
phagocytosis (Figure 3.9A). The genes in these pathways increased in the Arctic relative to
WT at each age but further increased in the Arctic/C5aR1KO relative to Arctic as early as 2
months of age and remained elevated until 10 months (Figure 3.9A). The genes included
phagocytosis-promoting receptors (TIr2, Fcgr4, Colec12, TremZ2, Tyrobp), lysosomal
membrane proteins (Lampl, Cd63, Cd68, NpcZ2), cathepsins (Ctsh, Ctsd, Ctsl, Ctss, Ctsz),
glycosidases (Gaa, Gusb, Gba, Hexa, Naglu, Man2b1) and MHCI genes (H2-d1, H2-m3, H2-t23,
H2-q7), all upregulated in the Arctic/C5aR1KO0 (Figure 3.9B). As with the Cluster 4 genes,
representative genes were selected to validate the RNA-seq differential expression by RT-
PCR. Genes Cathepsin D and Mannosidase 2b1 were strikingly decreased in the Arctic at 5
months relative to WT (21% and 28% of WT respectively), something not seen in our RNA-
seq data, however, both were increased in the Arctic/C5aR1KO relative to the Arctic (6.4x
and 4.4x respectively) as seen in our RNA-seq analysis. NPC intracellular cholesterol
transporter 2 expression was also greater in the Arctic/C5aR1KO relative to Arctic (1.4x)
although no significant difference was seen between the WT and Arctic at 5 months (Figure
3.9C, left). At 10 months of age, both Ctsd and Npc2 were upregulated in the Arctic relative
to WT, however, only Npc2 was further increased in the Arctic/C5aR1KO0 (Figure 3.9C,

right).
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Figure 3.9. Gene expression profiles of selected genes in lysosome and phagosome
pathways. All genes in heat map were present in cluster 2. All but Trem2 and Tyrobp were
also found in the phagosome or lysosome KEGG pathways. Trem2 and Tyrobp were added
due to known roles in microglial phagocytosis. (A) Selected genes were clustered based on
molecule functions: protease (purple), glycosidases (coral), lysosomal membrane proteins
(vellow), phagocytosis-promoting receptors (green) and major histocompatibility class I
(orange). Quantile normalized TPM plus 0.1 were transformed between -1 and 1 to present
high (red) and low (blue) expression level during time-course across four genotypes for each
gene. (B) Schematic of the phagolysosome pathway with genes present in heat map colored
accordingly. (C). RT-PCR analysis on a subset of genes to validate the RNA-seq dataset, as

described in Figure 3.8 legend.
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Discussion

Genetic deletion of C5aR1 in the Arctic Alzheimer’s disease mouse model resulted in
protection from deficits in a hippocampal dependent spatial memory task relative to the
C5aR1 sufficient Arctic animals. While behavior deficits were pronounced at 10 months of
age, the gene expression profile of the microglia from Arctic/C5aR1KO brain is indicative of
a polarization state of the microglia with less inflammatory and greater clearance and
degradation pathways than in the C5aR1 sufficient Arctic model as early as 2-5 months of
age and with differences in these pathways increasing with age.

It has been previously reported that Arctic mice at 3-4 months of age have behavior
deficits in the Morris water maze (Cheng et al., 2004), another spatial memory task. While
the accumulation of fibrillar Af3 in our cohort was somewhat slower than previously
published (Cheng et al., 2004 ), these mice did exhibit exclusively spatial memory deficits as
demonstrated by the OLM at 10 months. Our previously published studies using a
pharmacological approach to block function of C5aR1 in the Tg2576 and 3xTG AD mouse
models (Fonseca et al., 2009) resulted in reduced fibrillar plaques and gliosis. In contrast,
the genetic approach to eliminate C5aR1 function used in this Arctic model of AD did not
result in reduced fibrillar plaque accumulation, likely due to the “Arctic” mutation in the Af3
peptide that leads to rapid fibril formation upon generation of Af3, such that nearly all
plaques stain with thioflavine. However, the prevention of cognitive loss even in the
presence of massive plaque accumulation, supports the idea that the fibrillar plaque itself is
not the sole contributor to cognitive loss, but rather it is the microglial inflammatory
response to the plaque that leads to neurotoxicity (Wyss-Coray and Rogers, 2012), perhaps

through activation of astrocytes as recently reported (Liddelow et al., 2017).
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Other innate immune system sensors of danger, such as toll-like receptors (TLRs)
have been found to synergize with C5aR1 and lead to greater proinflammatory cytokine
release in models of inflammatory disease in the periphery (reviewed in (Song, 2012)). Since
fibrillar Af3 is a ligand for TLR2 and TLR4 (Jana et al., 2008; Jin et al., 2008; Udan et al., 2008)
and these receptors have been shown to contribute to the detrimental effects of Af3, C5a may
synergistically enhance microglial polarization to a more inflammatory state in response to
Af interactions (or other danger associated signals) with such receptors on the C5a-
stimulated plaque associated glia cells (Tahara et al., 2006). The increases in NFxB subunits
may contribute to increased NF-«kB signaling (Figure 3.8) and greater expression of
inflammatory cytokines and chemokines, all of which were seen in the Arctic mice, but not
so elevated in the Arctic/C5aR1KO. In the literature, C5aR1 signaling is most often shown to
involve activation of PI-3K/AKT, PKC, phospholipase D, and MAP kinase (reviewed in (Sarma
and Ward, 2012)). However, instances of NF-kB activation by C5a have also been
demonstrated, such as in monocytes where activation of NF-kB was detected after C5a
stimulation (Pan, 1998). It’s also been shown in human macrophages that C5a increases the
expression of plasminogen activator inhibitor-1 (PAI-1) via activation of NF-kB (Kastl et al,,
2006). IL-1, Vegfa, Ccl3, Ccl4, Cxcl2 and Vcam1 are all regulated by the canonical NF-«xB
(p50/p65) signaling pathway, which can be activated via TLR4 (Fitzgerald et al., 2003). It
seems likely that the increase in inflammatory components via NF-kB that we observed in
this study is due to a synergy between TLRs and C5aR1, as mentioned above, since in the
absence of C5aR1 the expression of several inflammatory genes is limited, even though

amyloid plaques, a TLR ligand, is unchanged.
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Also consistent with differential polarization of the microglia in Arctic vs
Arctic/C5aR1KO0 is the increase in phagosomal and lysosomal genes (Figure 3.9).
Phagocytosis-promoting receptors on microglia such as TREM2, FcyR’s, TLR’s and scavenger
receptors have been associated with the clearance of amyloid beta in AD (reviewed in (Doens
and Fernandez, 2014)). These genes showed higher expression in the Arctic/C5aR1KO either
early in the disease (TREM2, TYROBP, Fcgr4) or later in the disease (TLRZ, Colec12). Gene
network analysis by Zhang and colleagues identified a microglia specific module that
included Fc receptors, Major Histocompatibility Complex (MHC), TLRs and TYROBP, the
signaling adaptor protein of TREM2, as key nodes of networks in late onset Alzheimer’s
disease (LOAD), all of which were increased in LOAD patients (Zhang et al., 2013). Recent
data suggest TREM2 is important in microgliosis and containment of Af3 plaques over the
progression of the disease (Jay et al., 2016; Wang et al., 2016).

Cathepsins, proteases that are involved in the endosomal-lysosomal pathway, were
substantially and significantly increased Arctic/C5aR1K0O microglia relative to Arctic.
Microglial cathepsins, particularly cysteine and aspartyl proteases, have been found to be
upregulated with aging in rats (reviewed in (Stoka et al., 2016)), though we did not see an
increase in expression in our wildtype mice from 2 to 10 months of age. Cathepsin B and D
are Af3-degrading enzymes that have been implicated in clearance of amyloid beta in vivo
(reviewed in ((Saido and Leissring, 2012)). Early “activation” of microglia cells has been
found to be beneficial in AD models, however, as Af3 plaques form, the phagocytosis and
clearance of Af3 is reduced ((Krabbe et al., 2013). Hickman and colleagues found that gene

expression of scavenger receptors and degradation enzymes decreased with age in AD mice
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(Hickman et al., 2008). C5aR1 deficiency prevents this decrease in phagocytosis and
degradation enzymes seen relative to the aging AD mouse models.

It has been reported that CX3CR1 and CCR2 play a role in the pathogenesis of AD in
some mouse models of the disease, either by affecting microglia or by limiting the infiltration
of monocytes (El Khoury etal., 2007; Lee et al,, 2010; Liu et al,, 2010). In the Arctic model we
found no difference in amyloid plaque load in mice that possessed a single CX3CR1 or CCR2
allele compared to mice that had both copies of CX3CR1 or CCR2. In addition, no RFP+
myeloid cells were found in the parenchyma, though they were seen around the meninges
and were observed (2-6% of CX3CR1+ cells, Figure 3.5E) by FACS. Given that RFP is
expressed in the cytosol when the CCR2 promoter is activated (as in peripheral myeloid
cells), and the estimated half-life of RFP in vivo is ~4.6 days (Verkhusha et al.,, 2003), we
would expect to visualize at least a fraction of them by IHC at one of the ages analyzed if
indeed CCR2+ monocytes were infiltrating the CNS. The different observations may be
attributed to the different animal models used, which includes oligomeric species of Af3
among other differences that have been reported (Cheng et al., 2004).

Inflammation, as mentioned above, is recognized as having a complex role in the
pathogenesis of AD (reviewed in (Wyss-Coray and Rogers, 2012)). The complement cascade
is one aspect of the inflammatory response in AD, which results in both beneficial and
detrimental outcomes and synergizes with other innate pathways (Veerhuis et al., 2011).
Furthermore, epidemiologic and genetic evidence supports a role for complement in the
etiology of late onset AD (Eikelenboom et al., 2012), although the GWAS CR1 protein likely
has a primary role outside of the CNS on clearance of A3 (Fonseca et al, 2016). The

consequences of genetic deletion of C5aR1 reported here support the contention that the
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mechanism by which the previously used small molecular weight cyclic hexapeptide C5aR1
antagonist, PMX205, was mediating its beneficial effects in AD mouse models (Fonseca et al,,
2009) was via the inhibition of C5aR1 cell signaling, and support the continued assessment
of C5aR1 antagonists for AD therapy. Such specific antagonists have been successfully
utilized in acute and chronic inflammatory disease animal models such as sepsis, asthma,
ischemia/reperfusion injury (Konteatis et al., 1994; Arumugam et al., 2006; Guo and Ward,
2006; Kohl, 2006) and as reviewed in (Holland et al., 2004; Woodruff et al., 2011). In
addition, blocking C5a in rodent neurodegenerative disease models has been shown to be
beneficial, including in Huntington’s disease (Singhrao et al., 1999; Woodruff et al., 2006),
traumatic brain injury (Sewell et al., 2004), and ALS (Woodruff et al., 2008).

It is critical to note that several studies have demonstrated beneficial effects of
complement in the brain (reviewed in (Lucin and Wyss-Coray, 2009)). More recently, C1q
has been shown to induce gene expression critical for neuronal survival and protection
against oligomeric and fibrillar Af3-induced neuronal death in vitro (Pisalyaput and Tenner,
2008; Benoit et al., 2013). Selective modulation of complement activation products or their
receptors may therefore be an effective strategy for retaining the neuroprotective, anti-
inflammatory and phagocytic functions of complement, while dampening proinflammatory
induced damage.

Given the inflammatory profile seen in microglia from Arctic mice with aging and the
decrease in expression of the same genes in the Arctic/C5aR1KO0, along with the activation
of phagocytosis and protein degradation in the Arctic/C5aR1KO0, we propose a model by

which C5aR1 activation contributes to AD progression (Figure 3.10).

83



Phagocytosis and activation of
protein degradation pathways

Detrimental

Cytokines/Chemokines
(NF-kB)
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Figure 3.10. Proposed mechanism by which C5aR1 stimulation contributes to AD
progression. A3 fibrils activate complement resulting in cleavage of C3 and C5. Amyloid
deposited C3b/iC3b should lead to more efficient phagocytosis by microglia/macrophages,
while generated C5a recruits and alters the function of microglia. C5a induces an
inflammatory polarization of the microglia, potentially synergizing with TLRs, which results
in production of neurotoxic inflammatory products while suppressing beneficial
phagocytosis and degradation pathways thereby contributing to neuronal damage and
cognitive deficits. Targeting C5a and its receptor C5aR1 will not interfere with the beneficial

effects of upstream complement components.
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Complement is activated by fibrillar amyloid beta via the classical (or alternative)
pathway and can have beneficial and detrimental effects. Phagocytosis-promoting
components such as C1q, C4b, C3b, and iC3b (the latter 3 covalently bound via a thioester
bond to plaques) could enhance clearance of Af fibrils or protofibrils via microglial
phagocytosis and/or in the periphery via the potential immune adherence mechanism
(Rogers etal., 2006). Downstream consequences of the activation of the complement cascade
can lead to the generation of C5a which in the CNS can bind to microglial C5aR1 and
synergize with TLR’s (such as TLR2 or TLR4 that recognize fibrillar Af3) when the microglia
engage a plaque, polarizing the microglia to a more inflammatory state and suppressing
induction of degradation pathways. The resulting inflammatory environment further
damages neurons, perhaps via astrocyte activation (Liddelow et al, 2017), thereby
contributing to cognitive deficits. Targeting C5a and its receptor C5aR1 will not disrupt the
beneficial effects of the upstream complement activation products, but rather, it will
interfere with the polarization of the microglia to an inflammatory state, allowing the
phagocytosis and degradation promoting gene expression program of the cells to continue.

Significant and substantial cognitive deficits were seen in the Arctic mice at 10
months of age, with some mice showing decline as early as 7 months of age. However,
interestingly, the differences between the wild type and Arctic gene expression in the noted
pathways were seen as early as 5 months of age, consistent with current thought that the
disease process starts considerable prior to clinical signs of the disorder, and consequently
treatment to suppress those detrimental processes would best be initiated substantially

prior to clinical presentation.
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Recent elegant studies have shown that excessive complement-mediated synapse
pruning occurs in aging, AD, and other disorders leading to cognitive or behavior changes
(Hongetal., 2016; Lui etal,, 2016; Sekar et al., 2016; Vasek et al., 2016). Since the activation
of complement in these scenarios could also result in the generation of C5a, it remains to
be seen if it is the insult of C5a-mediated effects that results in the behavioral/cognitive
dysfunction, rather than only synaptic pruning, or if both mechanisms contribute to deficits.
While additional studies in multiple animal models can be performed to discern this, what
the balance is in human systems will require clinical trials. The data presented here
supports the translational link to C5aR1-targeted treatments. The lack of detrimental
toxicity of the C5aR1 antagonist PMX53 in a small human phase la/Ilb clinical trial of
refractory rheumatoid arthritis (Kohl, 2006; Vergunst et al.,, 2007), and the recent FDA
approval of Eculizumab, an anti C5 monoclonal antibody that prevents the cleavage of C5
and thus the generation of C5a (Sahin et al., 2015), suggests that suppression of the
C5a/C5aR1 axis may be not be harmful for extended clinical use in adults. An advantage of
a selective C5aR1 antagonist vs Eculizumab for long term treatment of diseases such as AD
is that while it blocks effects of C5a, C5b, generated by the cleavage of C5 upon activation
by pathogens, is still able to initiate the assembly of the bacteriolytic C5b-9 complex. Thus,
this protective bacteriolytic function of complement would not be systemically
compromised by the antagonist. Finally, a small molecule has the potential for better access
to the brain than antibodies to C5a (Landlinger et al., 2015) or C5aR1.

In summary, genetic ablation of C5aR1 in an accelerated mouse model of AD
prevented (or delayed) deficits in hippocampal dependent behavioral performance. The

data provide proof of concept that blocking C5a-C5aR1, such as through pharmacologic
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treatment with C5aR1 antagonists, could prevent detrimental downstream effects of the
complement cascade activation and thereby suppress damage to neurons surrounding the
amyloid plaques, while preserving systemic protection from infection, which could be
compromised by targeting early components in the complement cascade. The gene
expression profiles using RNA-seq suggest a less inflammatory state and a greater induction
of clearance pathways in microglia from the Arctic/C5aR1KO relative to Arctic that are
C5aR1 sufficient. These data, consistent with the increasingly proposed role of inflammation
in neurodegenerative disorders, provide additional compelling rationale to pursue
inhibition of C5aR1 as a highly specifically targeted candidate therapy to slow the

progression of AD in humans.
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Table 3.1. RNA Quality Control. Amount of RNA extracted from FACS-sorted microglia
isolated from adult mice was quantified by NanoDrop and the quality assessed by Agilent
Bioanalyzer. All samples had greater than 1ng/pl of RNA and RINs greater than 4, sufficient

for the SMARTer Stranded Total RNA-Seq Kit - Pico Input Mammalian by Clontech.

Genotype Age [RNA] ng/pL RIN
WT 2 8-10 48-7.3
WT 5 5-6 6.0-7.4
WT 7 6-7 6.8-8.3
WT 10-11 7-10 7.6-8.1
C5aR1KO 2 5 7.6-7.8
C5aR1KO 5 8 79 -84
C5aR1KO 7 1-2 8.5-8.8
C5aR1KO 10-11 10-12 8.5-8.9
Arctic 2 9-11 41-5.6
Arctic 5 10-16 6.7-7.0
Arctic 7 6-7 7.7-8.1
Arctic 10-11 9-10 8.2-9.3
Arctic/C5aR1K0 2 4-5 71-7.8
Arctic/C5aR1K0 5 1-4 7.7-8.0
Arctic/C5aR1K0 7 1-2 8.8-9.2
Arctic/C5aR1KO 10-11 8-11 9.2-95
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Table 3.2. Gene ontology enrichment analysis. Clusters were analyzed with Metascape

(http://metascape.org) to identify the GO terms (biological processes) enriched in each

cluster. The GO terms, their descriptions, logP, log(q-value), InTerm_InList (Genes in

cluster/All genes from genome in GO term), and the gene and gene symbols are listed.

# of genes
Log10 from cluster
GO Term Description g / total # of
(P-value) .
genes in
term
cellular response to granulocyte macrophage
G0:0097011 | colony-stimulating factor stimulus -4.8539 3/8
G0:0016575 | histone deacetylation -4.4219 5/59
G0:0044802 | single-organism membrane organization -4.2787 15/710
G0:0070932 | histone H3 deacetylation -4.2678 3/12
G0:0070997 | neuron death -4.1137 10/344
G0:1901698 | response to nitrogen compound -3.4382 14/756
G0:0048168 | regulation of neuronal synaptic plasticity -3.2275 4/60
-
. | GO:0051148 | negative regulation of muscle cell differentiation -3.2275 4/60
% positive regulation of nucleotide metabolic
2 | GO:0045981 | process -3.0769 5/114
© G0:0071559 | response to transforming growth factor beta -3.0309 6/175
G0:0006338 | chromatin remodeling -3.0261 5/117
G0:0001666 | response to hypoxia -2.9802 6/179
G0:0001773 | myeloid dendritic cell activation -2.9161 3/33
G0:0040029 | regulation of gene expression, epigenetic -2.8667 7/257
modification of morphology or physiology of
G0:0051817 | other organism involved in symbiotic interaction -2.8417 4/76
G0:0008380 | RNA splicing -2.8395 8/335
G0:0051260 | protein homooligomerization -2.6471 7/281
G0:0006914 | autophagy -2.5712 9/455
G0:0007585 | respiratory gaseous exchange -2.3009 3/54
G0:0050954 | sensory perception of mechanical stimulus -2.2985 5/172
N
+. | GO:0043603 | cellular amide metabolic process -27.2911 63/908
v
§ G0:0042254 | ribosome biogenesis -15.3660 26/251
O | G0:0002181 | cytoplasmic translation -11.4767 12/53
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G0:0045087 | innate immune response -9.4646 30/596
G0:1901135 | carbohydrate derivative metabolic process -7.8650 36/956
G0:0042273 | ribosomal large subunit biogenesis -7.8554 10/66
G0:0098609 | cell-cell adhesion -7.0610 35/983
G0:0034097 | response to cytokine -6.5889 24/545
G0:0044712 | single-organism catabolic process -5.6802 25/657
G0:0006897 | endocytosis -5.3761 21/510
G0:0009117 | nucleotide metabolic process -5.0221 21/538
G0:0060326 | cell chemotaxis -4.9374 13/230
G0:0030203 | glycosaminoglycan metabolic process -4.7672 8/86
G0:0051270 | regulation of cellular component movement -4.6537 26/802
G0:0009894 | regulation of catabolic process -4.6496 18/440
regulation of reactive oxygen species metabolic 10/160
G0:2000377 | process -4.2921
G0:0044724 | single-organism carbohydrate catabolic process -4.2293 8/102
G0:0009611 | response to wounding -3.9568 16/410
G0:0035456 | response to interferon-beta -3.9418 5/37
G0:0035455 | response to interferon-alpha -3.9295 4/20
G0:0001775 | cell activation -9.7523 30/889
G0:0006935 | chemotaxis -7.1593 19/496
G0:0002684 | positive regulation of immune system process -6.9063 23/740
G0:0051258 | protein polymerization -6.2905 12/220
G0:0030155 | regulation of cell adhesion -5.7042 19/619
G0:0019827 | stem cell population maintenance -5.0271 9/157
G0:0071887 | leukocyte apoptotic process -5.0047 8/120
- G0:0030168 | platelet activation -4.9132 7/89
by G0:0002274 | myeloid leukocyte activation -4.8747 9/164
-
‘g G0:0030220 | platelet formation -4.7240 4/19
O | GO:0006325 | chromatin organization -4.5637 18/680
G0:0001568 | blood vessel development -4.4934 17/624
G0:0009607 | response to biotic stimulus -4.4718 21/894
G0:0033688 | regulation of osteoblast proliferation -4.3769 4/23
G0:0000904 | cell morphogenesis involved in differentiation -4.3521 19/773
negative regulation of transcription from RNA
G0:0000122 | polymerase Il promoter -4.1588 18/731
G0:0001816 | cytokine production -4.1331 16/602
G0:0042063 | gliogenesis -3.9630 10/265
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G0:0002683 | negative regulation of immune system process -3.8968 12/381
G-protein coupled purinergic receptor signaling
G0:0035588 | pathway -3.6674 3/14
G0:0006954 | inflammatory response -10.5227 18/589
antigen processing and presentation of exogenous
G0:0019886 | peptide antigen via MHC class II -6.5852 4/14
G0:0002684 | positive regulation of immune system process -6.4589 15/740
G0:0071347 | cellular response to interleukin-1 -5.0470 5/68
G0:0048514 | blood vessel morphogenesis -4.9833 11/524
cellular response to vascular endothelial growth
G0:0035924 | factor stimulus -4.8954 4/35
negative regulation of type I interferon
G0:0032480 | production -4.4409 3/16
G0:0045597 | positive regulation of cell differentiation -3.9210 13/937
<+
b G0:0050707 | regulation of cytokine secretion -3.3559 5/154
'§ G0:0060548 | negative regulation of cell death -3.3500 12/934
O | G0:0051336 regulation of hydrolase activity -3.1791 11/839
G0:0006874 | cellular calcium ion homeostasis -3.0533 7/373
G0:0030029 | actin filament-based process -3.0206 9/613
G0:0002683 | negative regulation of immune system process -2.9998 7/381
G0:0002573 | myeloid leukocyte differentiation -2.9245 5/192
G0:0032675 | regulation of interleukin-6 production -2.8424 4/118
negative regulation of apoptotic signaling
G0:2001234 | pathway -2.7804 5/207
G0:0008360 | regulation of cell shape -2.6288 4/135
G0:0007422 | peripheral nervous system development -2.6121 3/65
G0:0061061 | muscle structure development -2.3933 8/620
G0:0048524 | positive regulation of viral process -4.5455 6/77
G0:0006897 | endocytosis -3.7769 13/510
G0:0044712 | single-organism catabolic process -3.2380 14/657
positive regulation of response to external 8/254
1n | GO:0032103 | stimulus -3.0952
S
8 [ GO:0044255 | cellular lipid metabolic process -3.0304 16/853
17
B | G0:0019915 | lipid storage -2.8517 4/63
()
G0:0008203 | cholesterol metabolic process -2.7074 5/115
G0:0042733 | embryonic digit morphogenesis -2.7055 4/69
G0:0060976 | coronary vasculature development -2.6599 4/71
negative regulation of protein localization to 4/71
G0:1900181 | nucleus -2.6599
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G0:0031929 | TOR signaling -2.3954 4/84
G0:0005975 | carbohydrate metabolic process -2.3940 12/640
G0:0030163 | protein catabolic process -2.3254 13/738
G0:0014074 | response to purine-containing compound -2.2551 4/92
G0:0045596 | negative regulation of cell differentiation -2.2043 12/677
G0:1903047 | mitotic cell cycle process -2.1994 12/678
G0:0007040 | lysosome organization -2.0816 3/54
G0:0098609 | cell-cell adhesion -2.0447 15/983
G0:0007034 | vacuolar transport -1.9356 6/244
G0:1902580 | single-organism cellular localization -1.8667 14/937
G0:0009791 | post-embryonic development -2.8643 4/131
G0:0007623 | circadian rhythm -2.3317 4/184
0 | GO:0006520 | cellular amino acid metabolic process -2.3070 4/187
§ G0:0060401 | cytosolic calcium ion transport -1.9833 3/123
17
3 | GO:0060491 | regulation of cell projection assembly -1.8081 3/143
< G0:0032496 | response to lipopolysaccharide -1.5691 4/310
G0:0009306 | protein secretion -1.4947 5/483
G0:0030324 | lung development -1.3493 3/216
G0:0048812 | neuron projection morphogenesis -6.8697 24/568
G0:0006397 | mRNA processing -4.9575 17/407
G0:0022904 | respiratory electron transport chain -4.1875 6/57
G0:0060997 | dendritic spine morphogenesis -3.5930 5/47
G0:0021795 | cerebral cortex cell migration -3.4250 5/51
G0:0032204 | regulation of telomere maintenance -2.9088 5/66
(0:0051125 gfgg;tlii\géziulation of cellular component 227470 17/627
E G0:0060491 | regulation of cell projection assembly -2.7357 7/143
g G0:0022613 | ribonucleoprotein complex biogenesis -2.7128 12/369
S | G0:0010501 | RNA secondary structure unwinding -2.6719 4/45
G0:0008584 | male gonad development -2.6483 6/110
G0:0051642 | centrosome localization -2.6409 3/22
G0:0048668 | collateral sprouting -2.4289 3/26
G0:0007416 | synapse assembly -2.4246 6/122
G0:0048745 | smooth muscle tissue development -2.3816 3/27
00006336 aDSl\;?r;i[;}lllcatlon independent nucleosome 23363 3/28
G0:0051276 | chromosome organization -2.3238 22/989
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G0:0044708 | single-organism behavior -2.2925 13/470
G0:0048255 | mRNA stabilization -2.0978 3/34
60:0000122 | polymerasell prometer | 20856 | 17/731
G0:0070979 | protein K11-linked ubiquitination -3.0066 3/26
G0:0003143 | embryonic heart tube morphogenesis -2.8436 4/64
G0:0001508 | action potential -2.5701 5/125
00007204 Ic)(())rslict;\rllir;etig:rllation of cytosolic calcium ion 25302 7/248
G0:0090184 | positive regulation of kidney development -2.3430 3/44
G0:0051592 | response to calcium ion -2.2551 4/93
f G0:0051053 | negative regulation of DNA metabolic process -1.9886 4/111
% G0:0048545 | response to steroid hormone -1.9817 6/241
S | 60:0048469 | cell maturation -1.9504 5/176
G0:0032990 | cell part morphogenesis -1.9409 13/834
G0:0010822 | positive regulation of mitochondrion organization | -1.7047 4/135
G0:0001649 | osteoblast differentiation -1.5751 5/220
G0:0042158 | lipoprotein biosynthetic process -1.5423 3/87
G0:0014706 | striated muscle tissue development -1.4941 7/396
G0:0007219 | Notch signaling pathway -1.4357 4/164
G0:0051047 | positive regulation of secretion -1.4015 7/415
G0:2000191 | regulation of fatty acid transport -3.7116 3/27
DNA replication-dependent nucleosome
G0:0034723 | organization -3.5303 3/31
G0:0045597 | positive regulation of cell differentiation -3.2578 12/937
G0:0006900 | membrane budding -3.0781 3/44
G0:0034637 | cellular carbohydrate biosynthetic process -2.7292 3/58
© | GO:0071407 | cellular response to organic cyclic compound -2.7250 7/417
oy negative regulation of ion transmembrane
§ G0:0034766 | transport -2.5500 3/67
O | G0:0042742 | defense response to bacterium -2.3042 5/262
G0:0060048 | cardiac muscle contraction -1.9960 3/106
G0:0009628 | response to abiotic stimulus -1.9405 9/878
G0:0030162 | regulation of proteolysis -1.9057 7/593
G0:0043085 | positive regulation of catalytic activity -1.8474 9/910
G0:0007631 | feeding behavior -1.8040 3/125
G0:0009612 | response to mechanical stimulus -1.7329 3/133
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G0:0055082 | cellular chemical homeostasis -1.6263 7/676

G0:0008284 | positive regulation of cell proliferation -1.6122 8/837

G0:0016042 | lipid catabolic process -1.5994 4/264

G0:0006457 | protein folding -1.5533 3/156
negative regulation of transcription from RNA

G0:0000122 | polymerase Il promoter -1.4672 7/731

G0:0050792 | regulation of viral process -1.4521 4/294
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Table 3.3. Pathway analysis. Significantly enriched KEGG pathways were identified by
PaintOmics 3. The pathway name, number of genes in the pathway, and the p-value of the

enriched pathway is displayed for each cluster.

Pathway name # ;g%ﬁ?v:;in p value
Chronic myeloid leukemia 73 0.000338686
FoxO signaling pathway 132 0.000787849
Acute myeloid leukemia 57 0.001240835
AGE-RAGE signaling pathway in diabetic complications 99 0.001358973
Viral carcinogenesis 227 0.003864846
Osteoclast differentiation 129 0.004585344
Hepatitis B 144 0.006808734
Notch signaling pathway 49 0.007625999
One carbon pool by folate 19 0.010484035
Proximal tubule bicarbonate reclamation 21 0.012737603
cGMP-PKG signaling pathway 169 0.013022535
— | Longevity regulating pathway - multiple species 64 0.015772463
8 | Chemokine signaling pathway 179 0.016325768
é Pancreatic cancer 66 0.017118778
Prolactin signaling pathway 71 0.020757752
B cell receptor signaling pathway 72 0.021532519
Measles 133 0.024248336
D-Glutamine and D-glutamate metabolism 3 0.024466109
HTLV-I infection 280 0.028510832
MicroRNAs in cancer 142 0.029879555
Epstein-Barr virus infection 213 0.031572226
Fc gamma R-mediated phagocytosis 86 0.034021457
Non-alcoholic fatty liver disease (NAFLD) 151 0.036972563
Aldosterone-regulated sodium reabsorption 39 0.040831368
Cyanoamino acid metabolism 6 0.048337103
Carbohydrate digestion and absorption 43 0.048715614
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Cluster 2

Ribosome 142 1.96159E-72
Lysosome 123 3.06624E-11
Antigen processing and presentation 83 1.38481E-06
Alzheimer's disease 171 7.79893E-06
Phagosome 172 8.30585E-06
Pertussis 71 0.000215411
Graft-versus-host disease 57 0.000435438
Complement and coagulation cascades 82 0.000557173
Type I diabetes mellitus 63 0.000681039
Tuberculosis 171 0.000723784
Bile secretion 66 0.000872904
Staphylococcus aureus infection 49 0.001534731
Cardiac muscle contraction 73 0.001589831
Huntington's disease 192 0.001729474
Chagas disease (American trypanosomiasis) 102 0.001754501
Oxidative phosphorylation 132 0.001955027
Prion diseases 33 0.002244083
Rheumatoid arthritis 80 0.002370084
Herpes simplex infection 202 0.002414791
Allograft rejection 56 0.002547832
Parkinson's disease 141 0.002938146
Other glycan degradation 18 0.003252371
Glycolysis / Gluconeogenesis 62 0.004259306
Glycosaminoglycan degradation 20 0.004431495
Cell adhesion molecules (CAMs) 159 0.006023755
Mineral absorption 44 0.006436557
Autoimmune thyroid disease 70 0.006665082
Gastric acid secretion 71 0.007072876
Salivary secretion 76 0.00937542

Viral myocarditis 77 0.009891034
Endocrine and other factor-regulated calcium reabsorption 50 0.010090529
Pentose phosphate pathway 29 0.012698676
Hematopoietic cell lineage 81 0.012762553
Inflammatory bowel disease (IBD) 57 0.015790116
Folate biosynthesis 13 0.019716855
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Leishmaniasis 63 0.023181653
Protein processing in endoplasmic reticulum 167 0.023909382
Osteoclast differentiation 129 0.024222426
Measles 133 0.025851804
Glycosaminoglycan biosynthesis - keratan sulfate 15 0.025958871
Renin secretion 66 0.026894996
Glucagon signaling pathway 100 0.027615013
Aldosterone-regulated sodium reabsorption 39 0.028072934
Renal cell carcinoma 68 0.028207221
Apoptosis 136 0.028429976
HIF-1 signaling pathway 106 0.035496724
PPAR signaling pathway 75 0.038449724
Biosynthesis of amino acids 76 0.041718329
Carbon metabolism 111 0.04189573
Glycosaminoglycan biosynthesis - chondroitin sulfate /
atan sulfate 20 0.044448465
Non-alcoholic fatty liver disease (NAFLD) 151 0.045022657
Thyroid hormone signaling pathway 116 0.047484995
Proximal tubule bicarbonate reclamation 21 0.048589788
Tight junction 132 0.000449328
Platelet activation 120 0.001554302
Regulation of actin cytoskeleton 211 0.001664998
Fc gamma R-mediated phagocytosis 86 0.001981086
Chemokine signaling pathway 179 0.002637014
cAMP signaling pathway 196 0.004345735
" Adherens junction 73 0.006904076
E‘Z cGMP-PKG signaling pathway 169 0.008321814
5 Transcriptional misregulation in cancer 171 0.009785672
Axon guidance 128 0.010644426
Notch signaling pathway 49 0.014116065
Staphylococcus aureus infection 49 0.014905033
MicroRNAs in cancer 142 0.016075698
Pertussis 71 0.03850312
B cell receptor signaling pathway 72 0.03850312
Cytokine-cytokine receptor interaction 243 0.040790945
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Salmonella infection 76 0.04406318
Bacterial invasion of epithelial cells 78 0.046985103
Tuberculosis 171 1.85124E-07
Phagosome 172 1.94492E-07
Leishmaniasis 63 7.46613E-07
Salmonella infection 76 2.07544E-06
Rheumatoid arthritis 80 2.80769E-06
Hematopoietic cell lineage 81 3.24575E-06
Staphylococcus aureus infection 49 4.74381E-06
Inflammatory bowel disease (IBD) 57 9.12161E-06
AGE-RAGE signaling pathway in diabetic complications 99 9.70705E-06
Legionellosis 57 9.94319E-06
Influenza A 158 1.35429E-05
Pertussis 71 2.87456E-05
NF-kappa B signaling pathway 94 0.000103498
Asthma 21 0.000146154
Toxoplasmosis 107 0.000190548
2 Graft-versus-host disease 57 0.000194419
'2 Cytokine-cytokine receptor interaction 243 0.000205507
< | Type I diabetes mellitus 63 0.00026785
HTLV-I infection 280 0.000483461
Osteoclast differentiation 129 0.00048588
Herpes simplex infection 202 0.000503979
Antigen processing and presentation 83 0.000766244
Intestinal immune network for IgA production 41 0.001090404
Viral carcinogenesis 227 0.001261183
Toll-like receptor signaling pathway 98 0.00142353
MAPK signaling pathway 248 0.001459362
Chagas disease (American trypanosomiasis) 102 0.001649676
Transcriptional misregulation in cancer 171 0.001777287
Allograft rejection 56 0.002687588
Regulation of actin cytoskeleton 211 0.004060283
Epstein-Barr virus infection 213 0.00414188
Autoimmune thyroid disease 70 0.00504931
Systemic lupus erythematosus 125 0.005979268
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Viral myocarditis 77 0.006581812
Complement and coagulation cascades 82 0.008363187
Pancreatic secretion 90 0.010401889
Chemokine signaling pathway 179 0.012038559
Amoebiasis 100 0.013773675
HIF-1 signaling pathway 106 0.016061351
Focal adhesion 197 0.016571097
TNF signaling pathway 110 0.01728048
Proteoglycans in cancer 201 0.017705098
Rap1 signaling pathway 211 0.021069414
PI3K-Akt signaling pathway 332 0.024842079
Ras signaling pathway 225 0.02552088
Measles 133 0.028309022
Caffeine metabolism 6 0.029298773
Apoptosis 136 0.029967003
NOD-like receptor signaling pathway 58 0.033427937
MicroRNAs in cancer 142 0.03343389
Hepatitis B 144 0.034634035
Pancreatic cancer 66 0.042293638
Pathways in cancer 387 0.043085504
RIG-I-like receptor signaling pathway 67 0.043457558
Cell adhesion molecules (CAMs) 159 0.04502588
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 71 0.048230725
Glycosphingolipid biosynthesis - ganglio series 15 0.000321529
Glycosphingolipid biosynthesis - globo series 15 0.000321529
Viral myocarditis 77 0.000722932
Lysosome 123 0.000977412
" Phagosome 172 0.001126874
E Cell adhesion molecules (CAMs) 159 0.003690038
é Intestinal immune network for IgA production 41 0.006321519
Amino sugar and nucleotide sugar metabolism 48 0.009787246
Parkinson's disease 141 0.010172831
Staphylococcus aureus infection 49 0.010943817
Non-alcoholic fatty liver disease (NAFLD) 151 0.013355332
Glycosaminoglycan degradation 20 0.0143502
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Oxytocin signaling pathway 155 0.014427422
Allograft rejection 56 0.014870721
Graft-versus-host disease 57 0.016334203
Type I diabetes mellitus 63 0.020334892
Leishmaniasis 63 0.02119389
Autoimmune thyroid disease 70 0.026760576
Citrate cycle (TCA cycle) 31 0.032882809
Rheumatoid arthritis 80 0.03760084
Aldosterone synthesis and secretion 86 0.047650242
Regulation of autophagy 39 0.049968309
)
E Nicotinate and nicotinamide metabolism 31 0.009297065
7
=
o
Valine, leucine and isoleucine biosynthesis 3 0.014030096
Oxidative phosphorylation 132 0.005730666
Parkinson's disease 141 0.00811303
Homologous recombination 28 0.009977523
~ Spliceosome 131 0.019876836
E Intestinal immune network for IgA production 41 0.027884342
é Cardiac muscle contraction 73 0.031210438
Ether lipid metabolism 43 0.031539467
Olfactory transduction 1043 0.032719034
Arginine biosynthesis 18 0.033184638
Arginine and proline metabolism 46 0.037468013
ECM-receptor interaction 80 0.006858186
Hypertrophic cardiomyopathy (HCM) 81 0.007162509
o Dilated cardiomyopathy 86 0.008817923
E Alcoholism 181 0.012256982
é Amphetamine addiction 66 0.024256306
Arrhythmogenic right ventricular cardiomyopathy (ARV(C) 71 0.029290025
Arachidonic acid metabolism 79 0.038399514
Rheumatoid arthritis 80 0.039628397
5 Alcoholism 181 9.41407E-05
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Systemic lupus erythematosus 125 0.000119965
Influenza A 158 0.001463712
Estrogen signaling pathway 97 0.001695261
Protein processing in endoplasmic reticulum 167 0.001867186
Type Il diabetes mellitus 49 0.00215949
Toxoplasmosis 107 0.002426251
Legionellosis 57 0.0034956

Dopaminergic synapse 126 0.004363112
Longevity regulating pathway - multiple species 64 0.004614275
Insulin signaling pathway 141 0.006480008
Maturity onset diabetes of the young 26 0.008135072
Viral carcinogenesis 227 0.008794291
MAPK signaling pathway 248 0.009874044
Aldosterone synthesis and secretion 86 0.011103854
Melanogenesis 99 0.015642679
Insulin resistance 110 0.020112568
TNF signaling pathway 110 0.020112568
Sphingolipid signaling pathway 120 0.025214494
AMPK signaling pathway 125 0.028002707
PI3K-Akt signaling pathway 332 0.030852427
Osteoclast differentiation 129 0.031556514
FoxO signaling pathway 132 0.032170781
NOD-like receptor signaling pathway 58 0.037137078
Adrenergic signaling in cardiomyocytes 146 0.041422616
Thyroid hormone synthesis 68 0.049493423
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Table 3.4. Genes found in each maSigPro cluster. Genes present in each cluster are listed
(gene symbol). Clusters 1-2 (Column A), clusters 3-5 (Column B), clusters 6-7 (Column C),

and clusters 8-9 (Column D).

Column A: Column B: Column C: Column D:

Clusters 1-2 Cluster 3-5 Clusters 6-7 Clusters 8-9
Cluster 1: 251 Genes | Cluster 3: 245 Genes | Cluster 6: 140 Genes | Cluster 8: 239 Genes
Gm26888 Pcsk2 Ligl2 Gm43423
Mir99ahg Mtmr3 Gm11791 Gm6096
Nfkbie Crebbp Mup?7 Thllx
Gm3336 Bivm 01fr494 Sppl2b
Ttpal Snn Ephal0 Epnl
Vamp1 Gm3755 0lfr645 Amacr
Amz1 Iws1 Ccdc85b Azinl
Gm26615 Tmem173 Gm42594 Fos
RP23-158G17.1 Pde3b Gm9899 Fbn2
Gm15545 Fermt3 Gm37350 C3arl
Gm38042 0lfr133 Zfp771 Atf4
Fam53c Synj2bp C230029F24Rik Notch3
Pdelb 0lfr1218 Actrtl Itga9
5430405H02Rik Epb4112 Tcstvl 9330136K24Rik
6820402A03Rik Bmp2k Alox8 Kprp
Nufip?2 Setd1b Gm6420 Coch
Son Cthrcl Gm3448 Colec10
Mrohl P2ry13 Gm27199 Pla2g6
Gm28192 Gm26868 Gm5891 Hyls1
Srgap2 Ap5z1 Gm10860 Lritl
Fosl2 Nhlrc3 Gm16381 Cluap1
Srcap Marcks 4930401G09Rik BC030336
Pcdhga9 Pld1 Gm29081 Gee2
Prkgl Abca9 4930515L19Rik Myo19
Gls Itgab Gm10803 Sepl5
Maml3 Hist2h3c2 Gm26945 Gm37504
Cyb561 Gm7075 Gm37134 Ryr2
Gm38162 Adgrgl Gm5269 Afg3l1l
Fbx118 Vavl Zfp446 Mmgtl
Gm38318 Gm26661 Trpc3 Rhox2f
Gm38071 Phf23 A830018L16Rik Selenbp?2
Gm37205 Gm12111 Zfp451 Paqr9
4930442H23Rik Fer Gm12718 Eefld
1700008B11Rik Zfpm1 Alb Gm37985
4933403L11Rik Gm4673 Gm10710 Ints9

102




Taf4b Zfp3612 1700021L23Rik Plin3
Wdr13 Psg18 Fam186a Fut4
Ccdc97 Gm8898 Gm43181 Stk32c
Hnrnphl Sema4c Smr2 Ctse

Srsf7 Bank1 Ctgf Padi2
Sfpq Mlip Gm35584 Gm26751
Runx1 Gm42443 Col27al Gabrp
Kalrn Qk Hrasls Gm12869
Gm28496 Zbtb7a Gm9894 Atp5g2
Elmo1l Mef2a Gm2762 Htré
C130089K02Rik Hesl Dpysl3 Pcdh19
Fam71a Sema4b Fam109b Gm42882
Pde4c Vmn1r40 Ctrc Mcrs1
Gm37233 Serpingl Zmynd8 Gm15764
Eif4al Anapcl1l Psmc3ip Clnk
Gm12940 Maf 4930589P08Rik Ankrd33b
Gm37084 Sh3bp5 1700029M20Rik Zfp397
Zswim4 Grap Zmynd11 Gm43721
9330160F10Rik Msl312 Gm29187 Ube2d2b
Pirb Kdm4b Tulp4 RP24-83C9
Neatl Gm10552 Mc5r 01fr390
Stat3 9530026F06Rik Gm15941 Adgrg3
Zfhx3 Sogal Gm6133 2310034005Rik
Mzf1 Lysmd1 Gm5538 Rxfp3
Hpn 1110004F10Rik Scgb2a2 5530400C23Rik
Kdmébos 9930111J21Rik2 Hrc Slitrk6
Efna2 0l1fr1395 Gm5797 Gm37355
Gm29488 Rere 1700028E10Rik Prtg
Nfat5 Ggtal Ncl Sult6b1
Mir22hg BC049352 0lfr638 Rbms1
2010310C07Rik 0l1fr539 Sf3bl Dpy30
Mir17hg D5Ertd577e Prdm1 Comp
Tmem184b Tmem119 Slc36al Trpc2
Gpr4 Csflr Pegl0 Mob3b
Smcr8 Rgs7bp RP23-354F7 Gm37824
Gsk3a Me3 Ankdd1b Smok3b
Macf1 Khdrbs1 Serpinale Pank?2

Dst Wdr26 Gm6594 Desil
Whrn 0l1fr1418 Gm43108 Gm12569
Rnf34 HItf Kcnjl Kifc3

Nrm Gnal5 Swtl Pkhd1l1
Snx29 Rpe Vmnlr25 Gpri182
Gdap10 Salll Gm13837 C2cd3
Snrpa Dtx4 Gm14617 Ednrb
Chd4 Gm37746 Hnrnpf Desi2
Rin3 0l1fr870 Gm38079 RP24-314D22
Gm42941 Gm43449 Gm9922 Gm15655
Trim72 Pdia4 Gm13442 Gm15972
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RP24-144C5.1 Gm38349 HIf Coa3
Spred3 Gm7982 Dopey2 Gm2381
1810013L24Rik Dock10 Gml Hapl
Btgl P2ry12 RP24-434021 Zbtb44
4933423P22Rik 0lfr450 Ang?2 Skap1l
Nfe213 Bckdha Ingl Farsb
Morn1 Hmgxb4 Cic Gm21987
Adra2b Myh9 Cep104 Psmc6
Rsrpl Gm37848 Socs7 Cenpt
Fbrs 1116 Gm43777 Csrpl
Trpm2 Entpd1 Gm43280 Npas3
Gm15708 Bin2 1700034E13Rik Serpinb13
Slc35g3 A430010J10Rik 9330104G04Rik Gm29671
Gm43484 Gm43507 Olfr585 Gm29162
Map3k12 Dsel Ankef1 Catsper3
Gm26981 Kif21b Nt5c3 Gm42418
Dand5 RP23-477L5 Hs3st2 Cdc42se2
Pdap1l Tbc1d31 Pamrl 5730488B01Rik
Hpca Gm829 Tspanl8 Abhd8
Tmem109 Fbx119 BC048507 Srcinl
Nav2 Gm4980 Gm37595 Itgall
Gm10513 Ivnslabp Fkrp Dnajc9
Bptf Slco2b1 Nmnat1 Trim68
RP23-434H14.7 Mtus1 RP24-313L21 Tapbp
Gm3739 Mxd1 Catip Gm42803
Gm37376 Pacsin2 Gm15755 Exocl
RP23-292B24.1 Sla Gm38246 Lclatl
Gm15533 Gm10830 Anapcl5-ps Abcb10
Polg2 Sf3b2 Gm10662 Xk
5031425E22Rik Ptafr Tars2 Dynlt3
Wdré Tgfblil Pou4fl Gm37324
Gm37728 Crybb1l Olfr774 Endod1
Uncl3a Sox4 Gm15735 Gm13212
Gm11753 Snx4 Gm38337 Rsph3a
Gm43677 Eng 0lfr1220 Tjp3
Ucp2 01fr1055 Tcpl0a Slitrk2
Gm38157 Pvrl2 Prkg?2 Zfp521
Stat5a 0lfr1392 Cl1qtnf5 2700089124Rik
Gm43029 Gm34866 0l1fr373 Arhgap40
Chd7 Clta Zcwpwl Gm6787
Atplb2 Arid3c Pycrl Catsperg?2
Gadd45gip1 Taok1l Hegl Scnlla
Gm37558 Cyth4 Gm10433 Ppapdclb
Trpmb5 Lyn Nckap1 Slc35e4
Cyb5d1 Gm12603 Gm20917 Vmn2r58
Hdlbp Abcb4 Ppbp Scimp
Gm38292 Cxxc5 Sds Cep41l
Gm16861 Gm15884 Gm21292 Cd82
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Nmrk2 Ppp1r10 01fr1391 Nrcam
Gm37420 Accs Vmn1rl28 Snhgl8
Csmd3 Sfmbt1 Mrps30 Rsph10b
Gm38055 Vmn2r110 Rprll C79798
Bcl6 Golm1 Zthx4 Bri3bp
Gm17705 Gm11646 Mup1 Olfr119
Fus Lrba Ccdc77 Prl7al
Pik3r2 4930511M18Rik Palm3 4930568D16Rik
Rad23a 1700030C14Rik Nrg4 Sox11
Tldcl Dock8 Cluster 7: 445 Genes | Gm26917
Gm43813 Sgce Ubqlnl Wfdc6a
Gtf2ird2 Ckb Ubap2l Gm14444
Kcenqlotl Tnfrsflb Cxxc4 Tcp10b
Mthfs Zfp296 Mrps9 Slc35d2
Tanc2 Tob2 Ddx3x Tctex1d1
Hdacl Tcll 1700007G11Rik Tat
Gm37859 Gm8973 Ddx3y Chchd6
Srrm2 Usp24 Gm15788 Bfsp1l
Gm37613 Mef2c Cftr Ndfipl
Rnf19b Lifr Gm37811 Mgst3
RP23-337M7.12 Tnfrsf21 Helq Zfp213
Atcayos Cdk2ap2 Sema3a Slc37al
Pygm Bcl10 Tox Nudtl6
Opa3 Klc2 Lrifl Gm26965
Sec24a Ckm Gm26624 Gm12426
Plekhg?2 Gprl65 Gotl A930018P22Rik
Chchd2 Hist1h2br Cdc73 Ccdc158
Slc5a3 Tall Smgb6 RP23-480116
Vasp Ddx47 Gm43518 Ccdc186
RP24-259P13.3 Gm3164 Lrrc7 Gm2396
Fyb Exoc3 Vmn2r36 Gpx3
Ikbke Stx16 Gm20821 Acatl

Sag Ppplrl2a Mxra8 Maml1
Evalb Gnai2 01fr872 4930517L18Rik
Gm28720 Zfp90 Gm21092 Dapll
Gpr3 Cd151 Fam49b 111
Sh3d21 Hcls1 Gm29303 Vmn1r206
G630030J09Rik Abl1 Tma7 Erich6
Atglell Nckap1l Arpp21 Dchs2
Naa38 Snx13 Tax1bpl Pdzd4
A530013C23Rik Pnp Gm42441 Lelpl
4921531C22Rik Kdm3b Sh3d19 Wfdc8
Gm16586 01fr382 Rtll Cyp2j9
Gm37285 Agol RP23-32A8 Gm16235
Gm26672 4930522H14Rik Igsf10 Gm14664
Gm37342 Chd9 Gm43009 H3f3b
Bcl2111 Slc7a8 Pcdhb8 Rps26-psl
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Zc3h18 Selplg Osbpl6 Fhl3
RP23-89M16.5 0610010K14Rik Nr2f2 AW551984
Malatl Ppp1r9b RP24-100013 Gm10283
Egrl Prex1 Map4k5 Gm43753
Lysmd4 Irf4 RP23-411N5 Arpc2
Gm43256 Cmtm6 Vmnlr132 Zdhhc8
P4htm Exosc2 Apc Mblac?2

Eif5 Gm42871 Hirip3 Ostn
5430420F09Rik 1700074H08Rik Skil Fosb

Nlrplb Ecscr Eif4e2 Slc18a3

Sirtl Rhoa Pcdhl Tbx2

Zfp526 Ifngrl Unc5c RP23-201L15
Tafl3 Dock4 Phxr4 Ice2
Gm43162 Gm19744 Phf14 RP24-276E19
BC024978 Prri2 Sfil B4galnt2
Pttgl 9130213A22Rik Atr Asah2

Reep2 Dync1li2 D630029K05Rik Pgls
Hnrnpa2bl Rgmb Gm43049 Foxd1l
Gm15853 Mtss1 Satl Hsd17b7
Jund Gm17657 Rabgap1 Gpr25
Gm38346 Gm15589 Gm38197 4930513D17Rik
D430018E03Rik Siglech Gm37708 Gm37366
E230013L22Rik 4930590L20Rik Gm12735 A830019P07Rik
Gm37472 Nek7 Zfp729a Gm5617
Dedd?2 Aridla Slc22al4 C2cd2
Tmem88 Fam83e Olfr1275 Adamts20
Col23al Mylip Gm37589 Gm15482
Gm16310 Defb15 Foxp2 Cptp

Dock2 Basp1l Safb2 Klhdc7a

Ptms Gm5773 0lfr1016 B4galt7
Gm38056 Kat6a Gm13165 Dnajc6

Rab3a Megf6 Gm37620 Cst3

Aff4 Mertk Gm10721 Pgm5
Ldlrad4 Rdx Arid4a Cdc14b
5330406M23Rik Hpgd Gm11168 3110082117Rik
A230103J11Rik Gm12434 Map1b Pced1b
Fam210a Kpnb1 mt-Nd4 Zdhhcl
Gabpb2 Gm37497 Vmn1r148 Ube2d3
Mknk?2 Apobr Cdk14 Gm28306
Lincpint Cx3crl 1700049G17Rik Gm43611
4930403P22Rik Gpr34 Sept7 Rfx1

Myo18b Trim8 Rbm12b2 Gm16105
Phykpl Hmox2 Ppan Vmnlrl57
RP23-8I8.3 AKirin2 Gm36957 Apobecl
Hnrnpa3 Arid3a Zfp280d Cdc23

Rbpil Tubgcp5 Cd86 Glod4

Shmtl Cmya5 S100a3 Gm15742
Tssc4 Tmem44 1700016F12Rik Meis3
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Chka Mtdh Plbl Gata3

Tgfbl Fvl Gm43194 Ngef

Cpne9 Cth Crebl2 Kcnd2
Gm37352 Krtap4-8 2610203C22Rik Raplgap2
Dleu2 Frmd4a Gm26804 Tgtb3
RP23-4F16.11 0610031016Rik Olfr655 Col9a2
Gm13293 Col26al Dhx36 Gm38272
Gm11175 Ddx17 1120 Prlhr

Nasp Gm27184 Pate2 Hoxd1
Pcdhgb4 Wnk1 Top3b Gm27029
1700008]J07Rik Capl Trim5 Gm16031
Ifitm10 Rtn4rll 2900037B21Rik Tiam2
Rab10os Tagap Gm26573 Gm13734
Apobec3 Tppp Sox2ot Cluster 9: 155 Genes
RP24-333B11.5 Prkcd Ppfial Slc9a5
Gmb5475 Plcl2 Phip Gm28587
Agmo Scoc Thrap3 Slc25a41
Zfp36 Itgh5 Crtc2 Mos

Orai2 Smok3a Syt2 Bmp10
4930562C15Rik Cluster 4: 125 Genes | Gm12707 Gm37388
Gm37474 Dhx40 Lpar6 Tmem150a
Gm9929 Rela Zmymb5 Gm38125
Gm37755 Gm13411 Ccdc54 Gm11973
RP24-174G2.2 6430511E19Rik Gm43101 RP24-430K15
Fam196b Cstal Fbxol1 Slc7a5
Cluster 2: 336 Genes | Casp4 Dnm3 Nr4al
Rpl13 Ccl3 mt-Nd6 Rhox2c

Cpd Prss50 Apbb1lip Gm40190
Mpv1712 Hmgal-rsl Rdh19 Flg

Brix1 RP23-172P1 Mt4 Mbd6

[I1rn Gm14023 Zc3h7a Vps37b

Csfl Pnliprpl Cwf1912 Gm10575
Phfl1lb Gm37602 Gm42669 Nek5
Baiap212 H2-Abl RP23-473K6 Prrc2a
Fabp5 [13ra Krt33a Gm28839
Scandl Gm7676 4933407L21Rik 5330439B14Rik
Itm2c Eif3g Gm21738 Eif4ebp3
Al607873 Ccdc96 Gm10801 Leap2

NsaZ2 Rcanl Griplosl Gm37820
Bsg Cd14 Olfr1176 Thc1d24
Gm43323 Nrp2 Cyp2gl Trmt12
Apoe Gm3460 Gm4181 Qrfp

Xyltl Gm43305 Fras1 Mapk9
Gngl2 Lmna Gnl2 RP23-385F8
Cndp2 Cd74 Gm16116 P2rx7
Pgam1 Nwd1l mt-Nd5 Gm37874
Ifitm3 Tubb6 Scn9a RP23-435E16
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Ifi202b Gm13393 Plxna4os2 Pllp

Itgax Trabd Las1l Gm37624
Chst2 Gm26671 Gm13412 Cdh23
Rtcb Egr3 Sec62 H2afx
Gas213 Sowahc Dnajc7 Hamp
Rpl37a 01fr669 Tchp Hspa8
Clqa Gm14097 Ppm1l Gm16897
Smim3 Gm43430 0l1fr867 Tgm?2
Taldo1l Dot1l Tox2 Anks1
Rps17 C5arl Pigb Gm28157
Snora26 Cep85 Gm20806 Mclr

Axl Kdmé6b 01fr1087 Gm11309
Prdx6 Slc44al Gm10718 Gm10392
Lgals3bp Irgl Agps Cyp2d12
Hspal2a Cxcll6 Zfp827 Rilp
Pianp Gm14636 Scgb1b27 Sidtl
Sh3bgrl3 C5ar2 Gm13839 Slc43al
Ctsd Gm28706 Gm28079 Histlh4h
Rps13 Slc22a5 Gm15319 Plk3
Slfn5 Myof Thsd7b Sh3tc2
Cacnala Gas7 Cdc42bpa Tmigd1
Sppl Cxcl2 1700122D07Rik RP23-449F12
Gba Map2k3 Wdr49 Gm28352
Clintl Stau2 Gm26907 BC002189
Sik1 Slc15a3 Bod1l Gyg
Cirhla 0l1fr293 Gm3867 VidIr
Ankrd45 Hatl Adam32 Gm37270
Npc2 Ipmk Srrm1 Gm15729
Haao Itga5 Dixdc1l Pcdhga6
Al504432 Vegfa C230088H06Rik Junb
Cpvl Aim1 Smarcel Hist1h4c
Rps5 Klf2 Gm42970 Jup
Naalad2 Slc24a5 Olfr1426 Col6a3
Plbd2 Trmt6 Eif4a2 Cdk18
Clqc Gm5092 Flg Gm29324
Rpl12 Ndell Pdelc Slc3al
11b Egr2 Rbm6 Gm21900
Fkbp2 Lilr4b Zfp644 Iahl
Rftnl 1810009J06Rik Clk1 Gm14862
0s9 Fxyd1 Gm28633 2810407A14Rik
Gm11639 Gnaq Vmn2r42 Kank3
Cotll Dcunld4 Gm29154 Gm26904
Ch25h Gm15420 Txndcl1 D430040D24Rik
Lgi2 Figf 4933427]J07Rik Gm43201
Rps11 Aldoart2 Atrx Tctex1d4
Rpl22 Muc2 Gm37382 Marcksl1
Gaa Usp50 Ptpn13 Sh2b2
Tyrobp Cd83 mt-Co3 Sybu
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Atplal Arpclb Gm10800 Olfr1262
AU020206 Pigo 4930431F12Rik Gm42592
Abca7 Cypt4 Cd59b Gm26918
Nme?2 Mctp2 Vmnlr160 Gm43292
TIr2 Cd44 Taf3 Ahdcl

Eif4b Phldal Gm3298 Dsccl
Atpla3 Tank Vmnlr55 Gm37469
Capnl Gm38091 Gm37752 Neul

Statl Rgsl Ppara Zfp574

Ifit2 H2-Eb1l Arsk Gm38374
Snrpb2 Rnasel1 Tmem243 Plin4

Dkk2 Nfkbiz Zfand5 Npw

Ctsb Aimp1 Rptn Rarb

Semabb Gm6377 Zfp286 Ptprcap
Enpp2 Ehd1 Gm10717 Mrpl41

Gtf3a Plaur Atf3 Arl4d
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CHAPTER 4

Comparing Surface Expression of Proteins on Microglia

in vitro vs in vivo and Microglial Changes in AD

Abstract

Alzheimer’s disease (AD) is characterized by the presence of plaques containing
aggregated -amyloid (AB), neurofibrillary tangles (NTF) formed by hyperphosphorylated
tau, and a loss of neurons resulting in brain atrophy and cognitive loss. Genome-wide
association studies (GWAS) have identified variants of CR1 and TREM2 associated with
increased risk for AD. Given the anti-inflammatory role of TREM2, the associated increased
risk for AD may be attributed to loss of regulation of inflammation in the brain and/or a
decrease in phagocytic potential by microglia. Here, we assessed the expression of TREM2
and CR1 as well as CD200R (another receptor with antiinflammatory properties) by flow
cytometry on microglia isolated from aged 3xTg mice and age-matched controls. Microglia
isolated from 3xTg mice had greater expression of TREM2 compared to controls. Although
primary neonatal microglia expressed both CD200R and CR1, microglia isolated from adult
mice (both 3xTg and controls) showed no expression of these two surface proteins.
Consistent with what has been reported, CD45 was significantly increased in the 3xTg mice
compared to controls. To further explore the molecular signature of microglia in AD mouse
models, we studied the gene expression changes in yet another mouse model of AD with or

without proinflammatory C5aR1. This model was chosen as we have previously demonstrated
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that treatment with a C5a receptor antagonist, PM X205, rescued the behavior performance in a
mouse model of AD and significantly reduced the amyloid plaque load and reactive glia found
surrounding AP plaques in two murine models.  Gene expression studies identified 25
differentially expressed genes from brains of Arctic compared to Arctic C5aR1KO mice. The
genes point to a decrease of interferon-related genes in the Arctic C5aR1KO0, with Stat1 being
a prominent transcription factor found to be decreased with the loss of C5aR1. Chemokine
signaling genes are also found to be differentially expressed, with Ccl5 and Ccl9 decreased
and Ccl8 increased in the C5aR1-deficient brains in the AD model. Absence of differentially
expressed neuron-related genes in the neurodegenerative panel suggest microglia are
primarily altered in the Arctic C5aR1KO. Thus, studying microglial gene expression in AD
models may elucidate the mechanism by which C5aR1 blockade improves cognitive deficits

in the Arctic model.
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Introduction

The immune response in the CNS is largely mediated through innate immune cells
such as microglia, resident macrophages, and dendritic cells. While resident populations of
macrophages and dendritic cells exist in the perivascular space, meninges and choroid
plexus (Nayak et al., 2012), microglia are the dominant innate immune cell found in the
brain parenchyma under normal conditions, where they play a role in immune surveillance
and support tissue maintenance (Kettenmann et al., 2011). Unlike the specialized resident
macrophages of the meninges, perivascular space, and choroid plexus, microglia derive from
precursor cells from the embryonic yolk sac that populate the CNS early during development
(Ginhoux et al., 2010). During development and during learning, microglia play a role in
synaptic pruning and facilitate the protection and remodeling of synapses (Ji et al., 2013;
Parkhurst et al., 2013).

Microglia activation results in a wide range of phenotypes. In the periphery,
macrophage activation leads to what has been described as classic, proinflammatory
phenotype (M1) or non-inflammatory phenotype (M2). M1 macrophages secrete
proinflammatory cytokines such as IL-1, IL-6, and TNF-alpha, potent inducers of
inflammation. Unlike the single proinflammatory phenotype, macrophages with anti-
inflammatory capabilities have been categorized in three different states; M2a, M2b, and
M2c, with M2b having both pro and anti-inflammatory functions (reviewed in (Colton and
Wilcock, 2010)). These M1 and M2 activation states represent extreme phenotypes of
macrophages that can be induced with specific cytokines. Although useful to study in vitro
functional outcomes, this categorization is oversimplified and a growing body of literature

suggests macrophages can exhibit many phenotypes across the spectrum of M1 and M2

128



activation states (Murray et al.,, 2014). Like macrophages, microglia are likely to take on
many activation states under chronic inflammation to correspond to their many functional
duties in the CNS.

Alzheimer’s disease (AD) is the most common form of dementia among the elderly.
Characteristic neuropathological changes seen in AD brain include synaptic and neuronal
loss, neurofibrillary tangles (NFTs), extracellular senile plaques composed of amyloid (A)
protein deposits and evidence of inflammatory events. The relative contributions of these
pathological markers to the cognitive dysfunction in AD remains controversial, but clinical
and transgenic animal studies are increasingly suggesting that Af3 alone is not sufficient for
the neuronal loss and subsequent cognitive decline observed in AD ((Aizenstein et al,,
2008;Blurton-Jones et al., 2009;Fonseca et al., 2009) and reviewed in (Selkoe and Hardy,
2016)). The role of neuroinflammation in neurodegenerative diseases, particularly relating
to Alzheimer’s disease, is an active area of research (reviewed in (Wilcock et al., 2011;Wyss-
Coray and Rogers, 2012)), and immune activation in the brain has been identified by many
groups as a potential therapeutic target ((Bachstetter et al,, 2012) and reviewed in (Heneka
etal, 2015)).

Recent clinical and genetic work involving genome-wide association studies (GWAS)
have linked the pathology in AD with neuroinflammation, suggesting a more prominent role
in the pathogenesis of the disease (Zhang et al., 2013; Karch and Goate, 2015; Ridge et al,,
2016). Innate immunity and the complement cascade have been specifically implicated as
disease risk factors (Jones et al.,, 2010). TREM2 and CR1 are involved with Af3 clearance and
in GWAS studies were found to be associated with increased risk for AD. Unlike other single

nucleotide polymorphisms (SNPs) associated with AD, the TREM2 SNP conferred a risk of
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Alzheimer's disease similar to the risk of one ApoE €4 allele, although the frequency of the
variant occurs less than the frequency of ApoE €4 allele (Saunders et al., 1993; Guerreiro et
al., 2013; Jonsson et al.,, 2013). TREM2 has been shown to be involved with detection of lipids
known to be associated with fibrillar A and a loss of TREM2 in the 5xFAD mouse model of
AD lead to an increase in A3 accumulation (Wang et al.,, 2015), though more recent work has
implicated TREM2 in keeping the plaque compact rather than affecting amyloid burden
(Wang et al,, 2016) . CR1 is also associated with AD risk (Lambert et al., 2009), although to a
lesser extent than TREM2. Recent data suggests CR1 likely has a primary role on clearance
of Af3 outside of the CNS (Fonseca et al., 2016).

The complement system is a well-known powerful effector mechanism of the immune
system that normally contributes to protection from infection and resolution of injury
(Ricklin and Lambris, 2013). Complement activation generates activation fragments C3a and
C5a that interact with cellular receptors to recruit and/or activate phagocytes (including
microglia) (Davoust et al., 1999; Monk et al., 2007). Fibrillar Af} can activate the classical
complement pathway (in the absence of antibody) or the alternative complement pathway
(Jiang et al., 1994; Bradt et al., 1998) and complement components are associated with
plaques in human AD and mouse models of AD (Afagh et al., 1996; Matsuoka et al., 2001;
Fonseca et al,, 2011). We have previously demonstrated that treatment with a C5a receptor
antagonist, PMX205, rescued the behavior performance in a mouse model of AD and
significantly reduced the amyloid plaque load and reactive glia found surrounding Af
plaques in two murine models (Fonseca et al., 2009).

Here, we investigated microglia cell surface expression of CR1, TREM2, and CD200R

in the 3xTg mouse model. We found CR1 and CD200R were not expressed by adult microglia,
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nor were they upregulated in the 3xTg, although they were expressed in primary microglia
and the BV2 cell line and upregulated by cytokine stimulation in those cultured cells.
Importantly, at 4 months, before plaque pathology, there was no difference in TREM2
expression between 3xTG and control mice. However, TREM2 was significantly increased in
microglia isolated from aged (19mo) 3xTG but not in age matched controls. Finally, using
Arctic model of AD which develops accelerated plaque deposition (2-6 months) and behavior
deficits as early as 10 months, we investigated the expression of immunology-related genes
and neurodegenerative-related genes using two separate panels from Nanostring
technologies between wild type and Arctic, but importantly also in C5aR1-deficient Arctic
mice. We identified 27 differentially expressed genes from brains of Arctic compared to
Arctic with C5aR1 deleted in (23 in the immunology panel and an additional 4 genes in the
neurodegenerative panel). The genes point to a decrease of interferon (IFN) -related genes
in the Arctic C5aR1KO, with Statl being a prominent transcription factor found to be
decreased with the loss of C5aR1. Chemokine signaling genes are also found to be
differentially expressed, with Ccl5 and Ccl9 decreased and Ccl8 increased in the C5aR1-
deficient brains. Absence of differentially expressed neuron-related genes in the
neurodegenerative panel may suggest microglia are primarily altered in the Arctic C5aR1KO.
However, studies at earlier ages need to be conducted to determine if neuronal changes
occur at earlier ages and more comprehensive investigation of neuronal genes is required.
Thus, further study of microglial gene expression in AD models may elucidate the mechanism

by which C5aR1 blockade improves cognitive deficits in the Arctic model.

Materials & Methods
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Reagents

Hanks’ balanced salt solution (HBSS), was obtained from ThermoFisher. Dulbecco’s
modified eagle medium (DMEM) with high glucose, glutamine and pyruvate was obtained
from Hyclone. HL-1 chemically defined serum-free media was obtained from Lonza. Fetal
bovine serum (FBS) was obtained from Gibco. Cellstripper was from Corning. Anti mouse
CR1 monoclonal antibody (7G6), CD45 (30-F11), and mouse Fc block was obtained from BD
Pharmingen. CD200R monoclonal antibody (0X-110) was from AbD Serotec. TREM2
monoclonal antibody (237920) was from R&D Systems. CD11b antibody (M1/70), IFN-y
(mouse recombinant), and IL-4 (mouse recombinant) was obtained from eBioscience.
Nanostring “Immunology” and custom “Neurodegeneration” panel were purchased from
Nanostring Technologies. All buffers are made with Millipore-purified water with additional
filters to eliminate LPS and are periodically tested for endotoxin using the Limulus
amebocyte lysate clot assay (all solutions added to cells were < 0.1 EU/mL; 1 EU is equivalent

to 0.1 ng/mL LPS).

Animals
All animal experimental procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of University of California at Irvine, and performed in

accordance with the NIH Guide for the Care and Use of Laboratory Animals. For adult

microglia isolations, 3xTg mice harboring the APP Swedish mutation, a human four-repeat
(tau P301L) mutation and a knock-in mutation of presenilin 1 (PS1M146V) (Oddo et al,,
2003) and wildtype controls were used. For Nanostring analysis, C57BL/6] (WT) were

purchased from Jackson Laboratory and bred to Arctic. The AD mouse model used was the
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Arctic48 (Arctic), which carry the human APP transgene with the Indiana (V717F), Swedish
(K670N + M671L), and Arctic (E22G) mutations (under the control of the platelet-derived
growth factor-f8 promoter), that produce Af3 protofibrils and fibrils as early as 2-4 months
old (Cheng et al., 2004), graciously provided by Dr. Lennart Mucke (Gladstone Institute, San
Francisco, CA, USA). Arctic mice were maintained as heterozygous for the Arctic transgene
by crossing to C57BL/6] mice. In addition, Arctic mice were crossed to mice with a
homozygous deficiency of C5aR1 (C5aR1K0), also on a C57BL/6] background (Hollmann et
al,, 2008). The F1 Arctic mice were crossed to C5aR1KO to generate Arctic C5aR1KO mice
which were subsequently bred to C5aR1KO to derive littermates of C5aR1KO mice with and
without the Arctic APP transgene. Mice did not exhibit any gross abnormalities and bred

normally.

Tissue collection for RNA and IHC

Mice were anesthetized with Isoflurane gas (4%) for about 60 seconds. A small
portion of their tails was obtained for genotyping verification. They were then perfused with
phosphate buffered saline (PBS). The brain was dissected at 4° C with half of the tissue
(minus olfactory bulbs and cerebellum) immediately frozen on dry ice, for later RNA
extraction, and the other half drop-fixed overnight in 4% paraformaldehyde-PBS at 4°C for
immunohistochemical studies. After 24 hours, the fixed tissue was placed in PBS/0.02%

sodium azide at 4°C until use.

Microglia isolation
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Adapted from (Njie et al., 2012), mice from WT, C5aR1KO, Arctic and Arctic C5aR1KO
genotypes were perfused with PBS at 2,5, 7 and 10 months, and the brains (without olfactory
bulbs or cerebellum) collected for microglia isolation. Brains were treated with Dispase II
(Roche) at 37°C for 1 hr and passed through a 70 pM nylon cell mesh strainer (BD
Biosciences) to obtain a single cell suspension. The cell suspension was washed in cold HBSS;
and spun at 1000 x g for 10 min at 4°C. The cell pellet was resuspended in 70% Percoll
(Sigma; diluted in HBSS), and 35% Percoll (diluted in HBSS) was carefully layered over to
create a discontinuous Percoll gradient. After centrifugation at 800 x g for 45 min at 4°C, the

cells at the interphase were quickly collected, washed with ice-cold HBSS.

Cell culture

To generate primary microglia, cortical tissue was obtained from neonatal mice (P1-
P3), dissociated by trituration and exposure to 0.25% tissue culture trypsin for 10 min,
pelleted by centrifugation at 540 x g for 7 min, resuspended in DMEM supplemented with
10% FBS, and added to poly I-lysine-coated flasks. After 24 h, 75% of the supernatant was
replaced with fresh medium. Every 3 days, a third of the media was replaced with fresh
media. Microglia were obtained for experimental procedures following culture intervals of
7-14 days by shaking flasks using a rotary shaker (New Brunswick, Edison, NJ, USA) at
140 r.p.m. and 37°C for 90 min, centrifugation at 540 x g for 7 min, washing and
resuspending in HL-1 media. Cells were plated in 6-well plates in 2.5 mL of HL-1 at a
concentration of 250,000 per mL and allowed to grow for 24 hours prior to stimulation with

[I-4 (20ng/mL) or IFN-y (100U/mL). 24 hours after stimulation, the cells were harvested
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with Cellstripper and pelleted by centrifugation and resuspended in FACS buffer (HBSS
supplemented with 2% BSA and 0.02% NaN3).

BV2 cells were similarly grown in HL-1 media overnight prior to stimulation with either I1-4
or IFN-y in poly I-lysine-coated flasks. BV2 cells were collected using warmed 0.05% trypsin

and washed with ice-cold HBSS prior to staining for flow cytometry.

Flow cytometry

Microglia cells (BV2, neonatal primary, and adult isolated) were stained in FACS
buffer with CD11b-PE-Cy7 (0.2 pg), CD45-APC (0.2 ug), CR1-FITC (0.5 ug), CD200R-PE (0.25
pg), and TREM2-PE (0.25 pg). Isotype controls were used for gating and the median
fluorescent intensity was calculated for each fluorophore. The samples were run on a 4-color

FACSCalibur using CellQuestPro (v5.1) and analyzed using Flow]o (v8.8.7).

Nanostring gene expression analysis

10 mg of pulverized brain tissue per sample was used to extract RNA using the
PureLink RNA Mini Kit (Life Technologies) following manufacturer’s instructions. RNA
concentration and quality was determined using a spectrophotometer (Beckman Du 530).
100 ng of RNA per sample was sent to the University of California at Irvine Genomics High
Throughput Facility (GHTF) where the “Immunology” and the custom made
“Neurodegeneration” panels were run (Table 4.5). Quality control of the raw counts was
done using the nSolver Analysis Software. The GHTF at UCI analyzed the Nanostring data to
identify differentially expressed (DE) genes from the following ratios (WT vs C5aR1KO, WT

vs Arctic, and Arctic vs Arctic C5aR1KO0). Tables of DE genes were made from each
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comparison and the Log2 fold change (Log2FC) was used for further pathway analysis.
Ingenuity Pathway Analysis (IPA) software was used for pathway and functional enrichment

analysis.

Results
Differential upregulation of CR1, CD200R, and TREMZ2 on microglia from BV2 cell line and
primary mouse microglia upon cytokine treatment

Studies comparing primary rat microglia from BV2 cells have shown that they have
all the classical microglia markers observed in primary microglia and respond to LPS by
releasing nitric oxide (NO), although lesser amounts (Horvath et al., 2008), and over 90% of
the genes induced by LPS in primary microglia are induced by LPS in BV2 cells, again
although again to a lesser extent (Henn et al., 2009). Little was reported on the expression of
CR1, CD200R, and TREM2 and some data was conflicting. In order to characterize the
expression of the surface receptors and how that expression was modulated by the local
cytokine environment, here we investigated the cell surface expression of CR1, CD200R, and
TREM2 on microglia, BV2 and primary neonatal, and investigated the effects of M1 and M2a
cytokines on the expression these 3 cell surface proteins. We evaluated the basal expression
of these proteins on BV2 cells. There was no basal CR1 expression as the histogram overlaps
with the isotype control (Figure 4.1A), however, upon IFN-gamma stimulation for 24hrs,
the expression as measured by MFI is doubled (Figure 4.1A). IL-4 has no effect on the
expression of CR1 (Figure 4.14,). Unlike CR1, CD200R and TREM?2 are highly expressed on
BV2 cells. IFN-gamma and IL-4 increases CD200R expression (Figure 4.1B). TREM2 on BV2

cells is increased about 6-fold with IFN-gamma but like CR1, IL-4 has no effect on the
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expression of TREM2 (Figure 4.1C). The expression of these proteins in neonatal primary
microglia differed. Basal expression of CR1 was found, although low and IFN-gamma
increased CR1 expression (Figure 4.1D) much like in BV2 cells. CD200R was not expressed
as highly by primary cells, and in contrast to BV2 cells, IFN-gamma slightly decreased the
expression while IL-4 increased the expression of CD200R (Figure 4.1E). TREM2 was
similarly basally expressed and IFN-gamma increased TREM2 while IL-4 had no effect on

expression (Figure 4.1F) as similarly seen with BV2 cells.

Surface expression of CR1, CD200R, and TREMZ2 on microglia isolated from adult control and
3xTg mice

Although cell lines and neonatal cultures of microglia recapitulate most of the LPS-
induced gene expression, studies have shown that neither is similar to microglia from adult
mice (Butovsky et al.,, 2014). Whereas low levels of CR1 expression was detected in primary
microglia, CR1 was not detected above isotype levels in young, 4 months (Figure 4.2A), or
old, 19 months (Figure 4.2B), wildtype (WT) or 3xTg mice. In contrast to high levels on
neonatal microglia, CD200R was similarly absent from microglia isolated from adult mice,
both young and old, in WT and 3xTg (Figure 4.2C-D). Like other groups have reported, we
found that TREM2 was expressed by microglia in the adult mouse (Figure 4.2E-F). At 19mo,
more than 85% of CD11b-positive, CD45°% microglia were positive for TREM2 (Figure
4.2F). When we compared the expression levels of TREM2 and CD45 in the 3xTg with WT,
we found that aged 3xTg mice had a 30% increase in TREM2 and CD45 expression level
compared to age-matched WT controls (Figure 4.2H). Importantly, the increase in TREM2

was only observed in aged 3xTg mice and not in young 3xTg mice. At 4 months, an age when
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Figure 4.1. CR1, CD200R, and TREM2 cell surface expression in MO, M1, and M2a-
polarized BV2 and primary neonatal microglia. CR1 (A), CD200R (B) and TREM2 (C) cell
surface expression in untreated (UT, green), interferon-y (IFN, red) or interleukin 4 (IL-4,
blue)- treated BV2 cells. Representative flow cytometry histograms of fluorescence intensity
of N=2. (top) and median fluorescence intensity quantified +/- SEM (bottom). P values from
two-tailed student’s t-test. CR1 (D), CD200R (E) and TREM2 (F) cell surface expression in

untreated (UT, green), interferon-y (IFN, red) or interleukin 4 (IL-4, blue)- treated primary
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Figure 4.2. Surface expression of CR1, CD200R, and TREM2 on microglia isolated from
adult mice. CR1 surface expression on microglia from (A)4 month and (B)19 month old
mice. CD200R surface expression on microglia from (C) 4 month and (D)19 month old mice.
TREM2 surface expression on microglia from (E) 4 month and (F)19 month old mice. MFI
fold change from WT of TREM, CD45 and CD11b on microglia from (G) 4 month and (H) 19
month old mice.+/- SEM. * p < 0.05, ** p< 0.01, two-tailed student’s t-test. N=4 at each age

for each genotype.
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there is an absence of pathology, TREM2, as well as CD45 and CD11b is expressed in the 3xTg

at similar levels to WT (Figure 4.2G).

Differential gene expression of immunology-related genes in Arctic AD mice deficient for C5aR1
indicate decrease in inflammation

Since previous work (discussed in chapter 3, Figure 3.1) showed behavior deficits at
10 months in the Arctic AD mouse model that was absent when C5aR1 is genetically ablated,
we investigated gene expression of half brains (minus cerebellum) from 24 mice from the
behavior study (n = 4-8 mice per genotype). Given that in the CNS, microglia largely mediate
the immune response, we assessed the gene expression of 539 immunology-related genes
using the “Immunology” Nanostring panel. This panel is a pre-fabricated panel which
includes 547 genes of interest and 14 housekeeping genes. We analyzed the dataset using
the following 8 housekeeping genes: gbpdx, hprt, polrlb, polr2a, ppia, rpl19, sdha, and tbp.
Additionally, 8 genes (cfh, csflr, ikbkb, il1r2, stat2, trem2, ccl12, ikbke) were removed from
the analysis due to changes in the primer sequence between the Immunology panel and the
custom-made “Neurodegeneration” Nanostring panel (Table 4.5). (Although TREM2 was
eliminated from our analysis, it was not differentially expressed in any of the four genotypes
in either panel in these 10 month samples (data not shown)). Initial quality control
examination of the 24 samples analyzed showed the samples had similar levels of counts
across all genes, demonstrating gene expression was largely similar for all genotypes

(Figure 4.3A). Hierarchical clustering showed that the samples cluster based on whether
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Figure 4.3. Quality control of 24 samples assayed. (A) Mean log2 counts of all genes in
immunology panel per sample. (B) Hierarchical clustering of gene expression of 24 samples
used in immunology panel. (C) Principal component analysis (3D) of 24 samples. N = 4

(WT), N = 6 (C5aR1K0), N= 6 (Arctic), N= 8 (Arctic C5aR1KO).

142



they are Arctic or not, suggesting the Arctic phenotype is the dominant force driving the gene
expression (Figure 4.3B). The principal component analysis (PCA) also highlights the
separation of the samples based on the Arctic phenotype. On the left in blue and yellow (WT
and C5aR1KO respectively) are the samples that lack the APP transgene and on the right in
green and red (Arctic and Arctic C5aR1KO respectively) are the samples that possess the APP
transgene (Figure 4.3C).

Out of the 539 immunology-related genes assayed, 199 were differentially expressed
(DE) between the four genotypes. The majority of the DE genes were in the WT vs Arctic
comparison, where 168 genes were differentially expressed (Figure 4.4A, blue circle), the
majority increased in the Arctic relative to WT (data not shown). Between the C5aR1K0 and
WT there were 48 DE genes (Figure 4.4A, yellow circle). In the Arctic and Arctic C5aR1KO
comparison there were 21 DE genes (Figure 4.4A-B) In contrast to the largely increased
gene expression seen in the Arctic relative to the WT, in the Arctic C5aR1KO0O, most genes
were decreased relative to Arctic (Figure 4.4B). Ccl5 and Ccl9 were differentially expressed
in all three comparisons (Figure 4.4A). Both genes were upregulated in the Arctic mice
(relative to WT) and downregulated in the Arctic C5aR1KO (relative to Arctic), although not
to WT levels. Interestingly, Ccl5 was increased and Ccl9 was decreased in the C5aR1KO0
relative to WT (data not shown).

Of the 21 DE genes in the Arctic C5aR1KO relative to Arctic, 12 were shared between
the WT and Arctic comparison (Figure 4.4C). Eight were upregulated in the Arctic (relative
to WT) and downregulated in the Arctic C5aR1KO (relative to Arctic), including: Ddx58,

Fcgrl (CD64), Fcgr4 (CD16-2), Ifi204, Ifi35, Irgm1, Statl, Tap1; these genes are all
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involved in interferon signaling pathways, either induced by, upstream of, or activators of
interferon o,f, or y (Figure 4.5). Two genes, s100a9 and IL-17a, were downregulated in the
Arctic (relative to WT) and upregulated in the Arctic C5aR1KO (relative to Arctic). Six
additional genes were only differentially expressed in the Arctic C5aR1KO vs Arctic with
small fold changes, including: Ifih1 and Ifit2, decreasing in the Arctic C5aR1KO (interferon
pathway) and CCL8, Tnfrsflb, Socs1, and Nox4 increasing, although all changes were slight
being in the 10-20% range (Figure 4.4B).

Pathway analysis using Ingenuity Pathway Analysis (IPA) identified the following
inflammation related signaling pathways as activated: pattern recognition receptor (PPRs)
signaling, TREM1 signaling, NFAT regulation of the immune response, 0X-40/CD134
signaling, and leukocyte extravasation signaling, among other pathways (see Table 4.1) in
the Arctic relative to the WT. The only pathway that was downregulated in the Arctic relative
to the WT was GNRH (gonadotropin-releasing hormone) signaling. The functional categories
that were largely found to be increased in the Arctic relative to WT were: phagocytosis-
related functions, chemotaxis, and development/differentiation of blood cells (see Table 4.2
for full list).

Pathway analysis of the 21 DE genes found in the Arctic C5aR1KO relative to Arctic
identified 3 pathways that were inhibited in the Arctic C5aR1KO brain, Interferon signaling,
PPR signaling, and activation of IRF by cytosolic PPRs (Table 4.3, Figure 4.5). Diseases and
functions predicted to be altered in the Arctic C5aR1KO include: proliferation of leukocytes
and lymphocytes (decreased) and proliferation of endothelial cells, viral replication, and
injury to CNS (increased). See Table 4.4 for full list of diseases and functions as well as the

number of DE genes that fit into each function.
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Neurodegeneration panel shows increase in inflammation and decrease in neuronal survival
signaling in Arctic relative to WT

The neurodegeneration panel that included autophagy and neuronal genes found 88
DE genes between all three comparisons (15 in WT vs C5aR1KO0, 80 in WT vs Arctic, and 7 in
Arctic vs Arctic C5aR1KO0) (Figure 4.6A). Five of the seven DE genes (C5aR1, as expected, as
well as Bdnf, Stat1, Ccl5 and Ide) in the Arctic C5aR1KO were decreased relative to Arctic.
The remaining two, Ctsb and MAP1LC3A were upregulated in the Arctic C5aR1KO relative to
Arctic (Figure 4.6B). Of note, only two of the seven genes mentioned above, Ccl5 and Stat1,
were shared between the WT and Arctic comparison and the Arctic and Arctic C5aR1KO
comparison, both of which were increased in the Arctic (relative to WT) and decreased
significantly, though not substantially, in the Arctic C5aR1KO (relative to Arctic) (Figure
4.6C).

The pathways that were activated in the Arctic samples relative to WT were the
following: complement system, TLR signaling, and TREM1 signaling. Pathways inhibited
between Arctic and WT were primarily neuronal survival/growth related pathways such as:
CREB signaling in neurons, CDK5 signaling, Neurotrophin/TRK signaling, NGF signaling and
Synaptic LTP. Other pathways inhibited were GNRH signaling, calcium signaling, thrombin
signaling and PPARa/RXRa activation (Table 4.6). Key functions that were downregulated
in the Arctic (relative to WT) were neuronal and included: long-term potentiation (LTP),
learning, and memory. Many of the functions upregulated were related to chemotaxis and
differentiation/development of leukocytes (Table 4.7). Due to the limited number of genes
found to be DE between the Arctic and Arctic C5aR1KO (Figure 4.6B), no pathways or

functions were identified to be significantly affected.
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Nanostring results are reproducible from panel to panel

Given that we had two panels of genes, of which 63 genes were shared, we had the
opportunity to compare the reproducibility of Nanostring from one panel to the other. Of the
63 shared genes, a total of 33 genes were differentially expressed (29 in WT vs Arctic, 2 in
WT vs C5aR1KO0, and 2 in Arctic vs Arctic C5aR1K0) as shown in Figure 4.7. Of the 30
remaining genes, some were DE in the Immunology panel, but not in the Neurodegeneration
panel. Interestingly, the immunology panel had far lower p values than the
neurodegeneration panel, though the reason is not clear. All shared genes that were found
to be DE at the p < 0.05 level had log2 fold changes in the same direction in both panels in
each comparison, although the magnitudes differed somewhat (Figure 4.7B, C), thus

validating the reproducibility of Nanostring.
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Table 4.1. Canonical pathways predicted to be activated or inhibited in the Arctic brain
relative to WT from immunology panel. Pathway analysis by IPA (p value < 0.05). All
pathways with a magnitude greater than 2 (negative or positive) were considered to be

significant.

Pathways

Dendritic Cell Maturation

Role of PRRs in Recognition of Bacteria and Virus

TREM1 Signaling
Role of NFAT in Regulation of the Immune
Response

0OX40 Signaling Pathway

Leukocyte Extravasation Signaling

Positive Z-Score:
Predicted
activated

MIF-mediated Glucocorticoid Regulation

Negative Z-Score:

Predicted inhibited | CNRH Signaling
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Table 4.2. Diseases and functions enriched in the Arctic brain relative to WT from
immunology panel. Diseases and functions with an activation score greater than +2 were
considered activated whereas a z-score lower than -2 was considered to decrease activation

or inhibit the function.

Predicted
Activation | Activation # of
Diseases or Functions Annotation p-Value State z-score Molecules

migration of dendritic cells 6.72E-18 Increased 2.006 18
innate immune response 9.99E-19 Increased 2.008 23
advanced malignant solid tumor 4.17E-17 Increased 2.01 37
homeostasis of leukocytes 6.23E-57 Increased 2.015 72
cell movement of granulocytes 9.23E-44 Increased 2.025 52
immune response of antigen
presenting cells 6.22E-31 Increased 2.032 32
cell death of leukemia cell lines 2.25E-19 Increased 2.039 29
differentiation of T lymphocytes 3.01E-43 Increased 2.042 52
cell movement of myeloid cells 6.73E-50 Increased 2.045 65
accumulation of myeloid cells 9.92E-35 Increased 2.048 34
cell movement of phagocytes 3.13E-53 Increased 2.05 68
homing of cells 3.06E-46 Increased 2.06 63
phosphorylation of protein 3.27E-25 Increased 2.082 48
cell movement of dendritic cells 6.57E-28 Increased 2.095 28
differentiation of lymphatic system
cells 1.85E-60 Increased 2.128 75
cytolysis 3.78E-37 Increased 2.132 41
tyrosine phosphorylation of protein 4.29E-27 Increased 2.133 29
cell death of malignant tumor 7.95E-17 Increased 2.135 29
cell viability of mononuclear
leukocytes 1.48E-18 Increased 2.136 23
extravasation of cells 1.76E-18 Increased 2.154 16
immune response of phagocytes 2.24E-36 Increased 2.167 37
response of phagocytes 3.89E-39 Increased 2.182 40
apoptosis of liver cells 2.38E-17 Increased 2.188 20
development of lymphocytes 6.09E-63 Increased 2.19 77
development of blood cells 1.52E-64 Increased 2.201 84
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cell death of tumor 5.99E-20 Increased 2.201 35
necrosis of tumor 4.61E-19 Increased 2.201 34
cell death of tumor cells 1.71E-17 Increased 2.201 32
internalization of cells 3.10E-20 Increased 2.202 23
development of lymphatic system

cells 4.52E-71 Increased 2.206 85
response of antigen presenting cells 1.74E-35 Increased 2.211 36
cell viability of blood cells 4.95E-34 Increased 2.212 40
cell death of liver cells 2.25E-17 Increased 2.225 22
differentiation of lymphocytes 2.78E-51 Increased 2.226 64
development of mononuclear

leukocytes 1.05E-66 Increased 2.226 80
cell movement of epithelial cell lines 2.91E-17 Increased 2.227 18
immune response of neutrophils 8.16E-21 Increased 2.232 18
differentiation of leukocytes 9.08E-65 Increased 2.241 82
cell movement of connective tissue

cells 2.11E-19 Increased 2.246 25
apoptosis of epithelial cells 8.87E-19 Increased 2.281 27
chemotaxis of antigen presenting

cells 1.68E-21 Increased 2.289 23
differentiation of mononuclear

leukocytes 9.71E-58 Increased 2.313 71
differentiation of macrophages 7.81E-24 Increased 2.33 24
chemotaxis of cells 1.37E-43 Increased 2.363 59
damage of genitourinary system 7.05E-21 Increased 2.386 22
adhesion of blood cells 4.49E-59 Increased 2.401 63
occlusion of artery 1.77E-19 Increased 2.402 35
recruitment of antigen presenting

cells 1.28E-18 Increased 2.411 19
cell viability of lymphatic system cells | 3.51E-18 Increased 2.437 23
accumulation of phagocytes 4.46E-35 Increased 2.481 32
activation of connective tissue cells 9.65E-22 Increased 2.485 23
cell death 3.15E-62 Increased 2.487 143
binding of cells 6.18E-38 Increased 2.488 52
extravasation 2.72E-19 Increased 2.494 18
injury of kidney 1.72E-17 Increased 2.502 16
engulfment of antigen presenting

cells 4.60E-21 Increased 2.502 22
migration of antigen presenting cells 1.01E-22 Increased 2.503 25
chemotaxis 5.02E-44 Increased 2.515 60
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phagocytosis of phagocytes 2.31E-23 Increased 2.523 24
phagocytosis of myeloid cells 1.26E-24 Increased 2.609 25
damage of kidney 1.18E-20 Increased 2.616 21
adhesion of tumor cell lines 2.25E-20 Increased 2.635 29
phagocytosis of cells 4.45E-33 Increased 2.702 39
engulfment of myeloid cells 2.34E-25 Increased 2.736 26
phagocytosis of blood cells 1.19€-24 Increased 2.737 26
atherosclerosis 4.38E-19 Increased 2.737 34
phagocytosis 3.56E-35 Increased 2.87 42
differentiation of cells 1.47E-40 Increased 2.88 103
cell survival 1.03E-30 Increased 2.893 73
engulfment of phagocytes 8.91E-25 Increased 2.925 26
cell viability 3.23E-28 Increased 2.95 68
migration of phagocytes 9.85E-35 Increased 3.014 40
engulfment of leukocytes 1.60E-26 Increased 3.163 28
engulfment of blood cells 4.29E-27 Increased 3.228 29
engulfment of cells 3.10E-30 Increased 3.366 43
systemic inflammatory response

szndrome and/or sepZis i 4.98E-26 | Decreased 2688 27
sepsis 3.41E-22 | Decreased -2.331 24
cell death of lymphatic system cells 6.30E-34 | Decreased -2.1 46
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Table 4.3. Canonical pathways predicted to be activated or inhibited in the Arctic
C5aR1KO brain relative to Arctic from immunology panel. Pathway analysis by IPA (p
value < 0.05). All pathways with a magnitude greater than 2 (negative or positive) were

considered to be significant.

Pathways

Interferon Signaling

Negative Z-Score:

Predicted inhibited Role of PRRs in Recognition of Bacteria and Virus

Activation of IRF by Cytosolic PPRs
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Table 4.4. Diseases and functions enriched in the Arctic C5aR1KO relative to Arctic
from immunology panel. Diseases and functions with an activation score greater than +2
were considered activated whereas a z-score lower than -2 was considered to decrease

activation or inhibit the function.

Predicted Activation # of

Diseases or Functions Annotation | p-Value | Activation State z-score | Molecules
differentiation of myoblasts 1.15E-05 Increased 2 4
injury of central nervous system | 1.60E-05 Increased 2 4
proliferation of endothelial cells | 6.17E-04 Increased 2 4
Viral Infection 4.98E-08 Increased 2.431 13

replication of RNA virus 1.76E-07 Increased 2.709
cell proliferation of T lymphocytes | 8.52E-07 Decreased -2.288 8
proliferation of mononuclear

leukocytes 3.87E-07 Decreased -2.206 9
antiviral response 8.73E-10 Decreased -2.184 8
T cell development 6.92E-05 Decreased -2.155 6
immune response of cells 3.67E-08 Decreased -2.035 9
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Figure 4.6. Differentially expressed genes identified in the custom neurodegeneration
panel. (A) Venn diagram of 3 gene expression comparisons identified differentially
expressed genes in WT vs Arctic (blue), WT vs C5aR1KO (yellow) and Artic vs Arctic
C5aR1KO (green). (B) 7 DE genes from Arctic vs Arctic C5aR1KO0 comparison. Bars represent
individual genes showing Log?2 fold change (FC). (C) 2 shared DE genes from the WT vs Arctic
comparison (blue bars) and Arctic vs Arctic C5aR1KO comparison (green bars). All DE genes

p<0.05.N =4 (WT), N =6 (C5aR1K0), N= 6 (Arctic), N= 8 (Arctic C5aR1KO).

155



Table 4.5 Genes in Neurodegeneration Nanostring panel. List of 171 genes in the

custom-made Neurodegeneration Nanostring panel.

Genes in Neurodegeneration Panel
Abcal C2 Chil3 Grinl Mmp?2 Ptk2 Tir2
Ache Cc3 Chrm1 Grin2b Mmp7 Pvalb TIr3
Adam10 C4da Chrm5 Gsk3b Mmp9 Pycard Tir4
Adam9 C5arl Chrna7 Hc Mrcl Rela TIr7
Anxa5 c7 Cltc Hdacl Mtor Relb Tnf
Aphl Calb1 Clu Hdacé6 Myd88 S100b Tollip
Apoe Camk2a Crebl Hsfl Ncstn Siglech Toml
App Capnl Crh Icam-1 Nfkb1 Sirtl Vcam-1
Arc Capn2 Crhrl Ide Ngf Sirté Vegfa
Argl Casp3 Csfl Ifi204 Ngfr Smad3 ccl5
Atf2 Ccl2 Ctsb 1110 Nos2 Socsl fcgra
Atgl0 Ccl3 Ctsc I112a Nrih2 Socs3 iln7f
Atgl2 Ccr2 Ctsd l11b Ntrkl Sod1 nirp3
Atgda Cd2ap Cxcl10 11r1 Ntrk2 Sod2 G6pdx
Atg5 Cd4o Dynclhl 1[3) Olfmli3 Sorll Hprt
Atg7 Cd4o0lg Egrl ll6ra P2rx7 Sortl Polrlb
Atg9a Cd55 Fgf2 Itgh2 Panx1 Sphk1 Polr2a
Bacel Cdk1l Fgfrl Jun Pdcdl Statl Ppia
Bace2 Cdk2 Fos Junb Pen2 Stat3 Rpl19
Bdnf Cdk5 GFAP Kif3a Picalm Synpo Sdha
Becnl Cdké GPR6 Lampl Pik3c3 Tacrl Tbp
Binl Cdknla Gabbrl Lrpl Pparg Tbxa2r
Bublb Cdknlc Gabral Lrplb Ppp2ca Tgfbl
Clga Cdkn2a Gdnf MAP1LC3A | Psenl Tgfbrl
Cls Cfb Gfral Mapt Psen2 Tgfbr2
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Table 4.6. Canonical pathways predicted to be activated or inhibited in the Arctic brain
relative to WT from neurodegeneration panel. Pathway analysis by IPA (p value < 0.05).
All pathways with a magnitude greater than 2 (negative or positive) were considered to be

significant.

Pathways
Positive Z-Score: | Complement System
Predicted TLR Signaling
activated TREM1 Signaling

CREB Signaling in Neurons
CDKS5 Signaling

GNRH Signaling
Neurotrophin/TRK Signaling

Negative Z-Score: | Calcium Signaling

Predicted inhibited | Neuropathic Pain Signaling in Dorsal Horn Neurons
Thrombin Signaling

NGF Signaling

Synaptic LTP

PPARa/RXRa Activation
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Table 4.7. Diseases and functions enriched in the Arctic relative to WT from
neurodegeneration panel. Diseases and functions with an activation score greater than +2
were considered activated whereas a z-score lower than -2 was considered to decrease

activation or inhibit the function.

Diseases or Functions Predicted Activation # of
Annotation p-Value Activation State z-score | Molecules

development of lymphatic
system cells 1.53E-16 Increased 3.135 25
damage of genitourinary system 8.67E-17 Increased 2911 15
development of blood cells 2.94E-18 Increased 2.907 28
development of mononuclear
leukocytes 4.16E-15 Increased 2.797 23
damage of kidney 5.39E-16 Increased 2.755 14
cell death of leukemia cell lines 2.34E-11 Increased 2.712 15
development of lymphatic
system 6.17E-18 Increased 2.684 28
recruitment of leukocytes 1.72E-25 Increased 2.672 26
development of leukocytes 2.07E-17 Increased 2.649 26
recruitment of inflammatory
leukocytes 6.37E-12 Increased 2.646 7
recruitment of cells 1.16E-28 Increased 2.627 29
differentiation of lymphatic
system cells 3.06E-11 Increased 2.577 19
apoptosis of leukemia cell lines 4.20E-11 Increased 2.535 14
recruitment of blood cells 9.93E-27 Increased 2.503 27
homeostasis of leukocytes 1.70E-16 Increased 2.496 24
T cell homeostasis 5.66E-15 Increased 2.496 22
T cell development 4.21E-14 Increased 2.496 21
development of lymphocytes 3.61E-14 Increased 2.464 22
leukocyte migration 5.52E-34 Increased 2.456 44
adhesion of blood cells 7.00E-18 Increased 2.443 22
chemotaxis of antigen
presenting cells 3.40E-11 Increased 2.435 11
differentiation of Th17 cells 6.21E-11 Increased 2.419 9
emotional behavior 1.33E-15 Increased 2.371 17
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cell death of tumor cell lines 1.95E-21 Increased 2.315 42
recruitment of phagocytes 2.41E-21 Increased 2.298 21
differentiation of leukocytes 7.39E-15 Increased 2.275 24
apoptosis of tumor cell lines 3.56E-22 Increased 2.257 39
synthesis of reactive oxygen

species 3.06E-15 Increased 2.245 23
differentiation of mononuclear

leukocytes 7.47E-13 Increased 2.206 20
chemotaxis of connective tissue

cells 1.69E-11 Increased 2.204 8

mobilization of cells 2.37E-11 Increased 2.114 9

recruitment of neutrophils 2.92E-18 Increased 2.108 17
apoptosis 5.45E-30 Increased 2.101 60
attraction of cells 2.45E-11 Increased 2.095 10
cellular infiltration 3.41E-25 Increased 2.07 29
differentiation of blood cells 1.39E-14 Increased 2.028 26
replication of RNA virus 8.52E-15 Decreased -2.04 21
assembly of cells 3.82E-15 Decreased -2.057 19
guantity of neurons 1.15E-17 Decreased -2.073 22
inflammation of intestine 1.09E-18 Decreased -2.077 20
colitis 3.93E-17 Decreased -2.105 18
replication of virus 4.84E-17 Decreased -2.206 24
long-term potentiation 7.95E-18 Decreased -2.245 19
inflammation of large intestine 2.53E-18 Decreased -2.267 19
infection of mammalia 4.10E-15 Decreased -2.334 18
guantity of cellular protrusions 2.85E-15 Decreased -2.399 14
learning 2.66E-22 Decreased -2.444 26
memory 7.66E-25 Decreased -2.486 24
Viral Infection 1.17E-23 Decreased -2.646 44
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Figure 4.7. Differentially expressed genes shared between immunology and
neurodegeneration Nanostring panels. (A) 29 DE genes from WT vs Arctic comparison
that were present in both the neurodegeneration panel (dark blue) and the immunology
panel (light blue). (B) 2 DE genes from the Arctic vs Arctic C5aR1KO comparison that were
present in both the neurodegeneration panel (dark green) and the immunology panel (light
green). (C) 2 DE genes from the WT vs C5aR1KO comparison that were present in both the
neurodegeneration panel (dark yellow) and the immunology panel (light yellow). All DE

genes p < 0.05.N =4 (WT), N = 6 (C5aR1KO0), N= 6 (Arctic), N= 8 (Arctic C5aR1KO).

160



Discussion

Comparing CR1, CD200R, and TREM2 surface expression in the murine BV2 microglia
cell line to primary neonatal microglia showed similar expression patterns in unstimulated
and cytokine-stimulated microglia. Strikingly, adult isolated microglia lacked CR1 and
CD200R cell surface expression and the proteins were not induced in the 3xTg AD mouse
model. In contrast, high TREM2 expression was found in adult microglia and was increased
in aged 3xTg mice. Gene expression analysis in the Arctic AD model revealed inflammatory
related genes were increased in the Arctic mice, many involved in interferon signaling
pathways (o, B, and y). Most the interferon-related genes (typel and type2) were reduced
with genetic deletion of C5aR1 in the Arctic mice relative to C5aR1-sufficient Arctic mice

A genome-wide association study showed an association of some variants of CR1 and
CLU with late-onset AD risk (Lambert et al., 2009), suggesting a central role for complement
in the pathogenesis of the disease. The expression and distribution of CR1 differs in the
mouse from humans since CR1 is encoded by a separate gene in humans, whereas in mice
CR1 is encoded by the CR2 gene, which encodes both CR1 and CR2 that is alternatively
spliced (Molina et al., 1990). Although Crehan et al.,, showed activated microglia have
increased expression of CR1 (Crehan et al,, 2013), it’s been reported that only B cells and
follicular dendritic cells express CR1 in the mouse (reviewed in (Jacobson and Weis, 2008)).
Our finding demonstrating very little CR1 expression in cultured microglia and an absence
of CR1 staining in adult microglia suggests CR1 staining observed in culture may be an
artifact of in vitro systems. A study using multiple antibodies against CR1 in the brain of AD
patients found no CR1 staining on microglia, or anywhere in the parenchyma aside from

some astrocyte staining and the staining found in red blood cells (Fonseca et al., 2016). More
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likely, the protective effects of CR1 are due to the clearance of peripheral Af by erythrocytes
expressing CR1, as first described by Rogers et al. (Rogers et al., 2006a). The data presented
here are important as they show that cell lines and cell populations (neonatal vs adult) are
not interchangeable as a subsequent and more extensive gene expression study has
validated (Matcovitch-Natan et al., 2016)

Modulation of the immune response is critical and increasingly considered to be
central to the pathogenesis of neurodegenerative diseases (reviewed in (Lynch and Mills,
2012; Heneka et al., 2015)). Microglia, as the primary immune cells of the brain, express
several cell surface receptors enabling them to respond to their environment and take on
functional states to carry out multiple functions (reviewed in (Colton and Wilcock, 2010).
Neurons and astrocytes are reported to express CD200, the ligand for CD200R exclusively
expressed on cells of myeloid origin. Importantly, it's been reported that in AD there is a
dysregulation of microglia response (reviewed in (Mosher and Wyss-Coray, 2014)), and
specifically CD200 and CD200R has been found to be decreased in AD (Walker et al., 2009).
It has also been reported that disruption of the CD200/CD200R axis alters the microglia
inflammatory response. Microglia generated from CD200-/- mice had a greater inflammatory
response to LPS (Costello et al., 2011) . Although there is abundant literature on the role of
CD200 and CD200R in keeping myeloid cells in a more quiescent state, most of the literature
on microglia has been done on murine primary neonatal cells. Shrivastava and colleagues
characterized the expression of CD200/CD200R in C57B6 mice brains across developmental
stages from embryonic to adult and found CD200R colocalized with IBA+ microglia up to P5
in the parenchyma whereas meningeal, perivascular, and choroid plexus macrophages

remained CD200R+ through adulthood, though less in number (Shrivastava et al., 2012).
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Taken together, our neonatal primary work supports the developmental expression pattern
of CD200R observed by Shrivastava et al. although it remains to be determined why the
function of CD200R appears to be unnecessary in adult mice.

Heterozygous rare variants of TREM2 have also been associated with a high risk of
Alzheimer’s disease, particularly the rs75932628 SNP encoding R47H (Guerreiro et al,,
2013). There has been some controversy in the field as to whether TREM?2 is detrimental or
beneficial in AD due to conflicting results on TREM2 deficient AD mouse models showing
differing AP plaque burden as well as differing source of myeloid cells (monocyte-derived or
resident microglia) expressing TREM2 in the CNS of AD mice (Jay et al., 2015; Wang et al,,
2016). Jay and colleagues have recently shown that in the same APP/PS1 model they
previously studied, that showed TREM2 was absent in microglia-associated plaques and
deletion of TREM2 was beneficial, when studied at later ages, TREM2 deficiency exacerbates
amyloid pathology and point to a decrease in microglia associated with plaques (Jay et al,,
2016), corroborating the finding by Wang et al. that TREM?2 is important in containment of
AP plaques. Similarly, our studies in the 3xTg showed microglia associated with plaques
have increase CD45 expression and here we show TREM2 and CD45 is increased in microglia
isolated from 3xTg, likely representing the microglia surrounding plaques.

Pursuing other known factors influencing the process of phagocytosis and
inflammation, our lab has demonstrated that treatment of mouse models of AD with a
specific C5aR1 antagonist, PMX205, decreased fibrillar plaque accumulation and microglial
CD45 expression and enhanced behavioral performance (Fonseca et al., 2009). We also
studied behavior deficits and changes in pathology in the Arctic AD mouse model and the

influence of C5aR1 on microglia, described in Chapter 3. Here, we extracted RNA from brains
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of the same 10 month old mice used for behavior and pathology experiments (Chapter 3,
Figure 3.1-2). We hypothesized we would see a decrease in inflammation in Arctic mice
lacking C5aR1 since it has been found that toll-like receptors (TLRs) synergize with C5aR1
and lead to greater proinflammatory cytokine release in models of inflammatory disease in
the periphery (reviewed in (Song, 2012)). Since fibrillar Af3 is a ligand for TLR2 and TLR4
(Jana et al., 2008; Jin et al.,, 2008; Udan et al., 2008) and these receptors have been shown to
contribute to the detrimental effects of Af3, C5a may synergistically enhance microglia-
mediated inflammation in response to Af3 interactions with such receptors on the C5a-
stimulated plaque associated glia cells (Tahara et al., 2006).

While the focus of this study was to assess the changes in gene expression due to the
absence of C5aR in the AD mouse model, most differentially expressed genes in the two
panels were due to the Arctic APP transgene in 10 month mice (Arctic vs WT comparison).
In the Immunology panel, these genes included: Itgax (alpha chain of CR4, 6.5x), Ccl3 (6x),
Lilrb4 (5.3x), C4a (3.5x) and Tyrobp (3.3x). In addition, two other complement genes were
upregulated more than 1.5 fold as well (C1q, C3). This expression pattern is consistent with
data from Zhang and colleagues (Zhang et al., 2013) showing complement, TLRs and Tyrobp
as being key networks and nodes in late onset Alzheimer’s disease (LOAD). In the absence of
C5aR1, the Arctic brain had decreased gene expression of inflammatory mediators, many
involved in IFN signaling. In the periphery, C5aR1 is critical for normal host immune
response against the intracellular pathogen L. monocytogenes, due to its role in inhibition of
type 1 IFN expression (Calame et al., 2014). Here, C5aR1 deletion lead to a decrease in IFN-
related (type 1 and 2) genes. This apparent discrepancy may be due to differing mechanism

of action in Listeria infections in the periphery vs. amyloid burden in the brain. Indeed, in the
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periphery, TLR2 and TLR4 have been shown to induce type 1 interferon via TIR domain-
containing adaptor-inducing IFN- (TRIF, also known as TICAM-1) (Aubry et al., 2012;
Shalova et al,, 2012). It seems likely that the increase in inflammatory components we
observed in this study is due to crosstalk between TLRs and C5aR1, as mentioned above,
since in the absence of C5aR1 the expression of several inflammatory genes is limited, even
though amyloid plaques, a TLR ligand, is unchanged.

In summary, CR1 and CD200R are not found on microglia in adult mice, though they
are present in neonatal microglia. Microglial TREM2 surface expression is increased in the
3xTg, likely representing the plaque-associated TREM2-expressing microglia, supporting
more recent results reported with other models that TREM2 is important for microglial
association with plaques. Gene expression from Arctic brains at 10 months showed an
increase in inflammatory mediators, particularly IFN-related genes. Genetic ablation of
C5aR1 decreased the expression of the IFN-related inflammatory genes. The findings are
consistent with neuroinflammation being central to AD pathogenesis and supports

C5a/C5aR1 axis as a therapeutic target in AD.
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CHAPTER 5

Summary and Future Directions

This chapter will highlight the results of the studies performed in this dissertation
and discuss the findings in the context of what has been previously published. The
limitations and remaining questions of each study will be considered and future studies will
be proposed that would elucidate the unresolved questions.

In the second chapter, the effect C5a has on fAB-injured neurons was investigated by
measuring neuronal injury, via MAP-2 staining, to model what occurs in the AD brain.

Neurons, and the complex network of synapses they make, can be injured in the aging
and AD brain in a variety of ways. Evidence of apoptosis in AD has been reported for over 20
years (Su et al,, 1994; Cotman and Anderson, 1995). Moreover, excitotoxicity (Ong et al.,
2013) and oxidative damage due to mitochondrial dysfunction (Persson et al., 2014) have
also been implicated in neuronal dysfunction and apoptosis in AD. Recent studies have
shown that C5aR1 signaling is detrimental in various neurodegenerative disease mouse
models (Woodruff et al., 2006; Woodruff et al.,, 2008; Fonseca et al., 2009; Brennan et al,,
2015). The effects of C5a on neurons in vitro have been studied, although the results have
varied greatly. Some studies have shown C5a can directly act on C5aR1 and cause apoptosis
(Farkas et al., 1998;Pavlovski et al.,, 2012). Here, we showed that C5a injures mouse primary
neurons in a concentration-dependent manner, corroborating the previous findings.
Importantly, we provide both pharmacological and genetic evidence that the injury was

mediated by C5aR1, since a C5aR1 antagonist blocked the injury to untreated levels and
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primary neurons generated from C5aR1K0 mice did not differ from untreated neurons after
C5a treatment (Figure 2.4). Although we did not examine the mechanism by which C5aR1
lead to neuronal injury, Pavlovski and colleagues demonstrated the proapoptotic signaling
protein Bax and cleaved caspase 3 was significantly increased in primary neurons stimulated
with recombinant mouse C5a (Pavlovski et al., 2012).

Since others have shown that addition of C5a can protect terminally differentiated
neuroblastoma cells from Af toxicity (O'Barr et al.,, 2001), we sought to determine the effect
of C5a on AP treated primary neurons. We found C5a, through C5aR1 signaling, additively
enhanced the neuronal injury elicited by fAB (Figure 2.5). O’Barr and colleagues not only
found a protective effect with AB but also found C5a alone did not injure the RA-
differentiated neuroblastoma cells. The disparity between our findings in AB-treated
neurons may be explained by the difference in biology when comparing cell lines used in that
report to primary cultures used here or to the effect of RA-induced differentiation

An interesting finding by Pavlovski and colleagues was that C5a was minimally
generated by primary neurons and was upregulated in response to glucose deprivation and
oxygen-glucose deprivation (cell models of ischemic stress) (Pavlovski et al, 2012).
Although we did not measure C5a in our study, our blocking experiments with PMX53 in fA(3-
treated neurons showed PMX53 had no effect on the fAB-induced injury to neurons (Figure
5.1), suggesting fAf did not upregulate C5a generation (at least not to levels where an
additive effect would be detected) and suggests that C5a and fAB employ distinct
mechanisms by which they injure neurons. However, it is likely that the mechanism by which

C5a caused apoptosis in the cell model of ischemic stress mentioned above is the same that
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was observed in our study since addition blocking C5a with PMX53 prevented the cell death
elicited by glucose deprivation (Pavlovski et al., 2012).

That study left unanswered the contribution of other C5aR1-expressing cells in the
CNS. Given that microglia also express C5aR1, and the protein has been shown to be
upregulated on microglia in mouse models of AD (Ager et al., 2010), a future study should
investigate the effect C5a has on fAB-treated microglia. Co-culture studies, to model the
microglia and neurons in the brain, could determine if microglia, activated by C5a and/or
fAB, can add to the C5a/fAp injury of neurons by releasing cytotoxic mediators. Adult-
derived microglia or neonatal microglia induced with TGFf (Butovsky et al., 2014) would be
necessary since my attempts to show elevated proinflammatory cytokines or nitric oxide
were unsuccessful using neonatal microglia (data not shown). It's also possible that
microglia may rescue neurons from some of the C5a-elicted damage to neurons by
sequestering C5a via C5aR2, a receptor that is found on microglia, since it has been
postulated that C5aR2 may serve as a decoy receptor in the periphery (Scola et al., 2009).

Our lab has previously demonstrated that treatment with the C5aR1 antagonist,
PMX205, rescued the behavior performance in the TG2576 mouse model of AD and
significantly reduced the amyloid plaque load and reactive glia found surrounding Af
plaques in the same AD mouse model as well as in the 3xTg (Fonseca et al., 2009). Chapter 3
presents investigations to elucidate the mechanism by which PMX205 was protective by
assessing the effect of C5aR1 gene ablation on behavior, pathology and microglial gene
expression in the Arctic AD mouse model.

The origin of the myeloid cells surrounding amyloid plaques in Alzheimer’s disease is

still controversial in the field (blood-borne myeloid vs resident microglia). Up until recently,
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the origin of progenitor cells that give rise to microglia during development was also not well
understood. Elegant studies by Ginhoux and colleagues demonstrated, more definitively,
that microglial progenitors derive from the yolk sac macrophages that seed the brain during
early fetal development( (Ginhoux etal., 2010) and reviewed in (Ginhoux et al., 2013)). It has
been difficult to distinguish resident microglia from infiltrating monocytes due to the lack of
markers known to definitively differentiate them from each other. CX3CR16F? and CCR2RFP
reporter mice have been used to differentiate microglia from infiltrating CCR2-positive
monocytes in the experimental autoimmune encephalomyelitis mouse model of multiple
sclerosis (Mizutani et al., 2012). Here, an exhaustive search for RFP+ myeloid cells in the
brain of Arctic mice found RFP+ cells only in the meninges, although 2-6% of CX3CR1+ cells
were also RFP+ by FACS (Figure 3.5). Our data suggests the CX3CR1+ cells around the
plaques are resident microglia and not infiltrating myeloid cells. Our finding supports the
more recent finding in the 5XFAD and APP/PS1 mouse models, where parabiosis
experiments found plaque-associated myeloid cells were derived from resident microglia
and not peripheral monocytes (Wang et al., 2016).

In this study, we also validated that the antagonist effect observed in our previous
study was specifically via C5aR1 inhibition since genetically eliminating the receptor
rescued, or delayed, the cognitive impairment observed at 10 months in the Arctic mice
(Figure 3.2). In contrast to what we observed in the PMX205 studies in the Tg2576 and 3xTg
AD mouse models, gene ablation of C5aR1 in the Arctic mice did not affect plaque burden or
CD45 microglial expression (Figure 3.3). Although all three models carry the human APP
transgene, each with its own set of familial mutations, the “Arctic” mutation leads to rapid

fibril formation, in vitro, with very little non-fibrillar detected (Cheng et al., 2004) and
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accelerated thioflavine-positive plaque deposition, in vivo (Cheng et al., 2007) However, the
prevention of cognitive loss even in the presence of massive plaque accumulation, supports
the idea that the fibrillar plaque itself is not the sole contributor to cognitive loss, but rather
it is the microglial inflammatory response to the plaque that leads to neurotoxicity (Wyss-
Coray and Rogers, 2012).

RNA-seq from microglia isolated from adult Arctic mouse brain revealed an increase
in gene expression of inflammatory genes transcriptionally regulated by NF-kB or upstream
activators of NF-kB. Importantly, knocking out C5aR1KO reduced these inflammatory genes
in the Arctic mice (Figure 3.8). It's been demonstrated that C5a stimulation in monocytes
leads to activation of NF-kB (Pan, 1998). What's more, fibrillar A is a ligand for TLR2 and
TLR4 (Jana et al,, 2008; Jin et al., 2008; Udan et al., 2008) and these receptors have been
shown to contribute to the detrimental effects of AR by activating microglia to a
proinflammatory phenotype, in part by activation of NF-xB via MyD88-dependent and TRIF-
dependent pathways ((Fitzgerald et al., 2003) and reviewed in (Kawai and Akira, 2007)) .
Toll-like receptors (TLRs) have been found to synergize with C5aR1 and lead to greater
proinflammatory cytokine release in models of inflammatory disease in the periphery
(reviewed in (Song, 2012)). Thus, the decrease in inflammatory gene expression in the
Arctic/C5aR1KO0 mice is likely due to a loss of synergy between TLRs and C5aR1, which is
supported by the relative decreased expression of several inflammatory genes in the absence
of C5aR1, even though amyloid plaques, a TLR ligand, is unchanged.

At the same age that we first observed changes in inflammation,
phagosome/lysosome genes are also upregulated in microglia isolated from Arctic mice and

further increased in the C5aR1-deficient Arctic mice (Figure 3.9). A recent study linked
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microglial activation in mice via LPS, a ligand for TLR4, to neurodegeneration via
complement and activation of the phagosome pathway. Repeated LPS challenges increased
microglial expression of chemokines, cathepsins, Fc-gamma receptors, and MHCI genes
(Bodea et al., 2014). Interestingly, in this model of repeated systemic injection of LPS,
knocking out C3 attenuated the loss of the dopaminergic neurons, suggesting a decrease in
the phagosome pathways. The receptor for C3 cleavage products, CR3 (also known as MAC1),
is classically known to mediate phagocytosis of aggregated /misfolded protein or pathogens
covalently bound to C3b ((Ramadass et al., 2015) and reviewed in (Merle et al., 2015)) and
it has also been shown to be essential for synaptic pruning during development (Stevens et
al, 2007). With aging and in neurodegenerative disorders such as Alzheimer disease,
dysregulation of synaptic pruning has been shown to lead to aberrant and increased synapse
elimination; deletion of C3 in mice rescues age-related and AD-related cognitive
hippocampal impairments (Shi et al., 2015; Hong et al., 2016). In contrast, knocking out
C5aR1 in our study increased the phagosome pathway.

It's important to note that suppression of C5aR1 would not affect the upstream
complement components, such as C3, therefore, we would still expect the phagocytosis-
promoting complement components to be present. Taken together, we propose that
phagocytosis-promoting components of complement such as C1q, C4b, C3b, and iC3b (the
latter 3 covalently bound via a thioester bond to plaques) could enhance clearance of A
fibrils. Subsequent generation of C5a at the onset of greater plaque load can bind to C5aR1
and synergize with TLRs, polarizing the microglia to a more inflammatory state, suppressing

sufficient induction of degradation pathways (Figure 3.10).
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Although we found an increase in gene expression of genes in the phagosome and
lysosome pathway in the Arctic/C5aR1KO0 mice, we did not test whether the microglia in the
Arctic/C5aR1KO0 mice had greater phagocytic and/or degradative potential. A future study
investigating whether genetic deletion of C5aR1 enhances the phagocytic capacity of
microglia, particularly the ability to successfully ingest and degrade amyloid, would be
crucial to linking the beneficial effect on cognition observed. In addition, since we did not
observe a gross difference in amyloid plaque burden, characterization of amyloid species as
well as an analysis on plaque size and number of microglia associated with plaques in C5aR1
sufficient Arctic mice compared to C5aR1KO0 would help elucidate the functional outcome of
increased phagosome/lysosome pathways.

Studies of isolated microglia are crucial to understand the biology of those cells in the
context of AD. However, studying only a single cell population misses the interactions of
those cells with other cells in the CNS, such as neurons and astrocytes. A caveat of our study
is the absence of gene expression studies on the other cells of the brain. Neurons have been
shown to modulate the activation of microglia (reviewed in (Tian et al, 2009)).
Understanding how activated microglia alter neuronal health by investigating neurons has
led to greater understating of the intricate crosstalk between the cells of the CNS in aging
and disease. Recent research from the Barres lab and colleagues showed that LPS-activated
microglia can induce astrocytes to a neurotoxic phenotype (Liddelow et al, 2017),
illustrating the importance of studying the interaction of activated microglia with other cells.
Future RNA-seq studies from dissected hippocampi from the same cohort investigated in
chapter 3 could reveal associations with the microglia gene expression findings with

neuronal and astrocytic gene expression profiles.
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In chapter 4, microglial expression of immune-modulating proteins was investigated
in the 3xTg mouse model of AD (which displays both plaque and tau pathology and thus is
claimed to be a better model of human AD). Further, immune-related genes and those linked
with neurodegeneration in brains from Arctic mice with and without the C5aR1 deletion
corroborated the RNA-seq data in Chapter 3.

CR1 and CD200R were found to be expressed and upregulated in [FNy-activated BV2
and neonatal primary microglia. However, microglia isolated from young, aging and/or 3xTg
mice showed no expression or upregulation of CR1 or CD200R, a relatively surprising
observation at the time, highlighting the caveat of equating different populations of microglia
(and transformed cell lines). In contrast, TREM2 was highly expressed on BV2 and neonatal
primary microglia and significantly increased by IFNy. Similarly, TREM2 was highly
expressed in microglia isolated from adult mice and significantly increased in the 3xTg
relative to aged-matched controls. Of note, TREM2 was only upregulated in old (19 month)
3xTg and not young (4 month) 3xTg (Figure 4.1-2). Our findings are consistent with the
findings of more recent studies in the 5XFAD and APP/PS1 mice, where TREM2 was found
to be upregulated by microglia in AD mouse models. It’'s now been reported that TREM2 is
important for containment of A plaques by microglia and crucial for the association of
microglia to plaques. (Jay et al, 2016; Wang et al., 2016). Additionally, since CD45 is
upregulated on microglia associated with plaques in the 3xTg and CD45 was found to be
significantly increased in microglia isolated from aged 3xTg (Figure 4.2), it’s likely that the
increase in TREM2 in our studies is due to TREM2 upregulation by plaque-associated

microglia.
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Gene expression analysis from half brains (minus cerebellum and olfactory bulbs)
showed an increase in inflammatory genes in the Arctic mice that was attenuated in the
Arctic/C5aR1K0 mice (Figure 4.4). Many of the differentially expressed (DE) genes are
involved in interferon signaling pathways, either induced by, upstream of, or activators of
interferon o,B, or y, with Statl being a central transcription factor (Figure 4.5). Statl is
known to drive inflammation in LPS-stimulated microglia via the transcription factor Jmjd3
(Przanowski et al,, 2014) that is regulated by NF-kB (De Santa et al.,, 2007). Some of the same
classes of genes found to be DE in chapter 4 were also found to be DE in chapter 3 on
microglia isolated from Arctic/C5aR1KO0 mice. For example, chemokines Ccl5, Ccl8, and Ccl9
were increased in the Arctic (relative to WT) and decreased in the Arctic/C5aR1KO (relative
to Arctic) (Figure 4.4) in the Immunology panel. In contrast, chemokines Ccl3 and Ccl4 were
unchanged in Arctic relative to WT but decreased in the Arctic/C5aR1KO (relative to Arctic)
(Figure 3.8) as found in the RNA-seq analysis at 10 months. These chemokines are reported
to influence chemotaxis by monocytes (Murphy and Weaver, 2016) and presumably would
function similarly on microglia. In addition, Cathepsin B was increased in the Arctic (relative
to WT) in isolated microglia (Figure 3.9) and similarly increased in Arctic mice and further
increased in the Arctic/C5aR1KO in brain (Figure 4.6). The overlap of some of the families
of genes found in both chapters further validates our data and suggests the expression was
high enough on microglia so as to not be washed out in the whole-brain analysis.

Since gene expression was from whole-brain samples (Chapter 4), neuronal and
astrocytic gene expression was investigated in the “neurodegeneration” panel that included
genes related to autophagy and neurons. The pathways that were activated in the Arctic

samples relative to WT were likely microglia-related and included: complement system, TLR
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signaling, and TREM1 signaling. Pathways inhibited were primarily neuronal
survival/growth related pathways such as: CREB signaling in neurons, CDK5 signaling,
Neurotrophin/TRK signaling, NGF signaling and Synaptic LTP (Table 4.6). Key functions
that were downregulated in the Arctic (relative to WT) were neuronal and included: long-
term potentiation (LTP), learning, and memory, while key functions upregulated were likely
microglial (Table 4.7). The small number of DE genes between the Arctic and
Arctic/C5aR1KO in the “neurodegeneration” panel illustrates that the microglial response is
likely key to the neuronal dysfunction (cognitive loss) seen in Arctic mice that are C5aR1
sufficient. Additionally, since in chapter 3, the differences in gene expression between the
Arctic and Arctic/C5aR1KO0 were substantially larger at 5 months compared to 10 months
(Figure 3.8C, 3.9C) it is likely that we would have observed greater differences had we
investigated earlier ages rather than at 10 months as done after behavior testing.

In summary, this thesis investigated the role of C5aR1 in Alzheimer’s disease. Chapter
2 showed that C5a can directly injure neurons alone and add to the damage caused by fAp.
Chapter 3 demonstrated that in the Arctic mouse model of AD, C5aR1 signaling on microglia
polarized the cells to a more inflammatory state and inhibited the phagosome and lysosome
pathways. Deletion of C5aR1 in Arctic mice delayed cognitive deficits observed at 10 months,
shifted the microglia to a less inflammatory state and enhanced the induction of clearance
pathways. Chapter 4 validated our findings in chapter 3 and identified interferon signaling
as being suppressed in the Arctic/C5aR1KO0 relative to Arctic. Despite the alarming statistics
concerning AD in the US, to this day there is no disease-modifying drug available. This thesis

provides additional compelling rationale to pursue C5aR1 as a candidate therapeutic target

179



to slow the progression of AD in humans and is consistent with the increasingly proposed

role of inflammation in neurodegenerative disorders.
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Figure 5.1. PMX53 does not rescue fAB-induced MAP-2 loss. Primary neurons from WT
mice were generated using E15-E16 pups and cultured for 7-10 days. The cells were then
stimulated or not with 5 pM fAf3 and/or 100nM PMX53 for 24 hours. MAP-2 was visualized
by immunocytochemistry (20x magnification) and quantified using Image] software. Data
are presented as MAP-2 area relative to untreated (UT) +/- SEM. N = 3 independent
experiments, each with 3 coverslips per treatment, 5 images per coverslip. P values are
calculated using unpaired 2-tailed t-test. Values of p < 0.05 were considered statistically

significant.
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