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ABSTRACT OF THE DISSERTATION

Development and application of human microglia model to examine the influence of
genetic risk factors on microglial function in Alzheimer’s disease

By
Amanda Katherine McQuade
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2021

Professor Mathew Blurton-Jones, Chair

Alzheimer’s disease (AD) is a progressive neurodegenerative disease for which there is
no cure. Worldwide, AD is estimated to effect 50 million people with 10 million new cases
each year. Developing therapeutics for Alzheimer’s disease has been particularly difficult
given the complex etiology of this disease. Alzheimer’s disease is characterized by an
accumulation of parenchymal beta-amyloid protein plaques, tau neurofibrillary tangles,
and neuroinflammation. For sporadic AD, which accounts for around 95 % of AD cases,
the direct trigger of neurodegeneration remains unclear. Understanding the mechanistic
pathophysiology of this disease will allow for the development of more effective targeted
therapeutics and biomarker studies to help patients.

In the last decade, genome-wide association studies (GWAS) have renewed
interest in neuroinflammation as a potential disease-modifying mechanism. These large-
scale genetic studies have uncovered a striking enrichment of immune-specific genes as
risk-factors for Alzheimer’'s disease. However, the function of many of these GWAS loci
are not well understood. Additionally, many of these genes have poor homology between

human cells and traditional murine disease-models. Thus, there is a critical need to
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develop a model of human microglia in order to understand how these immune risk factors
influence human microglial function.

The focus of this dissertation is to develop and characterize a model of human
microglia that can be readily studied without the need for isolation of human brain tissue
surgically or post-mortem. Building on previous research in the lab, we have developed
a model of human microglia differentiated from induced pluripotent stem cells (iPS-
Microglia). This model follows developmental ontogeny with a primary differentiation into
CD43+ hematopoietic progenitor cells before transition into a microglial differentiation
medium containing neuron and astrocyte derived cytokines to educate our microglia in a
homeostatic brain-like environment. The result is a highly pure population of iPS-Microglia
which perform key microglial functions and cluster alongside human microglial
transcriptomes (Chapter 1).

Because this microglial model is fully defined beginning from iPS cells, it is possible
to combine this approach with modern molecular biological manipulation such as CRISPR
gene editing. This dissertation focuses on studies surrounding the AD-risk loci Triggering
Receptor Expressed on Myeloid Cells [l (TREMZ2). Predicted loss of function mutations in
TREM2 increase Alzheimer’s disease risk up to 2-3 fold making it the highest microglial-
specific risk factor for AD. By performing CRISPR-mediated knockout of TREMZ2 in human
iPSCs and differentiating into microglia, we find that TREM2-knockout locks microglia in
a homeostatic state. Specifically, microglia lacking TREMZ2 are deficient in SYK-mediated
phagocytosis, CXCR4-mediated migration, and are more sensitive to MCSF-mediated

cell death.
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In vivo, this translates to an inability to perform chemotaxis towards and
compaction of beta-amyloid plaques leading to a build-up of pathology in the brain. We
also characterize a distinct lack of transcriptional activation in TREM2 knockout cells
suggesting that induction of the Disease Associated Microglia (DAM) profile may be an
essential immune response in shielding the brain from dementia (Chapter 2).

Because TREM2-knockout cells are locked in a homeostatic state, they express
high levels of homeostatic microglia markers P2RY12 and P2RY13. These purinergic
receptors are critical for microglial communication with neurons and clearance of dead
cells. We show that purinergic signaling has a profound effect on microglial motility and
process extension and that hyper-expression and response of purinergic signaling in
TREM2-knockout microglia may render these cells unable to sense gradients and activate
against disease pathology. Furthermore, we highlight that partial inhibition of purinergic
receptors will rescue migratory deficits characterized in TREM2-knockout microglia
suggesting a therapeutic mechanism (Chapter 3).

Taken as a whole, the development of the iPS-Microglia model has yielded critical
insight into the interaction of microglial function and the development of Alzheimer’s
disease. This model has been readily adapted by many academic labs as well as
pharmaceutical companies with the aim of studying human microglial function or other
disease risk loci. By further studying AD risk genes in this fashion, we may be able to
converge on several mechanisms by which microglial functions are able to attenuate or
drive neurodegeneration. Focusing therapeutic efforts on these pathways could lead to

the development of immunotherapies for Alzheimer’s disease.
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INTRODUCTION

Microglia in Alzheimer’s disease: Exploring how genetics and
phenotype influence risk

Amanda McQuade, Mathew Blurton-Jones



Alzheimer’s Disease and the Amyloid Cascade Hypothesis

Alzheimer’s Disease (AD) is the most common form of dementia and the sixth
leading cause of death in the Unites States (Alzheimer's Association). Unlike most other
causes of death, the incidence of AD continues to rise, and cases are expected to double
within the next 30 years as our population ages. Basic and translational science coupled
with medical advances, have greatly increased human lifespan, but with this comes
increased risk of developing age-related diseases, such as AD. Thus, it is critically
important to focus our research efforts on increasing the healthy years of life in older
individuals.

Alzheimer’s disease was first identified in 1908 by a German Neurologist, Alois
Alzheimer who described patients who exhibited disorientation, confusion, and
progressive memory loss. His pathological examinations further revealed brain atrophy
and the accumulation of key pathologies including intraneuronal neurofibrillary tangles,
extracellular plaques, and morphological changes in microglia, the primary immune cells
of the brain(Alzheimer et al., 1995). One hundred years past this original characterization,
the diagnosis of AD remains largely similar, though somewhat more precise. Clinicians
look for insidious onset of amnesic presentation, difficulties finding words, impaired facial
recognition, and deficits in problem solving(McKhann et al., 2011). Researchers today
are still searching for validated biomarkers through neuroimaging, cerebrospinal fluid
(CSF), blood, or urine tests as well as genetic risk profiling, but none have yet proved to
be reliably conclusive in large-scale clinical trials.

While the majority of AD occurs ‘sporadically’ in aged individuals, much can be

learned from the rarer familial forms of AD (fAD). fAD accounts for around 2 % of all AD



cases, and often occurs earlier in life with onset in the 30s or 40s. Familial Alzheimer’s
disease occurs due to inherited genetic mutations within the genes presenilin-1,
presenilin-2, or amyloid precursor protein (APP). Each of these mutations effects the
production and processing of beta-amyloid (AB), which is the primary component of the
extracellular plaques that were first described by Alois Alzheimer. The identification and
subsequent understanding of the functional effects of these mutations, led to the proposal
by Hardy and Higgins in 1992 of the ‘amyloid cascade hypothesis’ of AD (Hardy and
Higgins, 1992). This hypothesis posits that AR accumulation is the initial cause of AD that
in turn induces a series of downstream pathological cascades including neurofibrillary
tangle formation, inflammatory responses, as well as synaptic and neuronal loss. In
strong support of this hypothesis, imaging studies have now clearly shown that Ap begins
to accumulate some 10-15 years prior to diagnosis. As a response to this hypothesis and
the evidence that AP pathology is one of the first recognizable signs of AD, many drugs
have been developed to clear A from the brain in an attempt to relieve the symptoms of
AD and potentially halt disease progression. To date, many therapies targeting Ap
synthesis or clearance have been tested in clinical trials (bapineuzumab, solanezumab,
tarenflurbil, phenserine, gammagard etc.) but unfortunately none have yet proved to be
effective in reducing memory deficits or halting disease progression in late stage trials.
Famously, one compound; PF-04494700 a drug licensed by Pfizer, actually caused AD
patients to deteriorate faster than their placebo counterparts.

A likely issue with AB centered treatments may be that patients are treated too late
in the disease process. Since AB has already been accumulating for ~10 years by the

time patients are first diagnosed with AD or mild cognitive impairment (MCI), removal of



AB from the brain is unlikely to resolve the additional downstream consequences of AD
neuropathology. In others words, once neuroinflammation, tau pathology, and
neurodegeneration begin, it may make little difference in disease progression to remove
the initial insult of AR plaques. Instead, therapies that better target these downstream
processes may be far more effective at later stages of disease. Yet, AB therapies could
still be useful if treatments can be begun during the prodromal phases of the disease.

Thus, research into earlier diagnosis and accurate biomarkers remains critical.

Microglia in AD pathogenesis

As mentioned previously, signs of microglial activation in AD, as assessed by
broad morphological analysis, was first described by Alois Alzheimer in 1908(Alzheimer
et al.,, 1995). Since then, many groups have clearly demonstrated the close spatial-
temporal relationship between AR plaques and activated microglia in both AD patients
and mouse models (Figure 1.1). Several studies have also further visualized beta-amyloid
itself within microglia cell bodies, suggesting an important role for microglia phagocytosis
in the clearance of beta-amyloid (Wisniewski et al., 1981). Because microglia are
preferentially activated in close proximity to AR plaques, many groups hypothesized that
the plaques are responsible for activating microglia, further explaining the prominent
hypothesis that beta-amyloid initiates the Alzheimer’s disease cascade. Yet, we now have
evidence that microgliosis occurs prior to visible AB plaque deposition (Boza-Serrano et
al., 2018). Furthermore, recent evidence suggests that microglia may even contribute to
the seeding of plaques as pharmacological depletion of microglia leads to a significant

reduction in plaque pathology in 5xfAD transgenic mice (Sosna et al., 2018). The next big



questions are: what process leads to this microglial activation, and what are microglia

doing to promote plaque formation or to inhibit plaque clearance?

scale = 50um

Figure 1. Disease-associated microglia surrounding A plaques. Immunofluorescent
stain of human Alzheimer's patient tissue demonstrates microglia (stained with DAM
marker HLA-DR, red) surrounding AR plaques (gray). HLA is upregulated in microglia
around plaques. The scale represents 50 um.

Because microglia are highly sensitive to changes in their environment, these cells
have proven difficult to study. Thus far, murine models have served as the primary tool to
study microglial genetics and function. While these model systems have led to important
discoveries of microglial ontogeny and function, it has also become clear that there are
important differences between murine microglia and human microglia which are
particularly evident in aging and disease (Friedman et al., 2018; Ueda et al., 2016). Thus,
we must be careful not to simply conclude that findings in mouse models will necessarily
translate to human microglia. In order to study human microglia, several labs have
developed techniques to isolate human microglia from brain tissue removed during

surgical resection of epileptic foci or brain tumors (Bennett et al., 2016; Durafourt et al.,

2012; Gosselin et al., 2017). This approach provides one of the very few methods to study



viable human brain-derived microglia, but remains logistically very challenging. Another
innovative technique to overcome the difficulty of studying human microglia has been to
isolate microglia or their nuclei from postmortem brain tissue. These techniques have
allowed researchers to discover important human-specific changes that occur as
microglia age(Olah et al., 2018). Still, it is likely that the agonal state preceding death, co-
morbid infectious or inflammatory conditions such as pneumonia, or post-mortem delay
influence microglial gene expression and activation state which may may obscure and
greatly complicate data interpretation. Given these complications, several groups
including our own have developed protocols to differentiate human microglia from
pluripotent stem cells (Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 2017;
McQuade et al., 2018; Muffat et al., 2016; Pandya et al., 2017; Takata et al., 2017).
Producing human microglia in vitro allows scientists to study these cells using better-
controlled and more mechanistic approaches including the use of drug libraries and
genetic manipulation such as CRISPR.

Although a fully defined microglia differentiation protocol is extremely useful for
experiments that aim to study the mechanistic functions of human microglia, microglia in
isolation may function quite differently than those in the brain environment. More
comprehensive models of human microglia in a brain-like environment continue to be
developed and include studies that involve engrafting human iPS-derived microglia into
3D neuronal cultures, brain organoids, or murine brains (Abud et al., 2017; Ormel et al.,
2018; Park et al., 2018) In order to recapitulate how human microglia react to realistically
complex disease environments such as beta-amyloid plaques, neurofibrillary tangles, or

traumatic brain injury, etc., a chimeric xenotransplantation system is likely to best mimic



human disease and thus help narrow the focus of pre-clinical targets to ones which most

accurately reflect what occurs in patients.

Genome-wide Association Studies

Some clues as to how microglia may be effecting the progression of Alzheimer’s
disease can be found by studying which microglia-specific gene variants cause risk for or
protection from AD. In recent years, the power of genomics has allowed geneticists to
uncover many single nucleotide polymorphisms (SNPs) that are correlated with
differential AD risk. These studies have confirmed the previously established importance
of Apolipoprotein E (APOE), while also uncovering many new risk-SNPs. SNP variants
may occurr within gene coding regions, or influence disease risk through known
promoters, enhancers. Additionally SNPs may be sign posts which are inherited
alongside mutations which are in map linkage disequilibrium. For this review, we will only
discuss SNPs which are correlated with actual changes in gene expression or protein
function. Surprisingly, around two thirds of these new AD-risk SNPs are exclusively or
most highly expressed in microglia. This data has been corroborated by many groups
including a recent study of over 300,000 individuals that reported 48 AD-risk SNPs (FDR
< 107), 29 of which are most highly expressed by microglia (60.4%) (Figure 2) (Zhang et
al., 2014). This data hints that changes in microglial function may influence differential
risk for AD, suggesting that these brain-resident immune cells play a far greater role in
disease development and progression than previously thought. While this review will not
cover the role of every microglial specific risk gene, we provide a broad overview of all

current AD-risk SNPs in Table 1.
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Figure 2. Alzheimer’s risk genes are enriched in microglia over total cortex
expression. Transcriptome data from Zhang et al. [24] was used to generate this
heatmap of expression levels of each AD risk gene in the brain cortex (left) versus
expression level in microglial cells (right). Data are displayed in frequency per kilobase
million reads (FPKM).
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Of the GWAS-risk genes, SNPs within Triggering Receptor Expressed on Myeloid
Cells 2 (TREM2) are associated with the highest risk of developing AD, increasing
disease risk by 2-4 fold. As the name suggests, TREMZ2 is exclusively expressed on cells
within the myeloid lineage. Thus, in the brain, TREM2 expression is dominated by
microglia. Additionally, recent comparisons of human peripheral blood monocytes and
both iPSC-derived and brain-derived microglia further suggest that TREMZ2 expression is
greatly enriched in microglia versus other monocyte lineages (Abud et al., 2017). Several
of the AD-associated SNPs occur within the Trem2 coding region, including R47H, R62H,
and H157Y. R47H TREMZ2 mutations, in particular have been ardently studied,
uncovering relationships between carriers of this variant and increased CSF biomarkers
such as tau, p-tau181, and soluble Trem2 (sTrem2), each of which have been associated
with worse disease progression(Deming et al., 2018; Jay et al., 2017; Lill et al., 2015).
Research on the function of R47H and other TREM2 variants thus far suggests that AD-
risk is incurred through a partial loss of function (Kober et al., 2016), however, the
localization of the R47H and R62H mutations within the ligand binding domain of TREM2
suggest perhaps a more nuanced alteration in specific microglial responses.

Thus far, the majority of studies examining TREM2 in relation to AD have utilized
TREM2 deletion that in general appears to reduce microglial activation in response to
varying stimuli. For example, murine AD models with TREM2 exhibit decreased

microglial activation resulting in less microglial migration to beta-amyloid plaques and
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delayed plaque clearance (Kleinberger et al., 2014). In addition, plaques in TREM2- mice
are less compacted, leading to increased plaque-associated neuritic dystrophy (Condello
et al., 2015; Wang et al., 2016). These data collectively suggest that microglial activation
is necessary for clearance of plaques, and that suppression of these activation programs
may accelerate plaque accumulation. Interestingly, total microglial numbers are also
decreased in TREM2’- mice potentially due to their inability to initiate activation-related
proliferation and/or impaired microglial survival. Indeed, Trem2 expression normally
decreases with some forms of microglial activation such as LPS treatment, but is
conversely elevated in microglia adjacent to beta-amyloid plaques. Furthermore,
microglia that lack trem2 do not seem to activate normally in response to injury (Keren-
Shaul et al., 2017; Krasemann et al., 2017). In addition, as a transmembrane protein,
recent studies have demonstrated that TREM2 can be proteolytically cleaved, resulting
in sSTREM2 which may serve as a promising biomarker for AD and may also provide
additional immunomodulatory functions (Suarez-Calvet et al., 2016a, 2016b; Zhong et al.,
2017) .

In addition to specific mutations in Trem2, other microglial AD-risk genes,
membrane spanning 4-domains subfamily A members 4A and 6A (MS4A4A, MS4AGA)
have recently been associated with altered sTrem2 levels in patient CSF. The MS4A
family is itself linked to altered AD risk; in autopsied AD brains and blood samples from
AD-patients with MS4A risk SNPs, expression of both MS4A4A and MS4AGA is
increased. Importantly, these elevated expression levels also parallel increasing Braak
tangle and plaque scores (Allen et al., 2012; Karch et al., 2012a; Proitsi et al., 2014).

Interestingly, an AD-risk SNP (rs6591561) associated with increased expression of both
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MS4A genes, is also correlated with reduced levels of sTrem2. Conversely, rs1582763,
a SNP associated with decreased MS4A4A and MS4AGA is linked to increased sTrem2
and protection from Alzheimer’s disease (Deming et al., 2018). However, MS4A proteins
likely also influence disease risk independently of their effect on sTrem2. For example,
unpublished data from our lab suggests these proteins play a role in regulating
phagocytosis. Furthermore, other members of the MS4A family such as CD20 (MS4A1)
have previously been implicated in immune regulation independent of Trem2 signaling.
CD33 or Siglec-3, is another myeloid cell specific receptor that has been
significantly associated with Alzheimer’s disease(Hollingworth et al., 2011; Jiang et al.,
2014). Sialic acid binding triggers Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM)
signaling through Siglec proteins such as CD33, which has previously been shown to
induce SYK-mediated signaling cascades that lead to changes in phagocytosis that are
similar to those triggered by TREM2/DAP12 signaling (Linnartz and Neumann, 2013).
CD33 expression is also increased in human AD brains and correlates with increased
plague burden as well as swifter disease progression (Jiang et al., 2014). Within BV2
immortalized microglia and murine CD33 knockout models of AD reduced expression of
CD33 is associated with impaired clearance of beta-amyloid (Griciuc et al., 2013).
Extrapolation from these data may seem confusing given that they suggest increased
expression of CD33 in microglia would be predicted to increase beta-amyloid
phagocytosis while also leading to increased plaque burden. However, this combination
can be resolved if we again consider the microglial seeding hypothesis whereby
increased phagocytosis of beta-amyloid would lead to higher levels of plaque seeding

leading to increased plaque load.
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In addition, an elegant recent study of monocyte-derived microglia-like (MDMi)
cells recently demonstrated that the CD33 AD risk SNP rs3865444 is associated with
increased expression and membrane localization of full-length CD33 and decreased
expression of a shorter splicing variant that lacks the immunoglobulin V-set domain, which
together lead to reduced phagocytic activity (Ryan et al.,, 2017). In parallel, it was
discovered that a protective SNP (rs12459419) leads to increased splicing of exon 2
leading to a shorter length protein (Malik et al., 2013). While our understanding of CD33
biology continues to improve, additional research is still needed to determine whether the
main role of CD33 in AD is through modulation of AB phagocytosis or whether additional
immune regulatory aspects of altered CD33 signaling play a more important role in
disease pathogenesis.

Of additional interest, ATP-binding cassette transporter A7 (ABCA7) is a
membrane transporter expressed highly by neurons, microglia, oligodendrocytes, and
endothelial cells, but still seems to have the largest effect on disease risk through
microglia (Zhang et al., 2014). In AD, SNPs in ABCA7 seem to be associated with a gain
of function that may enhance phagocytosis of apoptotic cells and beta-amyloid (Allen et
al., 2012; Jehle et al., 2006; Kim et al., 2013; Ramirez et al., 2016; Tanaka et al., 2011).
On a broader scale, human post-mortem tissue analysis has shown that SNPs in ABCA7,
which increase ABCA7 expression, correlate with increased hippocampal atrophy.
Inversely, when ABCA7 was deleted from the J20 amyloid model of AD, a decrease in
plaque deposition was observed. These data again suggest that changes in microglial
phagocytosis of beta-amyloid may underlie the effects of microglial risk genes on disease.

On the other hand, our studies to date have been guided by the existing knowledge in the

14



field and the somewhat biased expectation that any studies of AD-associated microglial
function should by definition examine beta-amyloid phagocytosis. Yet, a growing number
of studies suggest that phagocytosis of other CNS-derived substrates such as synapses
or myelin could be at least as important to disease progression and we and others are
finding that microglial genes can differentially effect phagocytosis of differing substrates.
Likewise, many other less studied functions of microglia, could also be critically involved
in this disease. Thus, it seems a more comprehensive, unbiased analysis of the effects
of AD risk genes on human microglial function and gene expression are desperately
needed to improve our understanding of these cells and their role in AD.

Now that it has become clear that microglia are crucial in AD pathogenesis, the
field needs to better understand how these cells influence disease risk and whether the
normal function of microglia in disease is generally protective or pathogenic. Though
many of these risk genes eventually effect production or clearance of Ap plaques, it is not
known whether this is the mechanism that confers altered disease risk or whether this is
merely a byproduct of a more important pathway or our somewhat biased experimental
designs. By understanding the broader role of microglia and the immune system in AD
we will be able to gain insight into the elusive causes of late onset Alzheimer’s disease in
order to better target disease-modifying therapies that can prove to be effective in clinical

trials.

Microglia in Homeostasis and Disease

In homeostatic conditions, microglia are responsible for promoting neuronal health

through secretion of trophic factors and synaptic remodeling as well as clearing
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pathogens, protein aggregates, myelin, and dead cell debris. These immune cells tile to
form a grid through the brain, ensuring that no section goes unsurveiled. Homeostatic
microglia are highly ramified and each of their processes is appreciably motile, constantly
probing their environment for potential pathogens (Davalos et al., 2005). When a threat
arises, microglia quickly become activated in order to address the insult. Activated
microglia can secrete pro-inflammatory cytokines, clear pathogenic materials through
phagocytosis and lysosomal degradation, and may also induce astrogliosis and astrocyte-
associated changes to the blood brain barrier. After the pathogen has been cleared,
microglia will typically return to a homeostatic state.

In some cases, however, microglia activation fails to resolve. In these
circumstances, the constitutively active microglia often become detrimental to brain
health. They may aberrantly over-prune synapses, kill neurons through phagoptosis, or
induce unnecessary astrogliosis through pro-inflammatory cytokine secretion. Through
prolonged, unnecessary microglial activation, severe neurodegeneration may occur. For
example, aberrant inflammation in traumatic brain re-injury results in an inability for
lesions to heal (Donat et al., 2017). Chronic microglial activation has also been strongly
implicated in many neurodegenerative diseases, playing a role in multiple sclerosis,
amyotrophic lateral sclerosis, Huntington’s disease and Alzheimer’s disease (Allen et al.,
2012; Lill et al., 2015; Mammana et al., 2018).

As mentioned previously, problems can also arise if, conversely, microglia are
unable to become appropriately activated in response to an insult, such as in Trem2
knockout models. When microglia are constitutively homeostatic, they may not be able to

properly remove pathogens, debris, or dead cells. In this case, these hazardous materials
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may build up creating further imbalances in brain homeostasis. Because microglia are
responsible for supporting brain health and homeostasis through many avenues,
microglia may influence the onset of AD in various ways, some of which are explored

below.

Migration, phagocytosis, and lysosomal degradation

Many of the Alzheimer’s risk genes highly expressed in microglia effect microglial
phagocytosis of beta-amyloid. Given the widespread interest in and adoption of the
amyloid cascade hypothesis (Hardy and Higgins, 1992), it follows that the majority of
research on microglia in AD has often begun with examinations of this question. However,
amyloid targeted therapeutics have thus far failed to improve or delay cognition in late
stage clinical trials, leading some to speculate that beta-amyloid deposition could be a
sign post of other more detrimental issues rather than a pathogen directly. If therapies
can be developed that can reset and enhance microglial-mediated clearance of beta-
amyloid, many would predict that this might stop or delay disease progression. Yet, as
with other amyloid targeting therapies such an approach would likely only be useful if
initiated during very early prodromal phases of the disease.

Phagocytosis of beta-amyloid is a complex system which includes migration
towards the beta-amyloid plaques, endocytosis of beta-amyloid and lysosomal
degradation into its constituent amino acids. The accumulation of beta-amyloid plaques
observed in AD brains may be occurring from deficits in any or all of these components.
These dysfunctions may be beta-amyloid specific or may also effect a broader range of

phagocytosis of other substrates including apoptotic cells, myelin, or debris.
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The ability of a microglia to migrate is crucial to its immune surveillance activity. In
order to clear something from the brain, microglia must first follow chemotactic cues
towards the debris or pathogens. This process is complex to study given that there are
many chemokines, but often the mechanisms can be extrapolated from macrophage
biology. When neurons die, for example, ADP and nucleotides released from the dying
cell form a chemoattractive gradient sensed by the purinergic receptor P2RY12 on
microglia (Corriden and Insel, 2012; De Simone et al., 2010; Moore et al., 2015). When
P2YR12 is chemically blocked, microglia are unable to activate in response to ADP/ATP
and additionally do not migrate along their concentration gradient. /In vivo, blockade of
P2YR12 would likely inhibit microglial activation in response to dead neurons leading to
a build up of apoptotic debris in the brain (Eyo et al., 2018). This is similar to what occurs
with trem2 responses to beta-amyloid in which knockout of trem2 inhibits microglial
migration toward amyloid plaques leading to increased beta-amyloid accumulation in AD
mouse models. Correspondingly, it has been suggested that trem2 and its’ co-receptor
dap12 may act as an actual phagocytic receptor for beta-amyloid. However, a large
number of receptors on microglia have been posited to bind beta-amyloid and thus
additional research is needed to tease out which receptors are necessary for directed
migration and which are more important for beta-amyloid internalization.

If a microglia cell is able to properly migrate towards its target, the cell will still need
to express the receptors and machinery to complete phagocytosis of this substrate. We
still do not fully understand all the components involved in microglial phagocytosis, but
much has been learned from assuming homology with other myeloid cells. In terms of

neural phagocytosis, one of the major signals for a microglia cell to engulf its target is
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exposed phosphatidylserine. This phospholipid becomes exposed on the cell surface
during the early stages of apoptosis and in response to oxidative stress, ATP depletion,
or increased calcium ion levels all of which are signs of cellular stress and increase with
age(Brown and Neher, 2014; Suzuki et al., 2013; Tyurina et al., 2007). Interestingly tau-
laden neurons have also been shown to aberrantly expose phosphatidylserine(Asai et al.,
2015; Brelstaff et al., 2018). Microglial recruitment to these neurons may be a partial
mechanism for how tau causes neurotoxicity. Indeed, PET imaging in mice has shown
tau accumulation to precede microglial activation which strongly correlated with a
reduction in brain volume(lshikawa et al., 2018). Other groups however cite microglia as
the mediators of tau spreading though phagocytosis remains important in either case
(Asai et al., 2015).

Protein aggregates, on the other hand, often must become opsonized before they
can be recognized by a microglia cell. The most well-studied opsonins are IgG antibodies
and the complement system both of which have been associated with AD(Fu et al., 2012;
Hong et al., 2016a; Marsh et al., 2016). Though, for beta-amyloid proteins, it has also
been suggested that opsonization is not necessary. Many toll-like receptors, g-protein
coupled receptors, and several AD-risk genes (trem2, abca7) have been proposed to
serve as beta-amyloid receptors. For some of these receptors, it is likely that beta-amyloid
does indeed bind, but rather than triggering phagocytosis of AB, this ligand may trigger
downstream pro-inflammatory signaling cascades. It is difficult to distinguish receptors
necessary for activation from those necessary for engulfment since removal of the former
may still inhibit beta-amyloid phagocytosis by causing the cells to remain in a homeostatic

state. This may be the case with AD-risk genes such as TREM2 and ABCA7. However,
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cell culture based studies have begun to provide initial evidence that beta-amyloid can
indeed be recognized by TREM2, albeit only when bound to Apolipoprotein E(Yeh et al.,
2016).

After a microglia cell has successfully sensed, migrated to, and engulfed a particle.
It must still degrade the particle. For most substrates that have been engulfed, the
phagocytic vesicle containing the cargo will merge with early and late endosomes to load
digestive enzymes and acidify the pH before finally merging with a lysosome to form a
phagolysosome(Desjardins et al., 1994). Within the phagolysosome, particles are broken
up by hydrolytic enzymes suitable for the low pH of the lysosome and can then be
released from the cell. The specific proteins involved in this pathway differ depending on
the cell type and the substrate being engulfed. Currently, the downstream signaling
pathways involving specific processing of apoptotic cells(Zhou and Yu, 2008) or beta-
amyloid(Tam et al., 2014, 2016) have not been found to be linked to disease progression
directly. However, more research into microglia-specific responses to phagocytic
substrates in homeostatic or activated states will be required to better understand how
these immune cells are able to respond to pathogenic stimuli in both early and later stages
of disease progression. General knowledge from other immune cell types demonstrates
that when phagolysosome formation or function is disrupted, this results in a build up of
debris within enlarged phagolysosomes and can even result in cell death through
necrosis(Turk and Turk, 2009).

Several groups have showed that activating microglia not only boosts the migration
to and engulfment of AB, but microglia treated with pro-inflammatory cytokines or LPS

can actually degrade AB more efficiently. This is in part because activation induces
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acidification of the lysosomes which encourages faster and more complete degradation
of proteins and cellular debris. If a microglia is unable to properly activate in response to
neuroinflammatory stimuli, lysosomal efficiency would not increase, resulting in further
reduction of the ability of microglia to process pathogenic debris. It is possible that a
cascade like this may be the multifactorial trigger promoting disease progression,
however, there is also significant data suggesting that many other important microglia

functions are also altered in Alzheimer’s disease as discussed below.

Cytokine secretion, astrogliosis, and blood-brain barrier breakdown

Cytokines and chemokines are important mediators of neuroinflammation.
Somewhat contradictory to the story surrounding Trem2 which concludes that hindering
microglial activation increases AD risk, pro-inflammatory cytokines such as CCL2 and
TNFa are increased in human AD brains. In addition, homeostatic cytokines such as
CX3CL1 are dramatically decreased. CX3CL1 is secreted from neurons and acts as a
homeostatic signal for the microglia receptor CX3CR1. In studies of AD models deficient
for CX3CR1, AD brains displayed decreased beta-amyloid plaque deposition and
substantially less neurodegeneration(Chen et al., 2016; Lee et al., 2010; Liu et al., 2010).
Not surprisingly, CX3CR1”- mice showed increased levels of CCL2 and TNFa further
confirming their activated state as a result of the absence of homeostatic signaling. Yet
in stark contrast to this, deletion of CX3CR1 in tau transgenic models leads to increased
neurofibrillary tangle pathology and behavioral deficits(Bhaskar et al., 2010). Thus, the
effects of microglia activation can be diametrically opposite between the two hallmark AD

pathologies. A similar relationship has also been described following treatment of AD
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mice with LPS, which leads to increased microglial activation and reduced beta-amyloid
plaques, but enhanced tangle pathology(Zuroff et al., 2017). Effects from pro-
inflammatory cytokines can of course be pleiotropic as cytokines may have autocrine and
paracrine effects signaling both back to microglia as well as to astrocytes furthering the
spread of neuroinflammation, perhaps providing a partial explanation for these findings.
Alternatively, perhaps the key role of microglia in AD is as an intermediary that transduces
the proinflammatory-inducing effects of beta-amyloid plaques into increased neuritic
dystrophy and tau pathology. In support of this are recent findings regarding the influence
of TREM2 deletion and mutations on plaque barrier formation(Condello et al., 2015).

In terms of pro-inflammatory cytokines, CCL2 levels are increased in patients with
Alzheimer’s disease and may potentially provide a reasonable biomarker for disease
progression(Westin et al., 2012). The mechanism of CCL2 in disease progression is still
unclear though there is evidence that CCL2 expression alters phagocytosis of beta-
amyloid plaques and effects disease progression through this axis(Kiyota et al., 2009).
Others propose that CCL2 is mainly effective through recruitment of peripheral
mononuclear phagocytes though it remains unclear and controversial whether these cells
actually migrate into the brain during human disease(Guedes et al., 2018). TNFa, is
similarly increased in Alzheimer’s patient brains as well as model systems and seems to
also increase phagocytosis of beta-amyloid(Ma et al., 2015). Though the effect of TNFa
may be broader in that it is secreted by neurons as well and has independent effects on
neuronal survival and proliferation(Bhaskar et al., 2014).

Many important microglial-derived pro-inflammatory cytokines such as CCL2,

TNFa, II177, IL-6 and others also influence astrocyte activation or astrogliosis(Benveniste

22



and Benos, 1995; Hanisch, 2002). Even in injury models, removal of microglial cytokines
inhibits astrogliosis from occurring further proving that microglia are often responsible for
induction of astrocyte reactivity(Balasingam et al., 1994; Selmaj et al., 1990). Like
microgliosis, astrogliosis is particularly prevalent near plaques suggesting they play a role
either in barrier formation to protect neurons and/or in the chemoattractive recruitment of
microglia to the plaque environment(Kamphuis et al., 2014; Osborn et al., 2016).
Conversely there is also evidence that astrogliosis is detrimental in that increased
astrocyte derived IL-113, INOS, and ROS secretion acts as a positive feedback mechanism
to increase neuroinflammation and may even harm the blood brain barrier(Balasingam et
al., 1994; Osborn et al., 2016) which would allow for further recruitment of peripheral

phagocytes into the brain via CCL2/CCR2 signaling.

Damage Associated Microglia

Since the direct pathways through which microglia influence Alzheimer’s disease
remain unclear, several groups have begun to study microglial biology using broader
unbiased approaches. For example, Keren-Shaul et al. used single-cell RNA-sequencing
to uncover a specific population of microglia whose temporal appearance mirrored the
progression of plaque pathology in the 5x-fAD mouse model (Keren-Shaul et al., 2017).
These Damage Associated Microglia (DAM) are formed via a two-step process the
second of which appears to be TREM2 dependent since in TREM27 mice, microglia
remain in the intermediate activation phase throughout disease progression. Therefore,
DAM have been hypothesized to be beneficial in the context of AD knowing that Trem2

loss of function mutations are known to exacerbate disease severity and age of onset.
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Interestingly, Krasemann et al. have discovered a similar set of genes which they
have denoted the microglia neurodegenerative phenotype or MGnD (Krasemann et al.,
2017). Here, the authors have described a more generalized phenotypic change
associated with several neurodegenerative diseases and demonstrate that this activation
state is influenced by APOE. Using mouse models of amyotrophic lateral sclerosis (ALS),
multiple sclerosis (MS), and Alzheimer’s disease, the authors highlight genes that are
induced or repressed commonly across disease type. This list includes many of the same
genes discovered in Keren-Shaul et al. including increased apoe, hla, clec7a, and cd11c
expression as well as decreased p2ry12, cx3cr1 and tmem119 expression. Although the
gene sets discovered in each paper are not identical, it seems likely that each group has
independently discovered a similar set of cells. Indeed DAM microglia have been shown
to be similarly occurring in ALS as well. Interestingly, MGnDs and the corresponding loss
of more homeostatic microglia have been proposed to be detrimental in contrast to the
subsequent conclusions of Keren-Shaul et al. Whether the MgnD and DAM phenotype is
equivalent and more importantly whether they are detrimental or beneficial will likely
depend on the nature of the disease process and timing. For example, one might predict
that DAM phenotypes are protective against beta-amyloid given the effects of TREM2
deletion on DAMs and plaque load whereas DAM cells might conversely by detrimental
in the context of tau pathology or synaptic pruning. Continued validation of these unbiased
approaches and extension of these studies to include examination of human microglia
are critically needed and will hopefully help narrow down the true roles of microglia in

neurodegenerative disease.
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Microglia as a therapeutic target

Since microglia effect so many crucial pathways in the brain, therapies which effect
this cell type may have unexpected off-target effects. Fortunately some of the most
important microglial functions, such as synaptic pruning, occur predominantly early in life
and thus it may not be detrimental to dampen these processes in Alzheimer’s patients.
Another concern is that microglia share many transcriptional and functional pathways with
peripheral monocytes and macrophages. For this reason, small molecule therapies may
produce unwanted side effects on these peripheral targets. Currently, in AD, is not yet
clear whether immune activation or suppression will be therapeutic as examples in this
review have been presented in support of both possibilities. In either case, broad
activation or suppression of myeloid cells would likely be detrimental for patients.
Sustaining myeloid activation globally may cause chronic inflammation similar to
macrophage activation syndrome(Grom et al., 2016; Lull and Block, 2010). On the other
hand, general suppression of immune activation in aged patients who already experience
an increased risk of infection and immune impairment would leave patients increasingly
vulnerable to infectious disease. For these reasons, the most successful microglial
therapies will need to be precisely targeted towards microglia but not other monocytes
and thus need to capitalize on our growing understanding of the genetic and functional
differences between these closely related cells.

If cell-specificity can be sufficiently achieved, it is possible that broad activation or
suppression of microglia may be effective although the timing of these approaches will
likely be critical. Recent data from mouse studies in which microglia are ablated using a

CSF-1 blockade demonstrated no cognitive detriments from complete removal of
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microglia in otherwise normal WT mice(Sosna et al., 2018). While behavioral studies in
mice are much less nuanced than human cognition, this research suggests that
therapeutic microglia suppression, perhaps via more subtle means such as reduced
proliferation(Olmos-Alonso et al., 2016), may be therapeutically tractable. Although
ideally a specific pathway of microglia activity such as migration, phagocytosis, or
cytokine signaling pathways could be isolated and specifically modulated, the effect of
microglia on AD pathogenesis does not seem to be that simple. Indeed, this review has
provided evidence for disruption in all three of those pathways in AD and likely further
study of microglia enriched risk genes will uncover additional microglia functions that

influence disease progression.

Perspectives

This review presents a broad overview of the current data positing that the immune
system, primarily microglia, plays a much larger role in disease development and
progression than previously understood. With the rapid growth of research focusing on
microglia in AD, many different functional pathways have been proposed to alter disease
risk. Of these, most pathways can be broadly altered by changing microglial activation
state. In order to separate these individual pathways from the pleiotropic effects of broad
microglia activation, more research towards understanding the spectrum of human
microglial activation states will be required. We have learned a great deal from studying
peripheral macrophages, but given the key transcriptome and functional differences
between peripheral macrophages and microglia, we must assume that microglial

activation is likewise quite different. Furthermore, even murine microglia in vivo have been

26



shown to significantly differ from human microglia and these differences are enhanced in
aging, making it particularly difficult to study age-related human disease in traditional
murine models. While mouse models are extremely useful for studying microglia in their
natural environment, they are inherently biased based on what we currently understand
to cause Alzheimer’s disease and thus will always produce data related to those original
assumptions. In order to create a more accurate model of microglia in Alzheimer’s
disease using patient derived iPS-microglia, one potential promising approach will be to
utilze brain organoid models or generate chimeric mouse models to study the complex

interactions between human microglia, neurons, astrocytes, and AD neuropathology.
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CHAPTER 1

Development and Validation of a Simplified Method to Generate
Human Microglia from Pluripotent Stem Cells

Amanda McQuade, Morgan Coburn, Christina H. Tu,
Jonathan Hasselmann, Hayk Davtyan, Mathew Blurton-Jones
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Introduction

Microglia are highly specialized tissue resident macrophages within the brain. Their
homeostatic functions include shaping neural circuits through promotion of neuronal
growth and differentiation as well as synaptic pruning. Microglia have also been strongly
implicated in a number of neurological diseases and injuries. Most recently, genetic
studies have identified many genes that are highly expressed in microglia which are
associated with altered risk of developing Alzheimer’s disease (AD), Parkinson’s disease,
Frontotemporal Dementia, or Amyolateral Sclerosis(Endo et al., 2015; Heneka et al.,
2015; Radford et al., 2015; Schapansky et al., 2015). These new discoveries have placed
microglia and neuroinflammation at the forefront of disease progression emphasizing the
need for new model systems to enable the study of human microglia. Yet, microglia have
proven to be difficult cells to study given that many differences exist between human and
murine microglia(Bennett et al., 2016). Additionally, there are significant challenges in
isolating and culturing these cells(Durafourt et al., 2012; Ueda et al., 2016). Primary
human microglia can be isolated in relatively limited numbers from postmortem brain
tissue or following surgical resection of brain tumors or epileptic foci. However, given the
considerable sensitivity of microglia to environmental changes, samples isolated from
patients with neurological disease or following the agonal state prior to death, are likely
to be activated and may differ depending on disease state, comorbidities, or cause of
death. In order to study a more homeostatic human microglia and to utilize modern
experimental manipulations such as CRISPR gene editing, many scientists have instead

turned to induced pluripotent stem cells (iPSCs).
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In the past three years, several labs, including our own, have developed various protocols
for differentiating microglia-like cells from pluripotent stem cells(Abud et al., 2017;
Douvaras et al., 2017; Haenseler et al., 2017; Muffat et al., 2016; Pandya et al., 2017;
Takata et al., 2017). While the purity, yield, and reproducibility of these different
approaches varies considerably, each of these methods produces myeloid cells that
exhibit transcriptional profiles and many key functional or morphological characteristics
of human microglia. However, the relatively complex nature of these protocols has made
it challenging for labs new to stem cell culture or those lacking fluorescence-associated
cell-sorting (FACS) core facilities to quickly adopt these approaches. We have therefore
developed an appreciably simplified method (iPS-microglia 2.0) to produce both large
numbers and highly purified cultures of human microglia. The resulting cells exhibit RNA
transcript profiles that are nearly identical to iPS-microglia generated using our previously
published protocol(Abud et al., 2017), but provide a significantly increased yield at a
reduced cost and omit the prior need for a hypoxic incubator and FACS capabilities,
making the protocol more readily accessible for a wider variety of labs.

Materials and Methods

Ethics Statement: All experiments were carried out according to human stem cell
(hSCRO) and animal use (IACUC) protocols that were approved by the University of
California, Irvine.

Find the complete catalog of materials and catalog numbers in Supplementary Table 5
Simplified Differentiation of iPSCs to HPCs

Improved and simplified differentiation of iIPSCs to CD43" primitive hematopoietic

progenitor cells (HPCs) is achieved using Stem Cell Technologies STEMdiff™

30



Hematopoietic Kit (Catalog # 05310). On day -1, feeder-free iPSCs that have been
expanded in TeSR-E8 media are passaged with ReLeaSR (STEMCELL technologies)
into mTeSR E8 medium with 0.5 yM Thiazovivin onto matrigel coated (1 mg/mL) 6-well
plates (Corning Costar). Small aggregates of ~100 cells each are plated at 10-20
aggregates per cm?. The initial plating density is critical as higher density impairs
mesoderm differentiation and lower density decreases yield. Thus one can plate iPSCs
at 2-3 different densities and select the wells on day O that have optimal density to
proceed with. When approximately two 100 cell colonies per cm? have been achieved,
replace TeSR-E8 medium with medium A (Basal medium plus Supplement A at 1:200
dilution, 2 mL per well of a 6-well). On day 2 (48 hours after original media change), do
not fully change media, but rather replace 50% medium A, 1 mL per well of a 6-well. On
day 3, carefully remove all media by tilting the plate to one side and aspirating from the
edge. Then add 2 mL/well medium B (Basal medium plus supplement B at 1:200). Without
removing media, supplement with 1 mL/well of medium B on days 5, 7, 9. On day 10 and
again on day and 12, non-adherent cells may be collected. Remove medium with non-
adherent cells carefully and centrifuge 300 x G 5 min. After centrifugation, replace
conditioned medium back to each well and add 1 mL fresh medium B if further collection

on day 12 will be completed.

FACS analysis has confirmed that these non-adherent cells represent highly pure
populations (>93%) of CD43" hematopoietic progenitor cells (Supplementary Figure 2).
Importantly, simply collecting the floating cells is all that is required to isolate large

numbers of highly purified CD43" cells. No FACS or MACS isolation is required as
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identical microglia are produced using any of these three methods (Supplementary Figure
1). However, because the cells are not being sorted for purity, the collection of non-
adherent cells must be carefully completed. Do not spray medium over adherent cells to

wash as this will loosen cells which are not CD43" and decrease culture purity.

At this point, HPCs may be frozen at 2-8 million cells per mL in BamBanker (Wako). HPCs
should be thawed directly into microglial differentiation medium with cytokines (below)
and plated onto Matrigel-coated plates at 10,000 cells per cm?. We typically find that
viability post-thaw is between 50-85%, with improved viability when greater densities of

HPCs are thawed together.

Updated Differentiation of CD43* HPCs to iPS-microglia 2.0

Volumes specified for 35 mm well (1 well of a 6-well plate).

On day 0 of iPS-microglia differentiation, plate HPCs at 10,000 cells per cm? onto 1
mg/mL Matrigel-coated plates (100,000 per 35 mm well). Plate cells into iPS-microglia
medium at 2 mL per 35 mm well: DMEM/F12, 2X insulin-transferrin-selenite, 2X B27, 0.5X
N2, 1X glutamax, 1X non-essential amino acids, 400 uM monothioglycerol, 5 pg/mL
insulin. Immediately before use, microglial medium should be supplemented with 100
ng/mL IL-34, 50 ng/mL TGFB1, and 25 ng/mL M-CSF (Peprotech) taken from single-use
frozen aliquots (important: do not freeze/thaw these cytokines as it will significantly impair
differentiation and yield as well as induce activation. It is crucial to thaw cytokines
immediately before use). Throughout the differentiation of HPCs to microglia, these cells

will predominantly grow non-adherently. On days 2, 4, 6, 8, and 10, add 1 mL fresh media
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plus freshly thawed tri-cytokine cocktail. Cytokines are diluted to the concentrations listed
above before adding to conditioned medium. Do not fully remove media during the
microglial differentiation as the cells secrete paracrine cytokine signals and will not
properly differentiate upon removal of those. On day 12, collect 6 mL media from each 35
mm well leaving 1 mL conditioned medium on the plate. Centrifuge non-adherent cells in
removed medium for 5 min at 300 x G. Aspirate medium and resuspend non-adherent
cells in 1 mL fresh medium plus tri-cytokine cocktail per 35 mm well and add back to the
same well which contains the 1 mL conditioned medium. Continue to supplement media
(1 mL) on days 14, 16, 18, 20, 22, and 24. On day 25, centrifuge cells leaving 1 mL
conditioned media per 35 mm well as on day 12. On day 25, cells should be resuspended
in microglia media plus 100 ng/mL IL-34, 50 ng/mL TGF31, 25 ng/mL M-CSF, 100 ng/mL
CD200 and 100 ng/mL CX3CR1 to further mature microglia and ensure homeostasis. On
day 27, feed cells with microglia media with five cytokine cocktail (1 mL per well). On day
28 cells collected for RNA sequencing or use for transplantation or functional assays. If
necessary, cells can be maintained for 1-2 additional weeks via media supplementation

as above, although longer-term culture is not advised.

Isolating RNA

Total RNA was isolated from cells using RNeasy Mini kit (Qiagen). Approximately 1 million
iPS-microglia cells were lysed in RLT buffer and RNA was isolated per manufacturer’s
instructions with DNAse treatment (10 minutes) and increased spin times to maximize
yield (16000 x G for 1.5 min). RNA integrity was measured using the Bioanalyzer Agilent

2100. All libraries were prepared from samples with RNA integrity values = 9.7. 500 ng
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RNA per sample was used to create RNA-seq libraries through the lllumina TruSeq
mMRNA stranded protocol. Each sample was then sequenced in the lllumina HiSeq 4000

platform.

RNA sequencing Analysis

RNA sequencing read integrity was verified using FastQC. BBDuk was used to trim
adapters and filter out poor quality reads([CSL STYLE ERROR: reference with no printed
form.]). Reads were aligned to the GRCh.38.12 human transcriptome using Kallisto(Bray
et al., 2016a). Lowly expressed genes (expression count summed over all samples < 10)
were removed before differential expression analysis. Differential Expression of TPM was
calculated using DESeq2(Love et al., 2014). An FDR cutoff of 0.001 and fold change of
at least 2 was used to determine differentially expressed genes (Supplemental Table 1,
2, 3, 4). Visualizations were constructed in part using R in addition to the Genialis visual
informatics platform (app.genialis.com) ([CSL STYLE ERROR: reference with no printed

form.]). Gene ontology analysis was performed using EnrichR.

Phagocytosis Assay

Phagocytic activity of iPS-microglia was examined using the the Amnis Imagestream
(Millipore) to combine immunofluorescence and flow cytometry. iPS-Microglia or iPS-
Microglia 2.0 were treated with either 1 pyg/mL pHrodo tagged zymosan A beads, 20
pMg/mL S. aureus, or 2 ug/mL fluorescent beta-amyloid (Anaspec). After allowing 1 hour
at 37 degrees for phagocytosis, microglia were resuspended in cold FACS buffer (DPBS,

1% BSA, 0.5 mM EDTA) and stained for 30 min at 4 degrees with 1:100 anti-CD45
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(Biolegend, clone HI30) and Zombie-violet live/dead stain. 10,000 events were captured
for each sample which were gated for in focus live cells before analysis. IDEAS software
was used to generate masks of internalized signal (substrate within CD45) and percent
of cells with internalized substrates were calculated as well as mean fluorescent intensity

which remained constant for each cell type.

Animals

All animal procedures were conducted in accordance with the guidelines set forth by the
National Institutes of Health and the University of California, Irvine Institutional Animal
Care and Use Committee. The MITRG mouse was purchased from Jackson Laboratories
(stock #017711); briefly, this strain was developed on a BALB/c background containing
two knockouts alleles: Rag2- (Rag2t™'-'FV) and il2yc- (I12rg™"-FV): and three humanized
knock-in alleles: hCSF-1 (Csf1im(CSFOFV) | -3/GM-CSF (Csf2/113tm1-1(CSF2IL3)Fivy = and
hTPO (Thpo™!1(TPOFM) ~ All mice were age and sex matched and group housed on a

12h/12h light/dark cycle with food and water ad libitum.

Adult Intracranial Transplants

All mouse surgeries and use were performed in strict accordance with approved NIH and
AALAC-certified institutional guidelines. Direct intracranial injections of iPS-microglia into
the cortex and hippocampus were performed on adult MITRG mice. Briefly, adult mice (2-
3 months old) were anesthetized under continuous isoflurane and secured to a
stereotaxic frame (Kopf). Using a 30-guage needle affixed to a 10 yL Hamilton syringe,

mice received 2 pL of mature iPS-microglia suspended in sterile 1X DPBS at 50,000
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cells/uL at each injection site. Transplantation was conducted bilaterally in the cortex and
hippocampus at the following coordinates relative to bregma: anteroposterior, =2.06 mm;
dorsoventral, =1.75 mm (hippocampus), -0.95 mm; mediolateral, £1.75 mm. Cells were
injected at a rate of 50,000/30sec with 4 minutes in between injections. The needle was
cleaned with consecutive washes of PBS, 70% (vol/vol) ethanol, and PBS in between
hemispheres and animals. Animals were allowed to recover on heating pads before being
placed in their home cages and received 2 mg/mL Acetaminophen (Mapap) diluted in
water for five days. Animals were perfused 2 months following surgery with 1X PBS
followed by 4% paraformaldehyde, entire brains were removed for immunohistochemistry

and confocal microscopy.

Immunohistochemistry and Confocal Microscopy

Fixed half brains were first cryoprotected in a 30% sucrose and 0.05% NaN3 solution in
1X PBS for 72 hours. Tissue was then sectioned into 40 pym thick slices on a freezing
microtome (Leica SM 2010R), and stored in 0.05% NaN3 solution in 1X PBS as free
floating wells. For staining, tissue was blocked for 1 hour in 1X PBS, 0.2% Triton X-100,
and 10% goat serum. Immediately following blocking, sections were placed in primary
antibodies diluted in 1X PBS and 1% goat serum and incubated overnight on a shaker at
4°C. Sections were labeled with combinations of anti-Ku80 (1:250; Abcam ab79220), anti-
Iba1 (1:200; Wako 019-19741), anti-P2RY12 (1:200; Sigma HPA014518) and mounted
with  DAPI Fluoromount (SouthernBiotech). Immunofluorescent sections were then
visualized and captured using an Olympus FX1200 confocal microscope. Images

represent confocal Z-stack taken with equivalent laser and detection settings.
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Results

The transcriptome of iPS-microglia 2.0 differentiated without hypoxia or cell sorting
are almost identical to those generated using our prior approach

Our new differentiation protocol still mimics in vivo microglia ontogeny by first
differentiating iPSCs into hematopoietic progenitor cells (HPCs), followed by passage into
microglial differentiation medium, and concludes with a final maturation step by adding
neural and astrocytic factors, thereby educating the microglia in a brain-like environment

while maintaining a pure, homeostatic population of microglia (Figure 1).

iPSCs Hematopoiesis Microglial Differentiation Maturation
Medium A
-1 0 3 7 1" 23 35 38

L

Day -1

Percent of total cells (DAPI)

Figure 1.1. A simplified microglial differentiation protocol can be used to produce
large numbers of highly pure human microglia. Schematic showing the process of
differentiation from iPSCs through the mesoderm lineage (days 0-3) and further
promoting hematopoiesis (days 3—11). Primitive hematopoietic progenitor cells begin to
appear on day 7 (black arrows) and by day 11 large numbers of round non-adherent
HPCs are observed. Floating HPCs are then transferred into new medium to induce
microglial differentiation for 27 days. The last 3 days of microglial differentiation include
additional neuronal and astrocytic ligands to further educate microglia toward a brain-like,
homeostatic environment. By day 38, large numbers of highly pure microglia that stain
positively for both P2RY12 and TREM2 (> 94%) have been produced and are ready for
experimentation

37



In order to test whether or not an extensively simplified and commercially available
hematopoietic stem cell differentiation protocol could be used to generate equivalent
homeostatic microglia, we differentiated four independent iPSC lines, and one ESC line
(H9) in parallel using our previously published protocol (Abud et. al., 2017, iPS-microglia)
and the simplified iPS-microglia 2.0 protocol described here. Our prior protocol required
FACS to isolate CD43" hematopoietic progenitors before transitioning to microglial
differentiation medium. To determine whether FACS sorting was also necessary for our
newer approach, we compared three different sorting methods on the same iPSC
background. On day 11 when HPCs were ready to be transitioned into microglial medium,
we isolated CD43" HPCs using either FACS, magnetic-activated cell sorting (MACS), or
by simply collecting all non-adherent cells. After analyzing RNA-sequencing on these
samples, we performed unbiased clustering and found that FACS and MACS sorted iPS-
microglia 2.0 intercluster with unsorted samples demonstrating that these isolation
procedures are not necessary for this updated protocol (Supplementary Figure 1).
Notably, one of the first results we observed with this simplified protocol was that the
number of CD43" HPCs produced using this novel commercially available method was
substantially increased, while also maintaining the high degree of purity (90-94%) for the
HPC marker CD43 (Supplementary Figure 2). From one million starting iPS cells, 125
million CD43" cells can be produced, representing an approximately 60-fold increase over
our prior method. Following transition to microglial medium, the four lines of unsorted

HPCs were further differentiated and matured in parallel. At the final day of microglial
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maturation, iPS-microglia or iPS-microglia 2.0 were harvested for RNA isolation and

analyzed via RNA sequencing.

At a transcriptome level, our new protocol produced homeostatic human microglia that
were virtually identical to microglia generated using our prior methods. Principal
component analysis of the full transcriptome explained 73% of variation in all samples
within PC1 (44%) and PC2 (29%) and revealed that our new microglia (iPS-microglia 2.0)
closely cluster and are interspersed with microglia differentiated using our previously
published protocol, yet are highly distinct from human CD14* or CD14/CD16" blood
monocytes and dendritic cells (Figure 2A, B, Figure 3, Supplemental Table 1). Consistent
with our previous findings, both iPS-microglia and iPS-microglia 2.0 exhibit very similar
gene expression profiles to brain-derived cultured human microglia, although some
differences between these groups remain. In order to highlight important microglial and
monocyte enriched genes, we performed a secondary principal component analysis with
a previously-identified microglial/monocyte focused gene set which revealed a
developmental component (PC1, 48% of variance) and again shows interclustering of
iPS-microglia 2.0 with microglia generated using our previously published approach
(Figure 2B, D). Importantly, this developmental trajectory remains quite distinct from

monocytes and dendritic cells (Figure 2B).
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Figure 1.2. iPS-microglia 2.0 are virtually identical to iPS-microglia generated using
a more complex protocol. a Principle component analysis demonstrates that iPS-
microglia 2.0 (dark blue) and iPS-microglia differentiated using our previously published
protocol (blue) exhibit highly equivalent gene expression profiles that cluster closely with
cultured human fetal and adult microglia (light blue and teal). Additionally, these cells are
distinct from human CD14+ monocytes (purple) and CD16+ inflammatory monocytes
(pink), and dendritic cells (maroon). b Principal component analysis using a gene list
enriched for 882 microglial genes from (Gosselin et al., 2017), further demonstrates the
equivalent gene expression between iPS-microglia and fetal and adult microglia. This
analysis also highlights the trajectory of differentiation from iPSCs to Microglia and shows
the separation between our protocol and monocytic and dendritic cell
populations. ¢ Volcano plot of differential expression analysis (p <0.001, log2(FC) > 2)
between iPS-HPC and iPS-HPC 2.0 samples (top) as well as iPS-microglia and iPS-
microglia 2.0 (bottom). Significantly increased or decreased genes are shown in coral or
blue respectively. d Heatmap using 882 microglial-enriched genes further demonstrates
the highly similar gene expression profiles between iPS-microglia and iPS-microglia 2.0
and the close similarity of both cell populations to fetal and adult cultured microglia
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Interestingly, RNA sequencing analysis of HPCs generated using our previously
published approach versus HPC 2.0 revealed some intriguing differences between these
two populations. Based on the developmental trajectory shown in Figure 2B, these data
suggest that HPC 2.0 samples are closer to microglia on the primary principle component
showing the developmental trajectory than HPCs from our previously described protocol.
Indeed HPC 2.0 populations include lower percentages of cells expressing the primitive
HPC marker CD235a, although both populations express equivalently high levels of
another primitive HPC marker; CD43 which is typically absent in definitive HPCs(Ditadi
and Sturgeon, 2016) (Supplemental Figure 2, Supplementary Table 3). Importantly,
although some differences do exist in gene expression between these two HPC
populations, very few differences in gene expression persist once HPCs are matured into
microglia (Figure 1, Figure 2C,D, Supplementary Table 2). For example, expression
analysis comparing iPS-microglia and iPS-microglia 2.0 revealed only 55 differentially
expressed genes. To determine whether these differences occur in a uniform pathway or
are indicative of important functional effects that need to be considered, we next used
Reactome 2016 gene ontology analysis to examine these 55 genes. This analysis
revealed only three significant gene ontology pathways (Platelet activation, signaling and
aggregation_Homo sapiens R-HAS-76002, FDR=0.03665; Chemokine receptors bind
chemokines_Homo sapiens_ROHSA-380108, FDR= 0.03665; Tryptophan
catabolism_Homo sapiens_HSA-72140, FDR= 0.03665). The chemokine receptor
pathway is of course important for microglial function, although this pathway was

implicated by only 3 differentially expressed genes: CXCL10, CCL5, and PF4. Thus, we
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expect that microglial functional activity will be largely equivalent between iPS-microglia

and iPS-microglia 2.0.
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Figure 1.3. iPS-microglia 2.0 are distinct from CD14*and CD16* monocytes.
Microglia differentiated using our published protocol are distinct from CD14* monocytes
and CD16* inflammatory monocytes. In order to ensure our iPS-microglia 2.0 are similarly
distinct from monocytes, differential expression analysis was computed with DEseqg2. A
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Volcano plots of differentially expressed genes comparing genes enriched in
CD16*monocytes (pink) with genes enriched in iPSmicroglia 2.0 (dark blue) or iPS-
microglia (light blue) show many significant differences between monocytes and
microglia. Venn diagrams and comparative fold change plots of differentially expressed
genes show that the vast maijority of differences are identical between iPS-microglia and
iPS-microglia 2.0 when compared to CD16* monocytes. Direct comparisons of the fold
change expression level (TPM) of every gene are shown in comparative fold change plots
which demonstrate the striking similarity of differential expression when iPS-microglia and
iPS-microglia 2.0 are each compared to CD16* monocytes. b The same is true for
comparisons of iPS-microglia and iPS-microglia 2.0 with CD14+ monocytes (purple).
Functional validation of iPS-microglia 2.0

To determine whether the functional activity of iPS-microglia 2.0 is indeed equivalent to
microglia generated using our prior approach, we next compared phagocytic activity of
cells generated using both methods (Abud et al., 2017). Since the ability of microglia to
clear pathogens and extracellular aggregates via phagocytosis is an important aspect of
microglial function, we exposed microglia to several different substrates and measured
the percentage of cells which phagocytose each substrate using an Amnis
Imagestreamer which combines flow cytometry and high throughput immunofluorescence
(Figure 4). As expected, the levels of phagocytosis differed between the three varying
substrates with beta-amyloid fibrils producing the highest response. S. aureus
bioparticles, a TLR 1,2,6 agonist produced an intermediate degree of phagocytosis and
Zymosan, a TLR 2/Dectin 1 agonist from S. cerevisia induced the lowest level of
phagocytosis (Figure 4). Importantly, regardless of the differential response to these three
phagocytic substrates, iPS-microglia and iPS-microglia 2.0 exhibited identical rates of

phagocytosis for each of the substrates, demonstrating that this simplified differentiation

method does not alter this important microglial function (Figure 4).
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Figure 1.4 iPS-microglia 2.0 exhibit equivalent substrate-dependent phagocytosis.
iPS-microglia and iPS-microglia 2.0 were exposed to fluorescent beta-amyloid fibrils,
pHrodo tagged S. aureus, or pHrodo tagged Zymosan A bioparticles from S. cerevisiae.
Quantification of the percent of total cells with positive fluorescent signal and the mean
fluorescence intensity of that signal is shown on the left. No significance differences were
found between each differentiation type, demonstrating the equivalent functional activity
of microglia generated by these two differentiation paradigms. Representative images of
phase, CD45 staining, and the fluorescent signal of beta-amyloid (top), S. aureus
(middle), and Zymosan A (bottom) are shown on the right. One representative image of
10,000 quantified images is shown for iPS-microglia 2.0 (top of each set) and iPS-
microglia (bottom of each set).

iPS microglia 2.0 engraft well into xenotransplantation-compatible MITRG mice
We previously demonstrated that iPS-microglia can engraft and ramify, fulfilling
characteristic microglia morphology and marker expression in the brains of

xenotransplantation-compatible MITRG mice(Abud et al., 2017). Thus, we aimed to

further validate the identity of our iPS-microglia 2.0 through intracranial transplantation of
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iPS-microglia 2.0 into MITRG mice (Knock-out: Rag2; I12rg; Knock-in: M-CSF"; IL-3/GM-
CSF; TPO"), and to compare this engraftment to equivalently transplanted iPS-microglia
that were generated using our previously described differentiation method. In each case,
fully mature microglia were transplanted into the hippocampus and overlaying cortex of
adult mice which were sacrificed after 2 months for histological examination of
morphology and key marker expression. Both iPS-microglia and iPS-microglia 2.0 can be
identified within the mouse brain via expression of the human-specific nuclear marker,
Ku80 (Figure 5, green). Importantly, regardless of the differentiation method, transplanted
human microglia display typical microglial morphology, extending complex branching
processes. Both iPS-microglia and iPS-microglia 2.0 also express the
microglial/monocyte marker Iba1 (Figure 5, Overlay images C, G, K, & O, red) and the
homeostatic microglial marker P2RY12 (Figure 5 Overlay images, D, H, L, & P, red) in
both cortex and hippocampus, indicating that these cells engraft well and remain
homeostatic. Transplanted iPS-microglia 2.0 also exhibit the tiling and distinct niches
typical of in vivo microglia, and can be seen interspersed with the endogenous population
of mouse microglia (Figure 5, arrows indicate Iba1*/Ku80- mouse cells). Taken together,
these findings further demonstrate that iPS-microglia 2.0 are equivalent to microglia
generated using our previously published protocol and can be readily transplanted into

MITRG mice to enable in vivo studies of human microglia.
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Figure 1.5 Transplanted iPS-microglia 2.0 display typical microglial markers and
morphology comparable to our previously described iPS-microglia. Adult 2 month
old MITRG mice were transplanted with (a-d & i-j, top rows) iPS-microglia 2.0 or (e-
h & m-p, bottom rows) iPS-microglia. Brains were harvested 2 months post-transplant.
Representative images of cortical (a-h) and hippocampal (i-p) transplanted cells
demonstrate complex process ramification and typical tiling. Transplanted iPS-microglia
and iPS-microglia 2.0 both express Iba-1 (Overlay images ¢, g, k, & o, red) and the
microglia specific marker, P2RY12 (Overlay images d, h, I, & p, red) and demonstrate
human nuclear staining (Ku80, green). Additionally, transplanted human microglia can be
seen integrating and tiling with the endogenous mouse microglia population (Arrows
indicate Iba1+/Ku80- cells).



Small molecule activation of TGFf signaling produces microglia-like cells that are
similar, but transcriptionally distinct from iPS-microglia 2.0

TGFB1 is a crucial astrocyte-derived cytokine that promotes microglial homeostasis
(Abutbul et al., 2012; Butovsky et al., 2014). TGFp1 signaling results in phosphorylation
of smad2/3 and ultimately up-regulates expression of CX3CR1, an important receptor for
microglial function and survival (Chen et al., 2002; EImore et al., 2014). Indeed, removal
of either TGFB1 or CX3CR1 greatly decreases microglia populations in murine
models(Butovsky et al., 2014; Elmore et al., 2014). As we have previously shown,
removal of TGFB1 from iPS-microglia for even 24 hours also results in dramatic changes
in the microglial transcriptome, including down-regulation of homeostatic signatures

(Abud et al., 2017).

In order to increase cost-efficiency during iPS-microglia 2.0 differentiation, we attempted
to replace recombinant TGFB1 with Inducer of Definitive Endoderm 1 or 2 (IDE1, IDE2).
As its name suggests, IDE has been used to differentiate iPS cells into definitive
endoderm through activation of TGF signaling(Borowiak et al., 2009). More specifically,
IDE1/2 have been shown to induce phosphorylation of the downstream TGFf3 signaling
molecule smad2(Borowiak et al., 2009). This led us to hypothesize that IDE1 or IDE2
could induce expression of microglial genes in an equivalent fashion to recombinant

TGFp if added after mesoderm formation and hematopoiesis.
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To determine whether IDE1 or IDE2 could replace recombinant TGFp in our differentiation
protocol, HPCs harvested on day 10 were placed into microglia differentiation media and
varying concentrations of IDE1 or IDE2 (1 M, 10 pM, 100 pM, 1000 pM) were added in
place of TGFp (Figure 6A). During the first 4 days of microglia differentiation we used an
Incucyte live imaging system to examine the growth kinetics of each group to provide an
initial assessment of the effects of varying IDE concentrations. Surprisingly, this analysis
demonstrated that IDE2, regardless of concentration, impaired normal microglial
proliferation and thus was not studied further. In contrast, IDE1 was able to mimic the
typical growth kinetics observed in control cells differentiated in parallel and maintained
in normal TGFB-containing medium. Because the control TGF microglial growth curve
fell between the 10 uM and 1 uM IDE1 curves, we next adjusted the IDE1 concentrations
to include a 5 yM dose. In addition, two higher concentrations of IDE1 (50 uM, and 500
MM) were also included as the growth kinetic measurements suggested that these

concentrations might further increase the yield of microglia.

All groups were differentiated in parallel for the complete 38 day paradigm before RNA-
sequencing was performed. To compare these new samples with our iPS-microglia, fetal
and adult microglia, and other cell types, we generated a correlation matrix (Figure 6B)
which demonstrated that IDE1 iPS-microglia remain distinct from monocytes and dendritic
cells and cluster closely with our other iPS-microglia. IDE-treated cells also exhibited
strong expression of key microglial genes including CSF1R, P2YR12, TREM2, OLFML3,
HEXB, and C1Q (Supplementary Table 4). Based on the hierarchical clustering within our

correlation matrix (Figure 6B), we find that microglia differentiated in IDE1 have
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transcriptomic profiles that are more similar to primary cultured microglia (fetal and adult
microglia). One possible explanation for this finding is that IDE1 may have greater stability
within the culture media than TGFf31 and thus provide a more uniform and consistent
activation of TGFB signaling pathways. Alternatively, IDE1 could potentially provide
increased specificity by only targeting smad2 signaling. To further understand the
comparative effects of IDE1 versus TGFB1 we further compared these groups of iPS-
microglia using DEseq2 to highlight any differentially expressed genes (Supplementary
Table 4). Interestingly, gene ontology analysis of these differentially expressed genes
revealed only five pathways that were significantly enriched between these two
populations of microglia (Figure 6C), again showing their strong similarity. Taken together
these data suggest that IDE1 can indeed be used in place of TGFp1, although

researchers should also consider these differentially altered pathways and genes in there
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Figure 1.6. The small molecule compound IDE1 can be used in place of TGFB-1 to
produce iPS-microglia. IDE1 and IDE2 were added to microglia cultures in place of
TGFB-1 at the indicated concentrations. a Growth curves from the first 3.5 days of
microglial differentiation show that IDE2 is insufficient to allow proliferation of these cells.
In contrast, IDE1 (blue) at lower concentrations shows similar growth kinetics to TGFf
control cells (green). b Correlation matrix displaying all samples analyzed in this
manuscript shows cells differentiated with IDE1 cluster closely with iPS-microglia 2.0 and
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are actually more similar to fetal and adult microglia than TGF[3 control microglia. ¢ Gene
ontology analysis using the Reactome database displays differences between IDE1
treated cells and TGFB (FDR<0.001, FC > 2). Enrichment in IDE samples reflects an
increased expression of genes within this GO family in IDE1 treated cells.

Discussion

In recent years, the importance of microglia in brain development, homeostasis, and
disease has become increasingly clear. Because microglia have been implicated in many
neurological diseases and injuries including neurodegeneration, traumatic brain injury,
and developmental disorders, several groups have developed methods to try to make
these cells more accessible for neurological research. Until recently, microglia could only
be studied through brain biopsies, postmortem analysis, or in animal models. Although
mouse models of neuroinflammation have been extremely useful in uncovering important
new findings, many differences exist between human and murine microglia. For example,
one recent study identified several co-regulated myeloid gene expression modules that
occur in human AD, but do not occur in AD mouse models(Friedman et al., 2018).
Likewise, many differences exist between the murine and human complement system
that is closely linked to neurodegenerative diseases including AD(Ueda et al., 2016). At
least two microglial-expressed AD risk genes, CR1 and MS4A4A, have no murine
ortholog, further highlighting the challenges of studying the role of microglia in human

disease with mouse models alone.

To study human microglia, some highly skilled groups have turned to human biopsy
material. Working closely with neurosurgeons, these researchers have developed

methods to isolate human microglia from brain tissue removed during a surgical resection
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of a brain tumor or intractable epileptic foci(Bennett et al., 2016; Durafourt et al., 2012;
Gosselin et al., 2017). Using this approach, researchers have uncovered exciting data
and greatly advanced our understanding of the human microglial transcriptome. However,
epileptic foci and tumor tissue induce neuroinflammation and despite best efforts to avoid
isolating microglia from ‘diseased-effected tissue’ it is likely that microglia isolated from
these patients exhibit considerable variation and alterations in activation state(Garofalo

et al., 2017; Kan et al., 2012).

Another strategy for studying human microglia involves the isolation of microglia or their
nuclei from postmortem brain tissue. Using this approach, researchers have uncovered
important age-related differences in the human microglial transcriptome(Olah et al.,
2018). Still, it remains unclear whether the agonal state that precedes death, inflammatory
co-morbidities, or post-mortem delay might influence microglial gene expression. In the
case of Alzheimer’s disease, most patients die from an accompanying infectious disease
such as Pneumonia(Burns et al., 1990; Kukull et al., 1994). Interestingly, animal models
of Pneumonia exhibit significant changes in brain microglial activation state(Ji et al., 2016;
Wang et al., 2018). Thus, it is likely that this and other common infectious co-morbidities

can complicate the interpretation and analysis of postmortem-isolated human microglia.

Given the considerable challenges with isolation and study of postmortem or biopsied
human microglia, several groups, including our own, developed protocols which utilize
the power of stem cells to produce human microglia in vitro(Abud et al., 2017; Douvaras

et al., 2017; Haenseler et al., 2017; Muffat et al., 2016; Pandya et al., 2017; Takata et al.,
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2017). These methods have begun to enable more detailed mechanistic studies of human
microglia by allowing controlled experimental treatments, drug testing, and genetic
manipulation. However, the currently existing protocols are relatively complicated and can
be challenging to adopt, especially for groups with little prior stem cell experience. Thus,
to address this challenge we developed and validated the greatly simplified and refined
method presented here. In comparing this new method to our previously published
differentiation protocol, we confirm that iPS-microglia 2.0 show highly similar RNA
transcript profiles to iPS-microglia as well as primary fetal and adult primary microglia. In
addition, iPS-microglia 2.0 remain distinct from blood monocytes and importantly display
largely the same differentially expressed genes between microglia and monocytes as our

previously published iPS-microglia.

To further investigate and characterize iPS-microglia 2.0 we functionally validated these
cells by examining phagocytosis of three different substrates; Staphylococcus Aureus,
Zymosan A, and fibrillar beta-amyloid. While each substrate exhibited differential degrees
of phagocytosis, these levels were equivalent between our previously described iPS-
microglia and iPS-microglia 2.0. Lastly, to determine whether iPS-microglia 2.0 can also
be used for in vivo studies, we transplanted microglia derived via both methods into
xenotransplantation-compatible MITRG mice, confirming that engraftment, in vivo
morphology, and marker expression was equivalent between iPS-microglia and iPS-
microglia 2.0. Taken together, these functional and in vivo experiments further support

the conclusion that microglia generated via these two methods are virtually identical.
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In addition, we tested IDE1 as a small molecule agonist of TGF signaling cascades. To
this end, we confirmed that TGFB1 substitution with IDE1 produced cells that are similar
to iPS-microglia 2.0, and additionally highly similar to adult and fetal primary microglia.
We have provided differential gene expression analysis to highlight the important
differences between IDE- and TGFp1-treated iPS-microglia 2.0, which researchers
should consider when deciding whether to use TGFp or cost-saving IDE1 for iPS-

microglia generation.

In summary, we provide detailed methods and validation of a greatly simplified protocol
to produce significantly increased numbers of pure human microglia. The RNA-
sequencing, functional validation, and transplantation studies presented here clearly
demonstrate that highly pure populations of human iPS-microglia can be generated via
this greatly simplified protocol. We anticipate that this streamlined and highly reproducible
protocol will enable many more interested researchers to now study human microglia,

leading to further breakthroughs in this field.
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Figure S1.1. FACS and MACS sorted HPCs differentiate into equivalent microglia
as unsorted HPCs. Hierarchical clustering of all iPS-microglia 2.0 samples show that
MACS (fuchsia) and FACS (purple) sorting at the HPC stage has no effect on the final
differentiated microglia as these samples intercluster with iPS-microglia 2.0 produced
from floating unsorted HPCs (blue).
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Figure S1.2. Both HPC and HPC 2.0 methods produce cells with consistently high
expression of the primitive HPC marker CD43. (Top) Quantification of flow cytometry
analysis from four independent iPSC lines per method (n = 3 wells/line) reveal a similarly
high proportion of cells (> 90%) that express the primitive HPC marker CD43 following
differentiation with either our previous or currently described approach. In contrast, two
other primitive HPC markers, CD41 and CD235a, exhibit relatively low and
heterogeneous expression within this CD43+ population (Middle). Representative FACS
plots demonstrating typical CD43+ histograms (pre gated for live, single cells). Gates
were drawn based on FMO (fluorescence minus one) controls. (Bottom) Heatmap from
RNA sequencing of iPS-HPC samples shows similar gene expression levels for CD43,
CD41, and CD235a.
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CHAPTER 2

Gene expression and functional deficits underlie TREM2-knockout
microglia responses in human models of Alzheimer’s disease
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Introduction

Microglia and neuroinflammation are strongly implicated in the genetics and
neuropathology of late-onset Alzheimer’s Disease (AD) (Jansen et al., 2019; Lambert et
al., 2013). As the primary immune cell of the brain, microglia perform key macrophage-
functions such as phagocytosis of dead cell debris and protein aggregates,
cytokine/chemokine signaling, and immune surveillance and response (Reviewed in
(McQuade and Blurton-Jones, 2019)). Yet, microglia also exhibit important
neuroprotective functions that include providing trophic support for neurons, promoting
oligodendrocyte differentiation, and modulating synaptic pruning and plasticity(McQuade
and Blurton-Jones, 2019). With the recent identification of several AD-risk loci near
immune genes, combined with the development of pluripotent stem cell-derived microglia
and chimeric mouse models, it is increasingly possible to examine the mechanisms that
underlie the influence of human microglia on AD-risk.

Among these microglial-specific AD risk loci, variants in triggering receptor
expressed on myeloid cells 2 (TREM2) confer the largest effect on disease risk, causing
a similar increase in risk as one APOE ¢4 allele (Jonsson et al., 2013; Shi and Holtzman,
2018). Within the central nervous system, TREMZ2 is predominantly expressed by
microglia, raising fundamental questions about its role in driving microglia-specific
functions associated with neurodegenerative diseases. TREM2 is part of the
immunoglobulin superfamily and acts on the plasma membrane as a key member of the
microglia sensome, mediating responses to phospholipids, APOE, and several other
potential stimuli(Daws et al., 2003; N'Diaye et al., 2009; Wang et al., 2015; Zhao et al.,

2018). To transduce intracellular responses, TREM2 requires an adaptor protein, Tyro
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Protein Kinase Binding Protein (TYROBP/DAP12), which activates downstream signaling
cascades including SYK, ERK, PLCG2, and NFAT.

Although complete loss-of-function mutations in TREM2 are most strongly linked
to Nasu-Hakola disease and frontotemporal dementia, AD-associated TREM2 mutations
such as R47H and R62H occur within the ligand binding domain and are thought to confer
a partial loss of function(Bouchon et al., 2001; Cheng et al., 2018; Parhizkar et al., 2019;
Zheng et al., 2016). Some reports suggest that two loss-of-function TREM2 mutations,
Q33X and W191X, may also influence AD risk(Borroni et al., 2014; Song et al., 2017),
although this association remains unclear(Cuyvers et al., 2014; Jin et al.,, 2015).
Nevertheless, studies of TREM2 deletion have greatly enriched our overall understanding
of the normal function of TREM2 and have revealed important differences between
murine and human cells in late versus early disease time-points(Bemiller et al., 2017;
Cheng-Hathaway et al., 2018; Xiang et al., 2018).

For example, variable results have been reported regarding the impact of TREM2
deletion on tau pathology and neurodegeneration (Bemiller et al., 2017; Kang et al., 2018;
Leyns et al., 2017). While the response of TREM2 knockout microglia to beta-amyloid is
more consistent, in that murine microglia reliably show decreased clustering around
plaques, the signals that underlie differential response remain unknown (reviewed in
Hammond et al., 2018(Hammond et al., 2018)). Murine TREM2 has been shown to
influence the accumulation of beta-amyloid in transgenic mice, although the magnitude
and direction of this effect is variable and appears to be highly dependent on the stage of
disease(Bemiller et al., 2017; Cheng-Hathaway et al., 2018; Leyns et al., 2017; Ulrich et

al., 2014). TREM2 has also been shown to influence microglial survival, although whether
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this function plays a role in human AD remains unknown(Cheng et al., 2018; Zhong et al.,
2017). To further understand these phenotypes and their impact on human disease,
studies that examine the function of TREM2 in human microglia are critically needed.

In this study, we generated three isogenic TREM2 knockout induced pluripotent
stem cell (iPSC) lines, differentiated these cells into microglia, and examined the
transcriptional and functional effects of TREM2 deletion in human microglia. We have
uncovered increased susceptibility to M-CSF-dependent survival in TREM2 KO microglia,
decreased levels of phagocytosis of disease-relevant substrates, interactions between
TREM2 and an allelic series of APOE, and CXCR4-dependent migration deficits. To
further understand the impact of TREM2 deletion on human microglial function in vivo,
we have combined this isogenic approach with a chimeric mouse model of
AD(Hasselmann et al., 2019), performing single cell sequencing, flow cytometry, and
neuropathological analysis to examine the interactions between microglia and beta-
amyloid pathology in vivo, leading to a further understanding of the effect of TREMZ2 on
human disease-associated microglia (DAM). Taken together, these studies provide

insight into the normal and disease-associated functions of TREMZ2 in human microglia.

Materials and Methods

Animals. All animal procedures were conducted in accordance with the guidelines set
forth by the National Institutes of Health and the University of California, Irvine Institutional
Animal Care and Use Committee who approved the study protocol. The MITRG mouse
was purchased from Jackson Laboratories (stock #017711); this BALB/c/129 model

includes two knockouts alleles, Rag2- (Rag2tm1.1Flv), yc- (ll2rgtm1.1Flv), and three
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humanized  knock-in  alleles, M-CSFh  (Csf1tm1(CSF1)Flv), IL-3/GM-CSFh
(Csf2/113tm1.1(CSF2,IL3)Flv), TPOh (Thpotm1.1(TPO)FIv). The related and parental M-
CSFh mouse line was also purchased form Jackson Laboratories (stock # 017708) and
contains Rag2 and 112rg deletions and humanized M-CSFh. The 5xFAD-MITRG model
was created by backcrossing the MITRG mouse with 5xFAD mice which overexpress co-
integrated transgenes for Familial Alzheimer's Disease (FAD) mutant APP (Swedish,
Florida, and London) and mutant FAD PS1 (M146L and L286V). Progeny of these
pairings were then genotyped (Primers are provided in Supplementary Table 2) and
backcrossed with MITRG mice to return the 5 MITRG genes to homozygosity and
maintain the APP/PS1 transgenic loci in the hemizygous state, resulting in the 5xfAD-
MITRG model (Rag2-; yC-; M-CSFh; IL-3/GM-CSFh; TPOh;
Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas). All mice were age and sex matched
and group housed on a 12h/12h light/dark cycle with food and water ad libitum. Mice are

housed with ambient temperature and humidity.

Generation of iPSC cell lines from human Fibroblasts. Human iPSC cell lines were
generated by the University of California, Irvine Alzheimer's Disease Research Center
(UCI ADRC) Induced Pluripotent Stem Cell Core from subject fibroblasts under approved
Institutional Review Boards (IRB) and human Stem Cell Research Oversight (hRSCRO)
committee protocols. Informed consent was received by each of the participants who
donated fibroblasts. Non-integrating Sendai virus was used to perform reprogramming
thereby avoiding any integration-induced effects (Cytotune 2.0). iPSCs were confirmed

to be karyotype normal by G-banding, sterile, and pluripotent via Pluritest Array Analysis
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and trilineage in vitro differentiation. The Pluritest is a microarray-based assessment of
pluripotency based on iPS whole transcriptome analysis referenced to a library of
functionally validated iPSCs (https://www.pluritest.org/). Additional GFP- and RFP-
atubulin expressing iPSC lines (AICS-0036 and AICS-0031-035) were purchased from
Corriel and originally generated by Dr. Bruce Conklin. To avoid the potential selection of
latent or hidden infections all iPSC culturing and microglia differentiation and
experimentation is performed without the use of antibiotics. In addition, all lines are
routinely tested for sterility including mycoplasma testing. iPSCs were maintained feeder-
free on matrigel in complete TeSR-E8 medium (Stemcell Technologies) in a humidified
incubator (5% CO2, 37°C). All lines will be available upon request to corresponding

author.

Differentiation of iPS-microglia from iPSCs (McQuade et al., 2018). iPS-microglia
were differentiated as detailed in McQuade et al. 2018. Briefly, iPSCs are differentiated
to hematopoetic progenitor cells using the STEMdiff Hematopoetic kit for 10-12 days
before passage into microglia differentiation medium(Abud et al., 2017; McQuade et al.,
2018) including DMEM/F12, 2X insulin-transferrin-selenite, 2X B27, 0.5X N2, 1X
glutamax, 1X non-essential amino acids, 400 yM monothioglycerol, and 5 yg/mL human
insulin. Cultures were maintained in this basal medium supplemented with 100 ng/mL IL-
34, 50 ng/mL TGF-B1, and 25 ng/mL M-CSF (Peprotech) for 28 days. For the last three
days in culture, two additional cytokines were added (100 ng/mL CD200 (Novoprotein)
and 100 ng/mL CX3CL1 (Peprotech)) to mature the microglia in a homeostatic brain-like

environment(Abud et al., 2017).
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CRISPR-mediated knockout of Trem2 in iPSCs. This manuscript uses four
independent isogenic sets of TREM2 knockout iPSCs. These lines were each made on
different patient iPSC backgrounds (two male, one female; all lines APOE3/3). 2 x
10° induced pluripotent stem cells were isolated following Accutase enzymatic digestion
for 3 min at 37 °C. Cells were resuspended in 60 uL nucleofection buffer from Human
Stem Cell Nucleofector™ Kit 2 (Lonza). The suspension was combined with 50 ug of RNP
complex formed by incubating Alt-R® S.p. HiFi Cas9 Nuclease V3 (IDTDNA) with fused
crRNA:tracrRNA (IDTDNA) duplex for 15 min at 23 °C. The suspension was transferred
to the Amaxa Nucleofector cuvette and transfected using program B-016. Cells were
plated in TeSR™-E8™ (STEMCELL Technologies) media with 0.25 pM Thiazovivin
(STEMCELL Technologies) overnight to recover. Cells were digested the following day
with Accutase and single-cell plated to 96-well plates in TeSR™-E8™ media with 0.25
MM Thiazovivin and CloneR™ (STEMCELL Technologies) supplementfor clonal
isolation and expansion. Genomic DNA was extracted using Extracta DNA prep for PCR
(Quantabio) from a sample of each clone upon passage and amplified for sequencing
using Taq PCR Master Mix (ThermoFisher Scientific) at the cut site (Primers are provided
in Supplementary Table 2). PCR product from promising clones was transformed
using TOPO™ TA Cloning™ Kit for Subcloning, with One Shot™ TOP10 (ThermoFisher
Scientific) for allele-specific sequencing. The top three off-target sites as identified by
IDTDNA were amplified and sequenced per clone of interest to confirm absence of off-

targeting before banking for future experiments.
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Immunoblotting. SDS/PAGE Western blot was performed according to previously
established protocols (S. Marsh et al. PNAS 2016). Two human anti-TREM2 antibodies
were used to confirm knockdown and knockout (R&D AF1828, Sigma HPA012571). Anti-
P-SYK was probed with Cell signaling 2710 (1:1,000); anti-SYK was probed with Cell
Signaling 13198 (1:2,000). Following initial labeling, blots were stripped in 0.2 N NaOH
for 15 min. anti-GAPDH (47724 Santa Cruz 1:5,000) was probed to control for protein
loading. Blots were visualized with Goat Anti-Mouse (Millipore, AP308P; 1:10,000) or -
Rabbit (Millipore, 12-348; 1:10,000) HRP conjugate and on a Bio-Rad ChemiDoc Gel
Imaging System. Images were quantified in Imaged (version 2.0.0) and statistical

analyses were carried out in GraphPad Prism 7.

Homogenous time-resolved fluorescence (HTRF). Cisbio human TREM2 HTRF kit
was used as per manufacturer’s instructions. 100,000 iPS-microglia were plated in a 96-
well format overnight in 200 uL microglia maintenance medium. Conditioned medium was
collected and cells were lysed in Lysis Buffer 3. After antibody addition, plates were
incubated overnight at room temperature and read on CLARIOstar imager (BMG

Labtech).

RNA isolation and sequencing preparation. Total RNA was isolated using RNeasy
Mini kit (Qiagen). One million iPS-microglia were lysed in 700 uyL RLT buffer and RNA
was isolated per manufacturer’s instructions with DNAse treatment (10 minutes, RT).
Centrifugation times were increased to 16000 x G for 1.5 min to maximize yield. RNA

integrity was measured using the Bioanalyzer Agilent 2100. All libraries were prepared
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from samples with RNA integrity values =2 9.5. 500 ng RNA per sample was used to create
RNA-seq libraries through the lllumina TruSeq mRNA stranded protocol. Samples were
sequenced on the NovoSeq S4 chip (WT vs KO Fig. 1C and neuron treatment

Supplemental Fig. 1) or lllumina HiSeq 4000 platform (antibody treatment Fig. 1J).

Cell death assay. iPS-microglia were plated at 30 % confluence into a 96-well plate (4
wells per line per condition). At time 0, all microglia were treated with IncuCyte Caspase-
3/7 Green Apoptosis Assay Reagent 1:1000. Cells were maintained in the described
medium: fresh complete medium, fresh basal medium + 100 ng/uL IL-34 + 25 ng/pL M-
CSF, fresh basal medium + 50 ng/pL TGF-B1, or basal medium with no cytokines for 3
days. Four 20X images per well were collected every hour. Using IncuCyte 2018B
software, image masks for phase confluence (visually gated out apoptotic cells) as well
as caspase 3/7 signal (green) were generated. Graphs display caspase normalized to

phase confluence. Completed with 2 lines.

Collection and pHrodo labeling of human AD synaptosomes. Human brain tissue
samples were obtained from the UCI ADRC from patients who have given informed
consent. These samples were from deceased AD patients upon autopsy (PMI< 3 hours)
and slowly frozen and stored in isotonic 0.32 M sucrose, 10 mM HEPES, pH 7.4 at -80°C.
Synaptosome preparation was adapted from Prieto et al. (J Neuroscience, 2017)
Samples were thawed at 37°C and homogenized using a pre-cooled glass/Teflon
homogenizer (clearance 0.1-0.15 mm) with addition of protease inhibitors, phosphatase

inhibitors (Thermo Scientific), and an antioxidant cocktail (Sigma- Aldrich; #A1345). Brain
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homogenate was centrifuged at 1200 x g for 10 minutes at 4°C and the resulting
supernatant fraction (S1) was collected. The S1 fraction was centrifuged at 12,000 x G
for 20 min at 4°C and the resulting supernatant (S2) was aspirated. The crude
synaptosome pellet (P2) (containing synaptosomes and mitochondria) was labeled for 45
min at RT with amine reactive pHrodo™ Red SE or pHrodo™ Green STP ester (Thermo),
a lipophilic, fluorogenic dye that increases in fluorescence as the surrounding
environment acidifies. Labeled synaptosomes were washed twice with excess ice-cold
1X HBSS. For each washing step and experimental procedure, synaptosomes were
resuspended by gently pipetting up and down using Finntip pipette tips (Thermo) to

minimize shear force stress and preserve synaptosome integrity.

Fluorescent APOE collection and validation. Hek293T cells were cultured at 37 °C,
5% CO2in DMEM supplemented with 10% (vol/vol) FBS. Cells were plated at 250,000
cells/mL and transfected 24 hours later with Lipofectamine 2000 and 1 pug of DNA for
APOEZ2, 3, or 4 tagged with mCherry-SepHluorin. Media was changed 24 hours after
transfection, washed once with PBS, and incubated for 48 hours in microglial basal
medium. Media was collected and centrifuged at 750 x G for 5 minutes and transferred
to a new tube to eliminate dead cell debris.

To assess APOE concentration across isoforms, 20 yL of media was analyzed by
SDS/PAGE on a NuPage Novex 4-12% Bis-Tris precast gel with MOPS running buffer
(Invitrogen) and transferred onto an Immobilon-FL PVDF (LI-COR) membrane. Whole
protein was quantified using the revert assay, and the membrane was blocked with

Intercept (TBS) Blocking Buffer (LI-COR) for 1 hour. The membrane was then incubated
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in primary antibody overnight, washed three times with TBS-0.1% Tween-20, and
incubated for 1 hour in Intercept block supplemented with 0.1% Tween-20 and near-
infrared conjugated secondary antibody. Membranes were imaged on a LI-COR scanner
and quantified using Empiria Software.

To assess the lipidation state of APOE in the media, 20 pL of conditioned media
from APOE transfected Hek293T cells or 2 uL of HA-tagged APOE protein purified from
bacteria (construct cloned in-house) was added to 6.25 yL NativePAGE 4X Sample Buffer
(Invitrogen BN2008) and run on a NativePAGE mini gel (Invitrogen BN2112BX10).
NativePAGE Running Buffer (Invitrogen BN20001) was used to make light and dark
cathode buffer and anode buffer. Gel was transferred onto an Immobilon-P PVDF
membrane (Millipore IPVH00010). The membrane was blocked with Pierce StartingBlock
Buffer (Fisher Scientific EN37543) for 30 minutes and incubated overnight with primary
antibody (803301, Biolegend, 1:1000), washed three times with TBS-0.1% Tween-20,
and incubated for 1 hour in StartingBlock Buffer with HRP-conjugated secondary antibody
(115-035-146 Jackson Immunoresearch, 1:10,000). HRP was detected using
SuperSignal West Dura Chemiluminescent reagents (Fisher Scientific PI34076) and

imaged using an Azure c600 system.

Phagocytosis assay. Phagocytic activity of isogenic iPS-microglia was examined using
the IncuCyte S3 Live-Cell Analysis System (Sartorius). Microglia were plated at 50%
confluence on Matrigel-coated 96-well plates. Four fields of view in each of four wells
were captured for each condition. 15 min after plating, 50 yL APOE containing medium,

50 pg/mL pHrodo tagged human AD synaptosomes, 100 ng/mL pHrodo tagged zymosan
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A beads, or 2 pg/mL fluorescent beta-amyloid was added to cells. Images of phase and
fluorescence were captured in the IncuCyte S3 live cell imager. Using IncuCyte 2019B
software, image masks for fluorescent signal (phagocytosis of each substrate) were

normalized to cell body area. APOE phagocytosis completed with two lines.

Ratiometric Ca?* imaging using Fluo-4 and Fura-Red. iPSC-derived microglia were
plated on fibronectin-coated 35 mm, No. 1.5 thickness glass bottom dishes (1:100,
MatTek Corporation). After 24 hours of culture, cells were loaded with 3 yM Fluo-4 AM
and 3 pM Fura-Red AM (Molecular Probes) in the presence of Pluronic Acid F-127
(Molecular Probes) for 30 minutes at room temperature (RT). Ca?* dyes were then
washed off 3 times using microglial cell culture media and cells were resuspended in Ca?*
Ringer’s solution for 10 minutes to allow de-esterification of the dyes. Time-lapse images
were acquired at RT in a single z-plane at 20 frames/ minute using Olympus Fluoview
FV3000i confocal laser scanning microscope equipped with high speed resonance
scanner, |X3-ZDC2 Z-drift compensator and a 40x silicone oil objective (NA 1.25). Fluo-
4 and Fura-red were both excited using a 488 nm diode laser (0.05 % laser transmissivity,
10 % laser ND filter) and two high-sensitivity cooled GaAsP PMTs set to wavelengths
494-544 nm and 580-680 nm were used for detection in the green and red channels
respectively. Images were exported to Image J, background subtracted and single-cell
analysis was done by drawing ROIls around each cell in the field. Average intensities in
the green and red channels were calculated for each ROI at each time-point. Fluo-4/Fura-
Red ratio was then obtained to further generate traces showing single-cell and average

changes in cytosolic Ca®* over time. Completed with 2 lines.
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Creation and culture of human neural progenitor cells (NPCs). ReN cell VM human
neural progenitor cells (nNPCs, EMD Millipore, Billerica, MA, USA) were transfected with
commercially available APPSL-GFP Alzheimer’s lentiviruses (EMD Millipore) to develop
ReN cells producing high levels of AR (AD hNPCs) through overexpression of a variant
of the human amyloid precursor protein (APP) containing K670N/M671L (Swedish) and
V7171 (London) FAD mutations (APPSL). As previously published,(Choi et al., 2014) cells
were transfected with 50-100 L vital solution (1 x 10 TU/mL) and incubated for 24 hrs.
After, cells were washed 3X to stop infection. Expression of infected genes is confirmed
by fluorescence. For the control counterpart, ReN cells were transfected with the control
GFP construct (LentiBrite™ GFP Control, EMD Millipore) to develop control hNPCs. After
3 days of incubation, the transgene positive cells were enriched by FACS sorting (BD
FACS Aria Il, BD Biosciences). The either of hNPCs or AD hNPCs was plated onto the
culture flask coated with 1% Matrigel (BD Biosciences, San Jose, CA, USA) in DMEM/F12
(Life Technologies, Grand Island, NY, USA) media supplemented with 2 mg heparin
(StemCell Technologies, Vancouver, Canada), 2% (v/v) B27 neural supplement (Life
Technologies, Grand Island, NY, USA), 20 mg EGF (Sigma-Aldrich, St Louis, MO, USA),
20 mg DbFGF (Stemgent, Cambridge, MA, USA), and 1% (v/v)
penicillin/streptomycin/amphotericin-B  solution (Lonza, Hopkinton, MA, USA) and
incubated at 37 °C supplied with 5% CO.. Cell culture media were changed every 3 days

until cells were confluent.
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Preparation of 3D human AD models in the microfluidic device. We employed our
3D organotypic microfluidic model mimicking pathological signatures of human AD brains,
developed by Park et al.(Park et al., 2018), to compare chemotaxis of iPS-microglia in
response to AD cues. Briefly, ReN cells were 3D cultured in the central chamber of
microfluidic device at the cell density of 2 x 106 cells/mL in the 10% of Matrigel diluted
with DMEM/F12 differentiation media supplemented with 2 mg heparin, 2% (v/v) B27
neural supplement, and 1% (v/v) penicillin/streptomycin/amphotericin-B solution without
growth factors. The microfluidic devices were incubated at 37 °C supplied with 5% CO:
and replaced one half volume of the differentiation media every 3.5 days until the cells
were fully differentiated into neurons and astrocytes (approximately 2.5 weeks). To
develop early AD and late AD models, the cells were further incubated in the device for

0.5 weeks (3-week AD model) and 7.5 weeks (9-week AD model).

Migration study of iPS-microglia in response to beta-amyloid. iPS-microglia (2000
cells/device) were loaded in the angular chamber to test the activation and chemotaxis of
microglia to the central chamber containing either AB4o (100 ng/mL), AB42 (1 ng/mL), 3-
week AD model, 9-week healthy model, or 9-week AD model. To characterize motility,
we monitored the number of recruited microglia in the central chamber for 4 days under
the fully automated Nikon TiE microscope (10x magnification; Micro Device Instruments,

Avon, MA, USA).

Scratch Wound Assay. Motility was observed using Essen Incucyte WoundMaker

Assay. 100,000 iPS-microglia were plated per well on fibronectin-coated 96-well plate
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(n=3 wells) for 1 hr for cells to become adherent. Scratches were repeated 4X. Cells were
imaged at 24 hours post-scratch. Wound confluence (confluence of cells within original

wound ROI) was calculated using Incucyte 2019B Software.

Flow cytometry. Microglia were treated with FC block (1:100; BD Biosciences 553142)
5 min in FACS buffer (DPBS, 2% BSA, 50 uM EGTA) before adding live/dead stain (1:100;
Biolegend 423113), CD9-APC (1:100; Biolegend 312108) or CXCR4-APC (1:50;
Biolegend 306510) for 30 min at 4 C in the dark. Samples were washed 3X in FACS
buffer. 100,000 events per sample were collected on BD LSRFortessa with FACSDiva
9.0 and analyzed in FlowJo 10.7.1. Gates were drawn on fluorescence minus one (FMO)

controls.

Immunohistochemistry. Half brains were drop fixed in 4% (w/v) PFA for 48h. The brains
were cryoprotected in a 30% sucrose. Brains were sectioned coronally into 40 pm-thick
slices on a freezing microtome (Leica SM 2010R) and stored in a solution of 0.05% NaN3
in 1X PBS as free-floating slices. For staining, tissue was blocked for 1 hin 1X PBS, 0.2%
Triton X-100, and 10% goat serum. Immediately following blocking, brain sections were
placed in primary antibodies diluted in 1X PBS and 1% goat serum and incubated
overnight on a shaker at 4 °C. Samples were then incubated in conjugated secondary
antibodies for 1 hr followed by mounting on microscope slides. Sections were labeled with
combinations of Amylo-Glo RTD Amyloid Plaque Stain Reagent (1:100; Biosensis TR-
300-AG) (incubation for 20 minutes was needed before the addition of the primary

antibodies), anti-GFP (1:500; Millipore Ab16901), anti-TagRFP (1:10,000; Kerafast

70



EMU113), anti-Ku80 (1:250; Abcam ab79220), mounted with Fluoromount-G
(SouthernBiotech). Additional samples were stained in anti-CXCR4 (1:100; MAB172
Clone 44716, R&D Systems), anti-CD9 (1:200; 312102, Biolegend), or anti-HLA-DRB1

(1:200; 14-9956-82, Invitrogen).

Early Postnatal Intracerebroventricular Transplantations. Postnatal day 2-3 5xfAD-
MITRG or WT-MITRG mice were placed in a clean cage over a heating pad with a nestlet
from the home cage to maintain the mother’s scent. Pups were then placed on ice for 2-
3 minutes to induce hypothermic anesthesia. Free-hand transplantation was performed
using a 30-gauge needle affixed to a 10 yL Hamilton syringe, mice received 1 pL of iHPCs
suspended in sterile 1X DPBS at 62.5 total cells/uL at each injection site (see
Hasselmann et al. 2019.) Equal numbers of pups received mixed lines of GFP WT and
RFP TREM2 KO HPCs (or the opposite combination). HPCs were thawed and plated into
complete microglia medium and allowed to recover for 2 days prior
to transplantation. Bilateral injections were performed at 2/5" of the distance from the
lambda suture to each eye, injecting into the lateral ventricles at 3 mm and into the
overlying anterior cortex at 1 mm, and into the posterior cortex in line with the forebrain
injection sites, and perpendicular to lambda at a 45° angle. Transplanted pups were then
returned to their home cages and weaned at P21. All mice were then sacrificed at 6

months of age as detailed below.

Tissue dissociation for scRNA-seq and flow cytometry. Following perfusion with ice

cold 1X DPBS containing 5 ug/ml actinomycin D, half brains were dissected, and the
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cerebellum was removed. Tissue was briefly stored on ice in RPMI 1640 containing 5
pug/mL actinomycin D, 10 uM triptolide, and 27.1 ug/mL anisomycin until subsequent
perfusions were completed. Tissue dissociation was then performed utilizing the Tumor
Dissociation kit, human (Miltenyi) and the gentleMACS Octo Dissociator with Heaters
(Miltenyi) according to manufacturer guidelines with modifications. Briefly, tissue was cut
into ~1 mm?3 pieces and placed into the C-tubes with the kit's enzymes, 5 ug/mL
actinomycin D, 10 uM triptolide, and 27.1 pg/mL anisomycin and samples were
dissociated using the preprogrammed protocol. Following enzymatic digestion, samples
were strained through a 70 um filter and pelleted by centrifugation. Myelin and debris
were removed by resuspending the pellet in 8mL 23% Percoll, overlaid with 2 mL of 1X
DPBS, spinning at 400 x G for 25 minutes at 4°C, with acceleration and brake set to 0O,

and discarding the myelin band and supernatant.

Magnetic Isolation and FACS sorting of WT and TREM2 KO ex vivo microglia.
Dissociated cell pellets were resuspended in 160 yL FACS buffer (0.5% BSA in 1X DPBS)
+ 40 pL Mouse cell removal beads (Miltenyi) and incubated at 4°C for 15 minutes.
Magnetically labelled cells were then separated using LS columns and the MidiMACs
separator (Miltenyi) while the unlabeled human cells were collected in the flow through.
Isolated human cells were pelleted via centrifugation and prepared for cell sorting by
resuspending in 400 pL of FACS buffer containing Hoescht 33342 (1:400) as a viability
marker. For separation of human microglia expressing either endogenous GFP or RFP,
samples were sorted on a FACS ARIA Fusion Il (BD Biosciences) using the 70 um nozzle

at the lowest flow rate. After removing doublets, by both forward and side scatter
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parameters, and selecting for live cells (Hoescht 33342°), both GFP (GFP*RFP-) and RFP
(GFP'RFP™) cells were gated on and sorted into individual tubes. For each cell type,
15,000 cells were sorted into collection tubes containing SuL of FACS buffer, resulting in

a final volume of ~20 pL.

Single-cell sequencing. scRNA-seq library preparation was performed according to the
10X Chromium Single Cell 3’ Reagents kit v3 user guide and loading the full sample
volume onto the Chromium chip (20 uL containing ~15,000 cells). The workflow was then
followed according to the 10X protocol and samples were pooled at equimolar
concentrations for sequencing on an lllumina HiSeq 4000. FASTQ files were aligned to
both the human GRCh38.p12 transcriptome (Ensembl release 95) and the mouse mm10
transcriptome (Ensembl release 95)(Cunningham et al., 2019) using the CellRanger V3
count command, with the expected cells set to 5,000 and no secondary analysis
performed. Following alignment, all reads that aligned to the mouse transcriptome were
removed from the dataset before additional processing.

Quantification and Statistical Analysis

In vitro experiments. Data are presented as SEM and n represents the number of
technical replicates of cell culture experiments. Unless specified, all experiments were
carried out with all three isogenic knockout sets. Most statistical comparisons were
conducted by ANOVA for Bonferroni’'s post hoc test in GraphPad Prism 7. For all
experiments excluding RNA-sequencing and phagocytosis a statistically significant

difference was defined as p < 0.05. For phagocytosis experiments, p < 0.001 was used.
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Image processing and plaque quantification. Immunofluorescent sections were
visualized and captured using an Olympus FV3000RS confocal microscope. Images
represent confocal Z-stack taken with identical laser and detection settings. For human
microglial proximity to plaque quantification, Z-stack images were taken at 40X
magnification (10 slices taken with a Z thickness of 1 um), 4 images per hemisphere (n=3
GFP WT & RFP TREM2 KO, n=3 GFP TREM2 KO & RFP WT). Human microglia
numbers and locations were detected and quantified through Ku80 (GFP/RFP positive)
immunofluorescence using the Olympus cellSense imaging software. Cells located within
the 50 ym radius from the center of the closest Amylo-Glo positive aggregate were
detected. The distance of the center of the detected cells from the closest edge of the
aggregate was then measured. Expression of HLA-DR or CD9 in GFP versus RFP cells
in the same region were also quantified in Olympus CellSens 2.3. T-test run on Graphpad

Prism 7.

Bulk RNA-sequencing analysis. RNA-sequencing data was processed and interpreted
using either the Genialis visual informatics platform or in-house bioinformatic analysis
pipelines. RNA-sequencing read integrity was verified using FastQC. BBDuk was used to
trim adapters and filter out poor quality reads. Remaining reads were then mapped to the
hg19 reference genome using the HISAT aligner or the GRCh38 reference genome
(Ensembl release 97(Cunningham et al., 2019)) using Kallisto v0.46.0(Bray et al., 2016b).
Complete clustering linkage was measured by pearson coefficient. Lowly expressed
genes (expression count summed over all samples < 10) were removed before differential

expression analysis. Differentially expressed genes were calculated using DESeqg2(Love
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et al., 2014) by applying FDR cutoffs between 0.01 and 0.001 and log fold change of at
least 0.5. Geneset enrichment analysis was performed using EnrichR GO Biological
Processes 2018. Volcano plots were generated using the ‘ggplot2’ R package(Wickham,

2009) and heatmaps were generated using the ‘pheatmap’ R package(Kolde, 2019).

Single Cell RNA Data Visualization and Differential Gene Analysis. UMI count tables
were read into Seurat (v3)(Stuart et al., 2019) for preprocessing and clustering analysis.
Initial QC was performed by log normalizing and scaling (default settings) each dataset
followed by PCA performed using all genes in the dataset. Seurat’s ElbowPlot function
was used to select principal components (PCs) to be used for clustering along with a
resolution parameter of 0.5 and clusters identified as being doublets, gene poor, or
dividing were removed from the dataset prior to downstream analysis. Secondary QC
cutoffs were then applied to retain only cells with less than 30% ribosomal genes, 15%
mitochondrial genes, greater than 600 genes but less than double the median gene count,
and greater than 500 UMI but less than double the median UMI count.

Cells passing QC were then merged according to mouse of origin (e.g. TREM2
WT and KO microglia from the same 5x-MITRG mouse) using Seurat’s ‘merge’ function
and data were processed using Seurat's wrapper for the ‘sctransform’ R
package(Hafemeister, 2019), while regressing out library size differences, percent
ribosomal genes, and percent mitochondrial genes. PCA was then performed using the
top 1,000 variable genes after removing ribosomal and mitochondrial genes from the lists
(WT: 930 genes; 5X: 968 genes). For xMGs isolated from MITRG mice, a shared nearest

neighbor (SNN) plot was generated using Seurat’s ‘FindNeighbors’ function using PCs
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1:20 as input, clustering was performed using the ‘FindClusters’ function and a resolution
parameter of 0.5, and dimension reduction was performed using the ‘RunUMAP’ function
with the same PCs used for generating the SNN plot. xMGs isolated from the 5X-MITRG
mouse were processed similarly, using PCs 1:14 and a resolution parameter of 0.3.
Differentially expressed genes were determined between clusters using the
‘FindAlIMarkers’ function, which employs a Wilcoxon Rank Sum Test, with and FDR cutoff
of 0.01, an LFC cutoff of 0.25, and the requirement that the gene be expressed in at least
10% of the cluster.

Information regarding the QC cutoffs and clustering parameters used in this

analysis can be found in Supplemental Data 4.

Data Availability. The datasets generated and analyzed in this study are available
through GEO (bulk sequencing: GSE157652; single-cell sequencing: GSE158234).
Source data are provided in a Source Data File for all western blots ((McQuade et al.,
2020) Figure 1a, 1g). Flow cytometry gating schema are provided in Source Data File
Figure 5b, 6¢ (McQuade et al., 2020). Any additional data presented in this paper is
available from the corresponding author upon request.

Code Availability. Base codes are open-source following citations linked in the methods

section. Standard parameters were used unless otherwise noted in the methods section.

Results

Differential transcriptomic effects of TREM2 stimulation versus deletion in human

iPSC-microglia. Because preliminary data on TREM2 function suggests that AD-
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associated TREM2 mutations result in a partial loss of function(Cheng-Hathaway et al.,
2018), we sought to mimic this effect by generating three isogenic sets of CRISPR-
modified TREM2 knockout (KO) induced pluripotent stem cell (iPSC) lines. Following
microglial differentiation(McQuade et al., 2018), we verified the loss of TREM2 expression
at the protein level in all knockout lines by Western blot and Homogeneous Time
Resolved Fluorescence (HTRF) analysis (Fig. 1a). HTRF analysis of conditioned culture
medium further demonstrated secretion of soluble TREM2 exclusively in WT and not in
TREM2 knockout cell lines (Fig. 1b). This strongly suggests that WT iPS-microglia exhibit
normal trafficking and localization of TREMZ2, and further confirms lack of TREM2
expression in KO lines.

Next, we performed RNA sequencing to determine the genes and pathways that
are disrupted in TREM2 KO human microglia. Two independent sets of TREMZ2 isogenic
microglia generated from two distinct patients were sequenced to account for any cell
line-dependent effects (Fig. 1c-e). Although some differences were noted between the
two isogenic sets, many transcripts exhibited equivalent changes in both KO lines. Using
a cutoff of +/- 1 log fold change and an FDR < 0.05, this dataset identified 390 differentially
expressed genes (DEG) which were enriched for several important pathways including
‘regulation of calcium-mediated signaling’ and ‘ERK1 and ERK2 cascades, and cell
migration’ (GO Biological Process 2018 adjusted p < 0.05; Fig. 1c-e, Supplemental Data
1). As expected, the most significantly down-regulated gene in knockout microglia was
TREM?2 itself, followed closely by glycoprotein NMB (GPNMB) which was recently shown
to be up-regulated in plaque-associate microglia(M et al., 2018) (Fig. 1d, Supplemental

Data 1). Interestingly, loss of GPNMB expression causes primary cutaneous
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amyloidosis(Cf et al., 2018), suggesting that GPNMB may play an important role in the
clearance of amyloidogenic proteins. In line with recent AD mouse studies, TREM2
deletion also led to a significant reduction of APOE and APOC1 gene
expression(Krasemann et al., 2017; Parhizkar et al., 2019).

As some of the key downstream consequences of TREMZ2 expression in microglia
may only manifest when TREMZ2 signaling is activated, we next sought to identify an
optimal method to drive TREM2 signaling in wild type cells using TREM2 KO microglia as
a negative control to further validate the specificity of this approach. A variety of ligands
have been proposed to activate TREM2 downstream signaling including APOE, beta-
amyloid, phosphatidyl serine, and several other lipids(Daws et al., 2003; N'Diaye et al.,
2009; Wang et al., 2015; Zhao et al., 2018), however, each of these ligands produces
pleotropic effects, binding to and signaling through multiple receptors and pathways.
Indeed, when TREM2 WT and KO cells are stimulated with dead iPSC-derived neuron
fragments, both genotypes responded similarly (Supplemental Fig. 1, Supplemental Data
2), suggesting that TREM2-specific responses to neuronal debris may be masked by
signaling mediated via other microglia receptors such as the TAM receptor tyrosine
kinase family(L et al., 2016). Because we found that TREMZ2 expression does not
substantively alter the microglial transcriptional response to dead neurons, we concluded
that a more specific method of TREM2 activation would be needed to further interrogate
TREMZ2 function.

Therefore, we opted to stimulate TREMZ2 signaling by using a commercially
available polyclonal TREM2 antibody (R&D; AF1828). Similar protocols have proved

useful for the activation of various immune receptors (e.g., antibody-based crosslinking
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of CD3 for T cell receptor activation), and this particular antibody has been successfully
used to quantify TREM2/DAP12 signaling with a split-luciferase reporter system(Mm et
al., 2017). Given the growing interest in development of TREMZ2 activating antibodies as
a potential therapy for AD, this approach could also provide data that would further inform
translational studies(Wang et al., 2020a). Since microglia express Fc receptors, an
equivalent concentration of preimmune IgG was used as an additional isotype control.
Using this approach, we confirmed that AF 1828 exposure produces rapid phosphorylation
of spleen tyrosine kinase (SYK), a known signaling molecule downstream of
TREM2/DAP12 activation (Fig. 1f,g). In contrast, treatment of WT cells with control I1gG
or treatment of TREM2 knockout microglia with AF1828 produced no phosphorylation of
SYK (Fig. 19).

Next, we coupled this stimulation approach with RNA sequencing to identify genes
for which expression was altered both after knockout and, in the opposing direction, 24
hours after antibody stimulation of WT microglia (Fig. 1h-j, Supplemental Data 3, log(FC)
= 0.5 and FDR < 0.001). These reciprocally changed genes are indicative of transcripts
that, for example, decrease expression in the absence of TREM2 and increase
expression in WT cells stimulated with anti-TREM2 antibody, but are not altered with
control IgG or vehicle (DPBS) treatments. Geneset enrichment analysis on this highly
specific reciprocally changed gene set showed similarity to enrichment seen with just
knockout of TREM2 (Fig. 1e,j). The 72 reciprocally changed genes also highlighted key
differences in chemotaxis (positive regulation of leukocyte chemotaxis), specific immune
response families (cellular response to tumor necrosis factor), and cell survival pathways

(positive regulation of ERK1 and ERK2 cascade) (Fig. 1i).
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To functionally validate these findings, we next examined whether TREMZ2
expression and signaling alters microglial survival, phagocytosis, and chemotaxis as

predicted by this geneset enrichment analysis.

TREM2 knockout microglia are hypersensitive to stress-induced cell death. From
our previous geneset enrichment analysis, we found that MAPK and ERK pathways are
strongly enriched (Fig. 1e,i). These pathways are involved in regulating cell survival and
apoptosis. Additionally, previous data from murine microglia has indicated that TREM2
deficiency leads to increased cell death, a process that was hypothesized to rely on
macrophage colony-stimulating factor (M-CSF)(Zheng et al., 2017). It has been
suggested that TREM2 works cooperatively with CSF1R signaling which is necessary for
microglial survival(Otero et al., 2009, 2012; Sosna et al., 2018). Therefore, we induced
cell death in human iPS-microglia by cytokine starvation for 3 days and tested the
importance of three key cytokines (M-CSF, IL-34, and TGF-B1) in microglial apoptosis
(Fig. 2a).

Microglial apoptosis was visualized using a fluorogenic Caspase 3/7 detector and
time-lapse imaging. At baseline, we found TREM2 knockout microglia already showed
increased caspase signal compared to their WT isogenic pairs which was not surprising
given that MAPK and ERK pathways were enriched even when comparing WT and KO

lines without stimulation (Fig. 1e, 2b).
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Figure 2.1. TREM2 knockout and stimulation elicit transcriptional changes in iPS-
derived microglia. a Confirmation of isogenic TREM2 knockout lines by western blot
(n=3 or 4 lanes for each of 3 lines; t-test **p <0.01, Line 1 p=0.0024, Line 2 p =0.0098,
Line 3 p=0.0094), homogeneous time resolved fluorescence (HTRF; n=3 independent
wells for each of 3 lines; t-test ****p <0.0001), and b sTREM2 secretion by HTRF; n=3
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independent wells for each of 3 t-test ****p < 0.0001). Different colors represent individual
patient lines. Lighter shades represent KO lines. Data are represented as mean
values £ SEM. cHeatmap of DEG for TREM2 WT versus KO (n=2 independent
lines; n=3/line). Scale represents median-centered VST transformed counts from
DESeq2. d Volcano plot showing DEG for TREM2 WT versus KO in 2 independent lines
(green—increased expression in KO; purple—decreased expression in KO). e Geneset
enrichment analysis of WT vs KO (EnrichR; adjp<0.05 determined by EnrichR
algorithm). Genes in these families were mainly increased in WT cells. f Schematic of
TREM2 antibody stimulation paradigm. g Western blot showing phosphorylation of SYK
in WT (dark blue) and KO (light blue) microglia within 5-15 min of exposure to the
polyclonal TREM2 antibody (AF1828) or control 1gG. (20 uyg/mL32 n=2 independent
samples). Data are represented as mean. h Venn diagram of differentially expressed
genes in WT vs KO microglia (444 DEGs) compared to WT microglia 24 h after treatment
with 1gG versus anti-TREM2 antibody (144 DEGs). Venn diagram reveals 72 reciprocally
changed DEGs. i Geneset enrichment analysis of reciprocally changed genes (EnrichR;
adj p <0.05 determined by EnrichR algorithm). j Heatmap of the resulting 72 reciprocally
changed genes. Scale represents median-centered counts (TPM).

Time-lapse imaging of WT microglia in complete medium (no cytokine starvation)
revealed minimal caspase activation as expected (Fig. 2a,c; dark blue). However, in
TREM2 KO lines, increased apoptosis was quantified even in complete medium
suggesting they may have a higher dependency on cytokines than WT lines (Fig. 2a,c;
light blue). As expected, cytokine starvation (removal of M-CSF, IL-34, and TGF-$1)
induced microglial death in both WT and KO lines. However, TREM2 KO lines still
demonstrated elevated caspase 3/7 signal compared to WT lines (Fig. 2a,c; red),
highlighting that TREM2 KO microglia exhibit increased sensitivity to stress conditions
and respond through apoptosis.

In order to determine whether this apoptotic response is specifically through M-
CSF/CSF-1R signaling, iPS-microglia were grown in medium lacking only the CSF1R
ligands (IL-34 and M-CSF). Indeed, this alone was sufficient to induce the same levels of
apoptosis seen with full cytokine starvation (Fig. 2a,c; orange). In contrast, removal of

TGF-B1 alone, an important regulator of microglial homeostasis, did not alter caspase
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activation (Fig. 2a,c; grey). Therefore, we conclude that human TREM2 modulates

CSF1R signaling leading to higher levels of cell death in TREM2 knockout lines.
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Figure 2.2. TREM2 knockout microglia exhibit decreased caspase activation at
baseline and after cytokine starvation. a Caspase 3/7 levels imaged over 3 days in
culture with complete medium (blue), no TGFB1 (gray), no IL-34, no MCSF (orange)or no
IL-34, no MCSF, no TGFB1 (red). Images captured on Incucyte S3 live-cell imager.
Darker shades represent TREM2 WT. Data are represented as mean
values £ SEM. b Quantification of caspase 3/7 after O h in culture. (t-test ****p <0.0001).
Data are represented as mean values + SEM. ¢ Quantification of caspase 3/7 after 72 h
in culture. (ANOVA, Tukey post hoc test. WT vs KO complete medium: p=0.0052, WT
vs KO -TGFB1:p=0.0035, WT vs KO -IL34/MCSF:p=0.0014, WT vs KO -
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IL34/MCSF/TGFB1: p=0.045, ns: p>0.9999). For all panels,n=4 images in four
independent wells. Data are represented as mean values + SEM. Experiment was
reproduced with two independent lines.

TREM2 is necessary for phagocytosis of APOE by human microglia. Apolipoprotein
E, the largest genetic risk factor for AD, has been proposed as an important TREM2
ligand(Parhizkar et al., 2019; Shi and Holtzman, 2018; Yeh et al., 2016). However, it
remains unclear whether APOE-mediated disease risk is specifically related to its
interactions with TREM2. Additionally, our sequencing data highlighted differences in lipid
transport (Fig. 1e), prompting us to further examine the potential interactions between
TREM2 and APOE. Therefore, we exposed TREM2 isogenic lines to an allelic series of
recombinant, lipidated APOE (Fig. 3a; Supplemental Fig. 2).

Interestingly, we found that microglial phagocytosis of APOE in WT cells is
dependent on APOE genotype, with APOE4 being internalized at a significantly higher
rate than APOE3 which is taken up at higher levels than the AD protective allele; APOE2
(Fig. 3a). Importantly, these differences in phagocytosis were based on the APOE
genotype of the exogenously added protein, not the APOE genotype of the microglia (all
APOE 3/3). Further investigation is needed to determine if this recognition is crucial to AD
development, but this data highlights that APOE genotypes are differentially recognized
by microglia.

Next, we investigated the importance of TREMZ2 expression on phagocytosis of
APOE. When TREM2 expression is lost, we detected no significant uptake of APOE
fluorescence above the vehicle control (Fig. 3a). This stark difference was surprising
given that TREM2 knockout microglia still express other canonical APOE receptors.

Indeed, our RNA sequencing revealed no changes in expression of canonical APOE
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receptors between lines including LDL2, LRP1, and HSPG2 (adj p-values 0.85, 0.98, 0.15
respectively) (Supplemental Data 1). Thus, even in the presence of other APOE
receptors, TREM2 knockout microglia do not phagocytose detectable lipidated APOE
protein suggesting that TREM2 is necessary for phagocytosis of APOE by human
microglia.

To gain further mechanistic understanding on the role of TREM2 signaling in APOE
phagocytosis, we also pre-treated iPS-microglia with a SYK inhibitor (see signaling
schematic Fig. 1f), R406 to block TREM2 signaling transduction. For these experiments
APOE3 was utilized as it represents the most common variant of APOE. Pre-treatment of
microglia with R406 was able to partially, but significantly, block APOE phagocytosis in
WT cells suggesting this phagocytosis does occur through TREM2/DAP12 signaling (Fig.

3b, right).

TREM2 is critical for phagocytosis of fibrillar beta-amyloid and human
synaptosomes but not Zymosan A. As TREM2 has been proposed to act as a receptor
for many ligands which are engulfed by microglia in vivo, we tested whether exposure of
TREMZ2 isogenic lines to several other substrates would reveal corresponding functional
differences. First, we exposed TREM2 isogenic lines to fibrillar beta-amyloid. As
expected, phagocytosis of beta-amyloid was significantly decreased in KO lines (Fig. 1c).
We further confirmed the requirement of TREM2/DAP12 downstream signaling by
blocking SYK with R406 which proved sufficient to block phagocytosis in WT lines.

Importantly, blocking SYK in TREM2 KO lines had no effect (Fig 1c).

85



To address previous studies that suggest TREM2 may play a role in synaptic
pruning(Filipello et al., 2018), we next exposed microglia to pHrodo-labeled human
synaptosome fractions isolated from AD brain tissue(Abud et al., 2017). Interestingly,
TREM2 knockout microglia exhibited impaired phagocytosis of synaptosomes,
suggesting that TREM2 may play an important role in synaptic pruning (Fig. 3d). Again,
blocking downstream TREM2 signaling through SYK with R406 was able to partially block
phagocytosis of synaptosomes in WT lines highlighting the importance of TREM2/DAP12
signaling in phagocytosis of this ligand.

To investigate whether the observed decrease in phagocytosis is specific to
disease-relevant substrates or instead due to a more global down-regulation of
phagocytic activity, we also tested phagocytosis of zymosan A, a dectin 1/2 agonist (Fig.
3e). This control ligand was taken up equally well by WT and TREMZ2 knockout cells, and
phagocytosis of zymosan A was not altered by SYK inhibition, demonstrating that loss of

TREM2 signaling results in substrate-specific deficits in phagocytosis (Fig. 3e).

TREM2 antibody stimulation partially alters phagocytosis. To further explore
phagocytic deficits in TREM2 KO lines, we pre-stimulated isogenic microglia with anti-
TREM2 antibody or an isogenic IgG control before exposing cells to APOES3, beta-
amyloid, synaptosomes, or Zymosan A (Supplemental Fig. 3). As expected, anti-TREM2
antibody treatment on TREM2 knockout lines did not have any effect. For phagocytosis
of APOE3 and human synaptosomes, treatment of WT cells with anti-TREM2 antibody
decreased phagocytosis. This decrease may be due to internalization of TREM2 following

antibody stimulation that could in turn temporarily mimic a loss of function phenotype in
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response to secondary stimulation. With beta-amyloid and zymosan A, anti-TREM2
antibody had no effect, suggesting the TREM2 receptor itself may not be directly
responsible for initiating phagocytosis of these substrates. However, in the case of beta-
amyloid, we do show SYK signaling is important (Fig. 3c). This finding fits with the prior
identification of several other microglial receptors that have been implicated in beta-
amyloid internalization by microglia(Frenkel et al., 2013; Koenigsknecht and Landreth,
2004). Additionally, this may suggest that the reduction of beta-amyloid phagocytosis in
TREM2 knockouts may be more strongly influenced by changes in SYK activation state

than by direct binding between TREM2 and beta-amyloid.
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Figure 2.3. TREM2 knockout decreases phagocytosis of disease-relevant stimuli.
a Isogenic TREM2 WT and KO microglia were exposed to recombinant APOE 2 (green),
APOE 3 (yellow), APOE4 (red), or a vehicle control (blue). Images were taken every hour
for 24 h with IncuCyte S3 live imaging system. Scale bar: 200 ym. Statistical differences
were quantified at 24 h (right, n = 3 independent wells with 4 images per well. Table (right)
shows difference between WT and KO lines for each APOE genotype replicated in 2
isogenic backgrounds; two-way ANOVA, Tukey post hoc test, multiple comparisons.
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(green), d pHrodo-labeled human synaptosomes (green), or e pHrodo-labeled Zymosan
A (red). Left shows representative images at 24 h. Inner graphs show untreated cells and
the relative effects of TREM2 deletion alone on phagocytosis, or with addition of a SYK
inhibitor (5 uM R406). Statistical differences were quantified at 24 h (right). For all
panels, n = 3—4 independent wells with 4 images per well; two-way ANOVA, Tukey post
hoc test, multiple comparisons. b ***p =0.0002, ****n < 0.0001,
ns p=0.998 ¢ *p=0.0393, ****p<0.0001 d ***p=0.0008, ****p <0.0001,
ns p=0.7912 eWT vs WT+R406 p=0.301, KO vs KO+R406 p=0.320, WT vs
KO p =0.344. Data are represented as mean values + SEM. Experiments were replicated
in three isogenic lines with equivalent results.

TREM2 deletion reduced clustering around amyloid plaques and impairs migration
towards beta-amyloid producing cultures. Several groups have previously shown that
TREM2 deficient mouse microglia exhibit decreased clustering around beta-amyloid
plaques(Ulrich et al., 2014; Wang et al., 2016). To determine whether human TREM2
knockout microglia exhibit a similar impairment, we transplanted GFP or RFP-expressing
isogenic human microglia into the brains of 5x-MITRG mice (Fig. 4a). These transgenic
mice, obtained by backcrossing the 5x-fAD mouse model of AD with MITRG
xenotransplantation-compatible mice (hCSF1, hCSF2, hTPO, Rag2 knockout, il2ry
knockout), were specifically developed to examine the functional behavior of transplanted
human microglia in vivo(Abud et al., 2017). Using this approach, we co-transplanted
combinations of WT and TREM2 knockout human microglia (either GFP:WT,
RFP:TREM2 KO or vice versa) into post-natal day 2-3 mice which were allowed to age
for 6 months. Brain sections were stained with Amylo-Glo, a Thioflavin S analog, to detect
fibrillar beta-amyloid plaques. As expected, WT human microglia exhibited a robust
response to beta-amyloid plaque pathology, surrounding the plaques in a manner highly

similar to that observed in human AD tissue(Wang et al., 2016). In stark contrast, TREM2

knockout human microglia appeared unresponsive to plaque pathology, exhibiting little to
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no association with plaques and lacking the characteristic morphological changes
observed in isogenic wild type microglia (Fig. 4a). These data are highly consistent with
the response of murine TREM2 knockout microglia to plaque pathology and with
observations in human TREM2 R47H cases, (Condello et al., 2015; Ulrich et al., 2014;
Yuan et al., 2016) but also represent the first report to our knowledge that examines the
impact of TREM2 deletion on human microglial plaque association.

Since, in vivo, beta-amyloid plaques are quite complex consisting of not only beta-
amyloid itself but many other proteins, dystrophic neurites, and reactive astrocytes, we
next performed in vitro migration assays to determine if TREM2 knockout cells exhibit
impaired migration towards beta-amyloid alone or whether additional signals derived from
AD neurons might further influence the association between microglia and plaque
pathology. To this end, we used two-chamber microfluidic migration devices(Park et al.,
2018) to measure the migration of WT and KO microglia toward soluble beta-amyloid or
toward beta-amyloid producing human neuronal/glial mixed cultures. Whereas no
significant differences were observed between WT and KO microglia in migration towards
AB1-40 or AB1-a2 alone, the more physiological combination of AB1.20 and AB+.42 revealed a
significant impairment in the migration of TREM2 knockout microglia (Fig. 4b).

To determine whether additional neurally-derived cues may influence TREM2-
mediated chemotaxis, we also analyzed microglial migration towards AP producing
human neurons and astrocytes plated within the central chamber. With co-culture of
young (3-week old) neurons and astrocytes we observed minimal microglial recruitment,
although an impairment in TREM2 knockout migration was already evident (Fig. 4c).

However, when neurons and astrocytes were aged to 9-weeks, a timepoint that was
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previously shown to correspond to increasing amyloid pathology and cell death in this
system(Park et al., 2018), we observed significant migration of WT microglia to the central
chamber, whereas TREM2 knockout microglia remained completely unresponsive to
these cell-derived chemotactic signals (Fig. 4c).

An outstanding question is whether the observed lack of migration is due to an
inability of TREM2-deficient cells to sense and respond to chemoattractive cues or merely
an inability of TREM2 knockout cells to move. To address this issue, we performed a
scratch wound assay to observe general motility of TREM2 WT and KO microglia. This
experiment showed no significant differences in baseline motility for WT and TREM2
knockout microglia suggesting that the differences quantified above are specific to

chemoattractive migration (Fig. 4d).
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Figure 2.4. Deletion of TREM2 reduces the association of microglia with amyloid
plaques and impairs migration toward amyloid and AD model cultures. a GFP-
expressing TREM2 WT (top) or KO (bottom) microglia xenotransplanted into 5x-MITRG
mice and aged 6 mo. were examined to assess the proximity between beta-amyloid
plaques (red, Amylo-glo) and microglia (green). Scale bar low power: 40 um; high power:
20 um. Percent of each genotype within 50 ym of a plaque and raw distance to closest
plaque was quantified (t-test ****p <0.0001, n =9 individual mice, 4 images per mouse).
Darker blue represents TREM2 WT. Data are represented as mean values £ SEM.
Experiment was run with two individual patient backgrounds. b In vitro migration of
microglia toward soluble recombinant beta-amyloid. Images show microglia plated in
outer chambers and allowed to migrate for 4 days through microfluidic channels toward
beta-amyloid (AB1-40 and AB1-2) within the inner chamber (delineated by the dashed
circle). Scale bar: 500 ym. (n = 3 independent devices, unpaired t-test *p =0.0114; WT vs
WT + AB1-40 and AB1-42 p =0.0076). Data are represented as mean values + SEM. ¢ WT
and TREM2 knockout microglial migration toward 3-week old AB-producing human neural
and astrocyte mixed cultures or toward 9-week old wild type cultures. Scale bar: 500 pm.
(n=3 independent devices unpaired t-test **p <0.001; WT vs KO p=0.0078; WT vs
WT(AD) vs WT (healthy) p=0.0063). Data are represented as mean values £ SEM.
Experiments from b,c were reproduced with equivalent results in two independent
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lines. d Scratch wound assay imaged and quantified 24 h post scratch with IncuCyte
WoundMaker revealed no significant differences in general motility (n=3 independent
wells with 4 images per well, t-test p=0.102). Yellow line demarcates original scratch.
Data are represented as mean values £+ SEM. Experiment was reproduced in three
independent lines. Scale bar: 200 um.

CXCR4 mediates migration deficits in TREM2 knockout microglia. To further
investigate the mechanism of impaired migration in TREM2 KO microglia, we returned to
our RNA-sequencing data which revealed that expression of CXCR4, an important
chemo-attractive receptor, was reduced in the TREM2 knockout cells (Supplemental Data
1,3). Immunofluorescent and flow cytometry analysis of isogenic WT and TREM2
knockout microglia further confirmed that this receptor is decreased at the protein level in
TREM2 knockout lines (Fig. 5a,b). Of further interest, CXCR4 expression has been shown
to increase in murine disease associated microglia (DAMs)(Keren-Shaul et al., 2017;
Krasemann et al., 2017) and in our own recent study of plaque-associated human
microglia(Hasselmann et al., 2019), further supporting the potential role of this receptor
in microglial migration toward plaques. CXCR4 has also been well characterized as a
chemokine receptor in the peripheral immune system(Guo et al., 2017), responding to the
ligand SDF-1a (CXCL12). CXCR4 is a canonical G-protein coupled receptor (GPCR) and
its engagement results in the activation of Gg/11 and subsequent elevation of cytosolic
Ca?* via IP; mediated ER-store release, a downstream response that is also implicated
in TREMZ signaling. In the brain, SDF-1a is highly expressed in neurons and astrocytes
particularly in the hippocampus(Luo et al., 2008; Zhang et al., 2014) and increasing SDF-
1a promotes the recruitment of microglia to plaques in AD mice(Wang et al., 2012).

To examine the potential role of CXCR4 signaling in iPS-microglia, cells were

loaded with Fluo-4 and Fura-Red for ratiometric Ca?* imaging and treated with SDF-1a. in
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Ca?*-free buffer to unambiguously isolate Ca?* signals downstream of CXCR4 activation.
Using this approach, we found that WT microglia showed significantly greater responses
to SDF-1a than TREM2 knockout microglia (Fig. 5c, left and middle panels). Analysis of
individual-cell responses further revealed that only a subset of cells were activated by
SDF-1a in both WT and TREM2 knockout microglia (Fig. 5c right, Supplemental Fig. 4,
Supplemental Movie 1, 2), suggesting that only a subset of microglia were primed to
respond to SDF-1a signaling, and this percent was significantly lower in TREM2 knockout
microglia (WT; 39% responded, KO: 11.5% responded). Single-cell quantification showed
that the average peak Ca?* response to SDF-1a was lower in TREM2 knockout microglia
(Fig. 5¢, Supplemental Fig. 4). These results strongly suggest that TREM2 knockout
microglia have lower sensitivity to SDF-1a., likely due to the observed lower expression
of CXCR4 mRNA and membrane-localized CXCR4 protein, which could in turn explain
their migratory defect.

Next, to determine if CXCR4 signaling is necessary for migration, we used
AMD3100 to block CXCR4 receptor activity during migration towards astrocyte and neural
cultures(Donzella et al., 1998). Previous data highlights that this mixed model of neurons
and glia does indeed express SDF-1a, and additionally, SDF-1a was shown to be
increased when using AB-producing neurons and astrocytes compared to healthy
controls(Park et al., 2018). We observed migration of WT microglia only in cultures in
which SDF-1a was induced (AD neurons) and CXCR4 signaling was functional (no
AMD3100, Fig. 5d). These data strongly suggest that CXCR4 is necessary for migration
of human microglia towards human beta-amyloid expressing neural and astrocyte

cultures. Thus, these data support the possibility that activating CXCR4 in TREM2
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deficient microglia may be a useful approach in AD to rescue microglial migration towards

dying cells and/or amyloid plaques.
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Figure 2.5. TREM2 knockout microglia are deficient in CXCR4 which is required for
migration. a Expression of CXCR4 (green), IBA-1 (red) in in vitro TREMZ2 isogenic lines.

CXCR4 signal was normalized to DAPI

(blue) intensity. Scal

e bar: 40um. In

quantification, darker shades represent TREM2 WT. (n =4 independent wells, 4 images
per well, Experiment replicated in three independent lines; unpaired t-test p=0.0015).
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Data are represented as mean values + SEM. b Flow cytometry of CXCR4:APC (gated
on fluorescence minus one (FMO) control (gray)) and quantification of mean fluorescence
intensity (MFI) (n=3 independent samples (100,000 events each), unpaired t-
test p=0.0017). Data are represented as mean values £+ SEM. Gating strategy in Source
data file. Reproduced with all three isogenic sets with similar results. ¢ Overlay of
maximum intensity projection images over time of Fluo-4 (green) and Fura-Red (red)
loaded WT and TREM2 KO cells after activation with SDF-1a (left panel, Scale bar:
20 um). Time-lapse run showing average cytosolic Ca?* response to 250 ng/mL SDF-1a
measured by ratiometric Fluo-4 and Fura-Red signal (middle panel, Data are
mean = SEM; n=51-61 cells). Summary of single cell baseline and maximal SDF-1a
induced Ca?* elevation in WT and KO microglia (right panel, Data are
mean = SEM, n=111-120 cells, 2 experiments). Y-axis denotes either peak baseline or
peak SDF-1a response subtracted from the average baseline for each cell
(****p <0.0001, n.s not significant, as measured by One-way ANOVA; Post-hoc Tukey’s
multiple comparisons test). d WT microglia were allowed to migrate to 9-week old healthy
or beta-amyloid producing (AD) neural/glial cultures plated within the central chamber
(white dashed circle). Microglia pseudocolored gray. AMD3100 was used at 10 ng/mL.
Scale bar: 50 ym (unpaired t-test, p=0.003) Experiment was reproduced in two lines
(total n=15). Data are represented as mean values £ SEM.

TREM2 knockout microglia fail to respond appropriately to amyloid plaque
pathology in vivo. It has been shown that expression of TREM2 is increased in the DAM
sub-population found in AD mice(Keren-Shaul et al., 2017), and is required for transition
towards this phenotype(Keren-Shaul et al., 2017; Krasemann et al., 2017). However,
recent data from our lab and others(Hasselmann et al., 2019; Mancuso et al., 2019)
suggests that the genes associated with human DAM formation have limited overlap with
previously defined mouse datasets(Mathys et al., 2019). To determine if TREM2 KO
effects DAM formation in human microglia, we co-transplanted iPS-derived hematopoietic
progenitor cells into post-natal day 2-3 MITRG mouse pups allowing for the direct
comparison of WT and KO human microglia within the same mouse. In order to identify
which microglia were derived from TREM2 WT versus knockout iPSCs, we mixed RFP-
expressing WT cells with GFP-expressing KO cells and vice versa. Using this technique,

we find long-term engraftment of human microglia within the mouse
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forebrain(Hasselmann et al., 2019). When crossed to the 5xfAD mouse (5x-MITRG) we
also find that these cells respond to the onset and progression of disease with
characteristic morphological and transcriptional changes.

After isolating human microglia from MITRG or 5x-MITRG mouse brains at 6
months of age, we performed single cell RNA sequencing to visualize the sub-populations
of human microglia. In non-diseased MITRG mice we found four transcriptionally distinct
sub-populations of microglia (Fig. 6a, Supplemental Data 4, 5, Supplemental Table 1). By
analyzing the top genes in each population which significantly differ from the entire
dataset, we determined that these 4 sub-populations were differentiated by genes
involved in Major Histocompatibility Complex (MHCIl) and Human Leukocyte Antigen
(HLA) presentation (34.2%), the type 1 interferon response (10.8%), a small vaguely
defined cluster which we termed “degranulation” (1.9%) and a “homeostatic” cluster that
expressed high levels of canonical and homeostatic microglia genes while lacking
expression of genes defining the other clusters (53.1%) (Fig. 6a, Supplemental Data 5)
(clustering heatmaps and key gene expression UMAPs are included in Supplemental Fig.
5). However, when looking at TREMZ2 knockout microglia transplanted into the same
mouse, we saw these population percentages shift toward a more homeostatic profile
even in the non-diseased mouse (Fig. 6a, Supplemental Table 1; 61% homeostatic,
23.5% HLA, 12.6% interferon, and 2.9% degranulation), consistent with the notion that
TREMZ2 deletion may trap microglia in a homeostatic state(Krasemann et al., 2017) not
only in disease but also in response to normal aging as well. This suggests that TREM2

knockout microglia are intrinsically hypo-reactive.
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Next, we examined WT and TREM2 knockout microglia that had been co-
transplanted into littermate 5x-MITRG mouse pups and allowed to age for 6 months.
When WT microglia transplanted into this AD model were examined, we uncovered five
transcriptionally distinct sub-populations (Fig. 6b). The four populations seen in non-AD
mice were still present as well as an additional population (13% of WT cells) that matches
the human DAM population that we recently described(Hasselmann et al., 2019). As
expected, exposure to beta-amyloid pathology, shifted WT microglia away from
homeostatic and interferon high phenotypes, towards DAM phenotypes (Fig. 6a,b bar and
pie graphs, Supplemental Table 1, WT and 5x analyzed together in Supplemental Data
5).

However, when TREM2 knockout microglia transplanted into the AD model were
examined, we found that these cells fail to properly activate with 77% of TREM2 knockout
microglia in the AD mice remaining homeostatic and only 1.8% transitioning toward the
DAM subtype (~7 fold less than seen in WT cells, Supplemental Data 5, Supplemental
Table 1). We additionally note that TREM2 KO microglia show ~2 fold less enrichment of
the HLA high cluster. Thus, human TREM2 knockout microglia exhibit a similar
impairment in the response to beta-amyloid pathology as murine microglia, although the
precise gene set of this lost ‘DAM’ population only partially overlaps (~12%) with that of

the murine counterpart(Hasselmann et al., 2019).

TREM2 knockout microglia do not form DAMs in vivo. Because our single-cell

sequencing was performed with only one animal per genotype to provide a discovery-

based approach and because RNA does not always directly correlate with protein
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expression(De Jager et al., 2018), next we sought to corroborate our results by examining
protein expression in a larger cohort of mice. To validate our findings that CD9 expression
(marker of the DAM cluster(Hasselmann et al., 2019)) primarily increased in WT cells (not
TREM2 KO) in the AD model brain (not WT) we performed flow cytometry for CD9 in all
4 sets of animals (MITRG + WT, MITRG + KO, 5x-MITRG + WT, 5x-MITRG + KO). Again,
we used co-transplanted animals and thus cells from the same brain could be separated
by GFP or RFP expression to denote TREM2 genotype (Fig. 6c, left). This analysis
confirmed that non-diseased animals (MITRG) express very low levels of CD9 protein.
We also confirm that CD9 levels are significantly higher for WT cells in an AD-model brain
(5x-MITRG) than KO cells from the same brain. Indeed, there is no significant difference
in the number of CD9 positive “DAMs” for KO cells in the non-diseased and AD-model
brains (Fig. 6¢). This, again, suggests that TREM2 KO cells are locked in a homeostatic
state despite exposure to beta-amyloid pathology. Since these cells are isolated from co-
transplanted brains of WT and KO cells, these results suggest that the presence of
activated WT cells is not sufficient to induce a DAM phenotype in nearby KO cells.

To further validate and confirm our single cell sequencing and flow cytometry
results at the anatomical level, brain slices from the cortex of the same co-transplanted
mice were examined. Expression of HLA and DAM markers increase specifically around
beta-amyloid plaques, consistent with our recent publication(Hasselmann et al., 2019).
We highlight that TREM2 knockout microglia (GFP) do not exhibit the typical plaque-
associated increase in expression of HLA markers (Fig. 6d, HLA-DRB1) or DAM markers
(Fig. 6e, CD9) as seen with WT cells (RFP), consistent with the notion that TREM2

knockout cells are locked into a more homeostatic phenotype. Importantly, mice
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transplanted with the opposite combination of GFP/RFP cells show an equivalent loss of
CD9 and HLA-DRB1 in TREM2 KO (RFP) microglia (Supplemental Fig. 6). Together,
these data robustly show that human TREM2 knockout microglia fail to activate in

response to beta-amyloid plaques in vivo.
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Figure 2.6. Deletion of TREM2 suppresses the development of disease-associated
microglia (DAMs) in vivo. UMAP plots from WT and TREM2 knockout microglia
transplanted into a a MITRG or b 5x-MITRG mouse. Top left shows the TREM2 genotype
of each cell in the plot (gray = WT, blue = TREM2 KO) and the adjacent UMAP shows the
clustering of human microglia sub-populations in non-diseased mice. Pie charts highlight
the relative distribution of each TREMZ2 genotype within each cluster. The lower four
UMAP plots demonstrate the relative expression of known homeostatic (green), human
leukocyte  antigen (HLA, vyellow), interferon (pink), and DAM (red)
markers. Homeostatic:CX3CR1, P2RY12, P2RY13, TMEM119, SALL1. HLA: HLA-DRA,
HLA-DRB1, HLA-DRBS5, HLA-DPA1, HLA-DPB1, HLA-DMA, HLA-DQA1, HLA-DQA2,
HLA-DQB1, CD74. Interferon:IFIT1, IFIT2, 1SG15, IFI6, IFITM3, MX1, MX2,
STAT1. DAM: CD9, TREMZ2, SPP1, ITGAX, CD83, APOC1, LGALSS. Bar graphs show
relative cluster percentages for each cell type. ¢ Flow cytometry of co-transplanted
TREM2 WT and KO microglia. Left dot plot shows GFP positive WT microglia (and GFP
negative KO microglia) expression of CD9. Middle plot shows the same data as a
histogram pre-split on RFP/GFP expression. As in (a), expected % CD9+ cells is around
5-10%. Right plot shows the quantification of all animals n=6 independent 5x-MITRG
mice and 4 MITRG mice. (two way ANOVA with Tukey post hoc test, *p=0.018;
**n=0.0099, ns p=0.916). Data are represented as mean valuestSEM. Gating strategy
in Source data file. d Histological analysis of human microglia within the 5x-MITRG
mouse confirms TREM2 WT microglia (RFP+) express higher levels of the activation
markers d HLA-DRB1 (gray) and e CD9 than TREMZ2 knockout microglia (GFP+).
Reverse permutation of WT/KO shown in Supplementary Fig. 6. Scale bar low power:
40um high power: 10pum (n=9 individual mice per genotype with 4 images per mouse.
unpaired t-test two-tailed ****p <0.0001). Transplants were completed with one isogenic
set. Data are represented as mean valuestSEM.

Discussion

By combining TREM2 stimulation and RNA sequencing we were able to improve our
understanding of the downstream genetic targets of TREMZ2 signaling (Fig. 1). By using
an anti-human TREM2 antibody to specifically stimulate TREM2 downstream signaling
cascades. With this stimulus, we have uncovered TREMZ2-specific transcript alterations
that were enriched for gene sets related to cellular migration and survival. Because these

experiments were carried out using human cells and stimulation of human TREM2, our

RNA-sequencing data may also prove useful to investigators seeking to better understand

102



the potential therapeutic application of TREM2 stimulating antibodies that have recently
began testing in early stage clinical trials.

Consistent with our sequencing results with functional experiments, we have
further highlighted viability differences in our TREM2 isogenic microglia. Even without any
stimulation or stress, TREMZ2 knockout microglia show lower viability (Fig. 2b). When
additional stressors such as loss of growth factors are added, this phenotype is
exacerbated (Fig. 2a,c). Furthermore we confirm that depletion of CSF1R signaling alone
is sufficient to replicate this response.

Guided by our sequencing results, we also examined the microglial phagocytosis
of APOE (Fig. 3a,b). Previous studies examining how APOE isoforms interact with
TREM2 have been inconsistent. For example, Atagi et al. found that TREM2 binds all
APOE isoforms with similar affinity, whereas Bailey et al. found that TREM2 showed the
highest affinity for APOE4 above APOE3 or APOE2(Atagi et al., 2015; Bailey et al., 2015).
Here, we were able to demonstrate that APOE variants are recognized and engulfed by
human microglia at different rates with APOE4 > APOE3 > APOE2. However, whether or
not this result contributes to the known effect of APOE on disease risk remains unclear.
Of further interest, we find that microglia lacking TREM2 do not internalize any APOE.
This occurs despite normal expression of canonical APOE receptors (no difference from
WT lines by RNA-sequencing). Together, this data suggests that TREM2 is necessary for
microglial responses to APOE and may even be the only functional APOE receptor on
human microglia.

We have also investigated microglial responses to other disease-relevant stimuli

through phagocytosis. We show that TREMZ2 knockout microglia perform less
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phagocytosis of human synaptosomes and beta-amyloid but not zymosan A and that this
phenotype occurs partially via decreased signaling through SYK in KO cells (Fig. 1,3).
While dectin-1 stimulation (by zymosan A) does induce phosphorylation of SYK, it has
been shown that the resulting phagocytosis is independent of SYK(Schorey and
Lawrence, 2008; Underhill et al., 2005). We corroborate this data by showing that
phagocytosis of zymosan A is unchanged by the presence of SYK inhibitor R406 (Fig.
3e). Thus, we conclude that TREM2 knockout lines are deficient only in SYK-dependent
phagocytosis. This pathway makes intuitive sense given that TREM2 signal transduction
includes phosphorylation of SYK (Fig. 1f,g) which we suggest is necessary for a normal
phagocytic response in these disease-relevant conditions.

While decreased synaptic phagocytosis in TREM2 knockout microglia (modeled
here with synaptosomes) may be surprising given that synaptic over-pruning is
hypothesized to worsen AD progression, similar results have been shown in murine
microglia(Filipello et al., 2018; Hong et al., 2016b). Additionally, it is possible that the
ligand binding domain TREM2 mutations most strongly associated with AD, may not alter
the recognition of this specific phagocytic substrate in the same way as a loss-of function
deletion. Additionally, TREM2 function in synaptic pruning may be isolated to
developmental stages in vivo. It has recently been shown in mice that TREM2 knockout
results in hyper-connectivity in the brain and indeed lower expression of TREM2 is
correlated with increased prevalence of autism spectrum disorder(Filipello et al., 2018).

Based on our RNA sequencing results and previous research in the field, we next
investigated the role of TREMZ2 in motility and directed migration. By combining studies

of human microglia both in vitro and in vivo, we conclude that TREM2 knockout microglia
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fail to migrate towards beta-amyloid as well as beta-amyloid producing neurons and
astrocytes (Fig. 4). We also report, that expression of the chemoattractive receptor,
CXCR4, is diminished in TREMZ2 knockout microglia and exposure to its ligand, SDF-1a,
uncovers a significant deficit in the calcium response to this ligand, suggesting that loss
of CXCR4 signaling likely contributes to the impaired migration of TREM2 knockout
microglia to beta-amyloid plaques (Fig. 5). To corroborate these data, we show that
blocking CXCR4 signaling with AMD3100 is sufficient to prevent migration of WT
microglia towards beta-amyloid producing neurons and astrocytes (Fig. 5d). This
suggests that CXCR4 signaling may offer a potentially useful therapeutic target to re-
mobilize microglia towards amyloid plaques and degenerating neurons.

Of interest, SDF-1a as well as other endogenous CXCR4 ligands including
Ubiquitin and macrophage migration inhibitory factor (MIF) have been shown to be
increased in AD brain tissue particularly around plaques, co-localizing with dystrophic
neurons and within murine DAM populations(Harris et al., 2020; Lee et al., 2011; Saini et
al., 2010; Zhang et al., 2019). This further highlights the need for exploration of the role
of CXCR4 in microglial migration in disease particularly as a potential therapeutic for
patients with mutations in TREM2.

Lastly, because microglial function and gene expression are greatly influenced by
other cell types and environmental factors in the brain, we performed xenotransplantation
of human microglia into the murine brain. Previous studies have shown that activation of
microglia with a strong pro-inflammatory stimuli (eg. LPS) decreases TREM2 expression
hinting that levels of TREMZ2 may be a crucial indicator of microglial activation(Zhou et

al., 2019). Conversely, TREM2 expression increases in the DAM sub-population found in
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AD mice(Keren-Shaul et al., 2017). This microglial profile was delineated by Keren-Shaul
et al., 2017 as well as Krasemann et al., 2017 who showed that TREM2 expression is
required for transition to this disease-responsive transcriptome signature. However,
recent data from our lab shows that the DAM prolife in human microglia is distinct from
those shown in Keren-Shaul and Krasemann’s murine DAMs(Hasselmann et al., 2019),
thus bringing into question whether human TREM2 similarly prevents human DAM
formation in vivo. We therefore performed xenotransplantation of human TREM2 isogenic
microglia and were able to examine responses of WT and TREM2 KO microglia in both
AD-model and non-diseased mice. This investigation allowed us to demonstrate that
TREM2 knockout microglia are generally locked in a homeostatic state and unable to
adopt a DAM transcriptomic state. Interestingly, we note that this is the case not only in
AD model mice but also in non-diseased states as well, suggesting that deficits in TREM2
signaling intrinsically affect human microglia responses, though this effect is greatly
exacerbated in disease.

These experiments replicated the same human microglial clusters published in
Hasslemann and Coburn et al. 2019 and reveal that TREM2 is partially required for
transition into the HLA and DAM clusters in disease. Loss of TREM2 significantly
increases the percentage of microglia present in the homeostatic cluster at the expense
of these clusters (Fig. 6) which we confirmed by both flow cytometry and
immunohistochemistry. Whether or not this result causes the migration deficit (lack of
DAM activation produces a lack of migration) or occurs as a result of this deficit (lack of
migration to plaques results in fewer DAMs) is not yet understood. However, we do see

CXCR4 expression highly expressed in the human DAM population and decreased in
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TREM2 KO microglia (Fig. 5, Supplemental Data 4), suggesting that TREM2 is required
to elicit CXCR4-dependent migration toward plaques and the subsequent adoption of a
DAM state.

Of further interest, depending on how we set clustering of the single cell
sequencing data, we uncovered an additional TREM2-dependent shift in a cluster of p53
apoptotic/senescent microglia (65% of genes associated with p53 including 40.5% of the
population known to be direct targets of p53). These cells are likely either senescent or
at the earliest stages of cell death, since fully dead cells are removed within the
sequencing analysis pipeline (see methods). This senescent cluster was only observed
in 5x-MITRG samples and was enriched almost 10-fold in TREM2 knockout microglia
(0.6% of WT cells, 5.8% of TREM2 knockout cells) (Supplemental Fig. 7). This finding
closely parallels our in vitro data (Fig. 1e,i, Fig. 2) which has also implicated p53 signaling
and showed that TREM2 knockout microglia are hyper-sensitive to stress, inducing
apoptosis at a much higher rate than WT cells. However, we were unable to identify
human-specific antibodies to confirm this population by histology and thus re-clustered
our data to include only verified clusters. It is also possible that we do not see this cluster
in vivo because it is an artifact of the isolation protocol, though that does not seem to be
the entire explanation given that this cluster appears only in 5x-MITRG samples and not
the non-diseased animals which were isolated in parallel. Thus, we posit that human
TREM2 deficient cells exposed to Alzheimer’s pathology may be more sensitive to

isolation.
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Together, the data in this manuscript highlight the utility of combining in vitro and in vivo
analysis to produce complementary datasets in order to better understand the complex
mechanisms of microglial biology. We present evidence of TREMZ2 involvement in
CSF1R-dependent survival, SYK-dependent phagocytosis of synaptosomes, beta-
amyloid, and APOE, CXCR4-dependent migration, and formation of the human DAM
response. These molecular studies have elucidated microglial processes and receptors
that may be important in the progression of AD. Future studies will be needed to
understand which of these mechanisms underlie the risk incurred by loss of TREM2
function before they can be studied as potential therapeutic targets for the treatment of

neurodegenerative diseases.
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HEK293T cells was isolated and analyzed by a western blot (APOE-green; Revert total
protein dye-red) and b native gel (Biolegend D6E10). Consistently, APOE4 is secreted at
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Figure S2.6. CD9 and HLA expression in GFP-WT and RFP-KO lines. Histological
analysis of human microglia within the 5x-MITRG mouse confirms TREM2 WT microglia
(GFP+) express higher levels of the activation markers HLA-DRB1 (top) and CD9
(bottom) than the TREMZ2 knockout microglia (RFP+). Scale bar = 40 um for low power
images and 10 um for high power images.
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Supplemental Figure 7. Appearance of apoptotic cluster in sequencing analysis. a Analysis of single-cell
sequencing data with additonal principal components reveals apoptotic cluster. b Same data as shown in
pie charts in a visualized as bar graph and fold-change table Green values are increased in WT cells. Red
values are decreased in WT cells compared to TREM2-/- cells. ¢ Schematic of genes significantly enriched
in the apoptotic cluster (purple) support this cluster as being p53 dependent.

Figure S2.7. Appearance of apoptotic cluster in sequencing analysis. a Analysis of
single-cell sequencing data with additional principal components reveals apoptotic
cluster. b Same data as shown in pie charts visualized as bar graph and fold-change
table. Green values are increased in. WT cells. Red values are decreased in WT cells
compared to TREM2 KO cells. ¢ Schematic of genes significantly enriched in the
apoptotic cluster (purple) support this cluster as being p53 dependent.
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CHAPTER 3

TREM2 deletion enhances purinergic signaling and regulates calcium-
mediated motility and chemotaxis in human microglia
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Introduction

As the primary immune cells of the central nervous system, microglia survey their local
environment to maintain brain homeostasis and respond to local brain injury or abnormal
neuronal activity. Microglia are strongly implicated in several neurodevelopmental and
neurodegenerative diseases (Andersen et al., 2021; Crotti et al., 2014; Fahira et al., 2019;
Jansen et al., 2019; McQuade and Blurton-Jones, 2019; Pimenova et al., 2020; Tan et
al., 2013), warranting further study of human microglial dynamics. Purinergic metabolites
(ATP, ADP, UTP, UDP) in the brain constitute key signals driving microglial activation and
chemotaxis (Davalos et al., 2005; De Simone et al., 2010; Honda et al., 2001; Koizumi et
al., 2007). ATP released from both homeostatic and damaged cells is hydrolyzed locally
by nucleosidases such as the ectonucleotidase NTPDase1 (CD39) or pyrophosphatase
NPP1 to produce ADP (Dissing-Olesen et al., 2014; Madry and Attwell, 2015; Zhang et
al., 2014). ADP is then detected by P2Y purinergic receptors on microglia, causing PLC-
mediated Ca?* release from the endoplasmic reticulum (ER) lumen. Ca?* depletion from
the ER in turn activates ER STIM1 proteins to translocate proximally to puncta where
closely apposed plasma membrane Orai1 channels are activated. This mechanism
underlies store-operated Ca?* entry (SOCE) in many cell types (Prakriya and Lewis,
2015), including microglia (Gilbert et al., 2016; McLarnon, 2020; Mizuma et al., 2019).
Purinergic signaling is central to microglial communication with other brain cell
types and has been negatively correlated with the onset of Disease Associated Microglia
(DAM) transcriptional states (Hasselmann et al., 2019; Keren-Shaul et al., 2017;
Krasemann et al., 2017; Olah et al., 2020; Sala Frigerio et al., 2019). P2Y12 and P2Y13

receptors are highly expressed by microglia and are activated predominantly by ADP
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(Weisman et al., 2012; Zhang et al., 2014). P2Y12 receptors are essential for microglial
chemotaxis and have been implicated in the microglial response to cortical injury (Cserép
et al., 2020; Haynes et al., 2006), NLRP3 inflammasome activation (Suzuki et al., 2020;
Wu et al., 2019), neuronal hyperactivity and protection(Cserép et al., 2020; Eyo et al.,
2014), and blood brain barrier maintenance (Lou et al., 2016). While purinergic receptors
have been broadly identified as markers of microglial homeostasis, mechanisms by which
receptor expression may drive or maintain homeostatic microglial states remain
incompletely understood.

Neuroinflammatory pathologies are often associated with altered Ca?* signaling
(Leissring et al., 2000). Microglia, in particular, show altered Ca?* responses in mouse
models of Alzheimer’'s Disease (AD) by mechanisms that are not fully understood
(Brawek et al., 2014; Demuro et al., 2010; Mustaly et al., 2018). Ca?* responses to
purinergic metabolites have been extensively studied in cultured murine microglia, acute
brain slices, and more recently in anesthetized mice (Brawek et al., 2014; Davalos et al.,
2005; Eichhoff et al., 2011; Honda et al., 2001; Irino et al., 2008; Milior et al., 2020).
However, our understanding of how specific patterns of Ca?* signals in microglia correlate
with and tune downstream microglial responses such as cell motility or process extension
remains incomplete. There is also a paucity of knowledge on how regulators of purinergic
Ca?* signals in microglia might play a role in the dysregulation of Ca?* signaling
associated with aging and neuroinflammation.

TREM2 encodes a cell surface receptor that binds a variety of ligands including
various lipids, apolipoprotein E (ApoE), and amyloid-beta peptides and signals through

its adaptor protein DAP12 to activate a host of downstream pathways (Cheng-Hathaway
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et al., 2018; Krasemann et al., 2017; McQuade et al., 2020; Ulrich et al., 2014). Loss of
TREMZ2 function is thought to lock microglia in a more homeostatic-like state (Andrews et
al., 2020; Karch et al., 2012b; Krasemann et al., 2017). Indeed, microglia lacking TREM2
expression fail to activate against disease pathology correlating with increased risk of AD
(Cheng et al., 2018; Krasemann et al., 2017; McQuade et al., 2020). Purinergic receptor
hyperexpression has been reported at the transcriptome level across multiple TREM2
loss of function models including human patient mutations (Gratuze et al., 2020;
Hasselmann et al., 2019; Keren-Shaul et al., 2017; Krasemann et al., 2017; McQuade et
al., 2020; Sala Frigerio et al., 2019), although the mechanistic link between purinergic
receptor expression and TREM2 function remains poorly understood.

We previously developed methods to generate human iPSC-derived
microglia (iPSC-microglia) (Abud et al., 2017; McQuade et al., 2018), which can be used
to model human microglial behavior in vitro. While iPSC-derived microglia are proving
increasingly useful to investigate neurodegenerative disorders (Andreone et al., 2020;
Cosker et al., 2021; Konttinen et al., 2019; Piers et al., 2019; Reich et al., 2021), Ca?*
signaling has not yet been extensively profiled in these models. In this study, we
examined purinergic Ca?* signaling in human iPSC-microglia and found that sustained
Ca?* influx in response to ADP regulates microglial process extension, motility speed, and
turning behavior. We show that microglia lacking TREMZ2 are hyperresponsive to
purinergic signaling. As a result, TREM2 KO microglia travel in straighter paths though
they also exhibit a defect in directional chemotaxis, potentially due to their inability to
sense gradients. Using novel iPSC-microglia lines that express a ratiometric genetically

encoded Ca?* probe, Salsa6f (Dong et al., 2017), we found that motility of wild-type (WT)
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and TREM2 knockout (KO) human microglia is differentially tuned by Ca?* signaling.
Informed by these discoveries, we were able to rescue chemotactic deficiencies in

TREM2 KO microglia by manipulating purinergic receptor signaling.

Materials and Methods

Generation of iPSCs from human fibroblasts

Human induced pluripotent stem cell lines were generated by the University of California,
Irvine Alzheimer’s Disease Research Center (UCI ADRC) Induced Pluripotent Stem Cell
Core from subject fibroblasts under approved Institutional Review Boards (IRB) and
human Stem Cell Research Oversight (hRSCRO) committee protocols. Informed consent
was received from all participants who donated fibroblasts. Reprogramming was
performed with non-integrating sendai virus in order to avoid integration effects. To
validate new iPSC lines, cells were karyotyped by G-banding and tested for sterility.
Pluripotency was verified by Pluritest Array Analysis and trilineage in vitro differentiation.
Additional GFP- and RFP-atubulin expressing iPSC lines (AICS-0036 and AICS-0031-
035) were purchased from Corriel and originally generated by Dr. Bruce Conklin. iPSCs
were grown antibiotic free on Matrigel (Corning) in complete mTeSR1 or TeSR-E8
medium (StemCell Technologies) in a humidified incubator (5% CO2, 37° C). All lines will

be available upon request to the corresponding author.

CRISPR-mediated knockout of TREM2

Genome editing was performed as in (McQuade et al., 2020). Briefly, iPSCs were

nucleofected with RNP complex targeting the second exon of TREM2 and allowed to
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recover overnight. Transfected cells were dissociated with pre-warmed Accutase then
mechanically plated to 96-well plates for clonal expansion. Genomic DNA from each
colony was amplified and sequenced at the cut site. The amplification from promising
clones was transformed via TOPO cloning for allelic sequencing. Knockout of TREM2
was validated by western blotting (AF1828, R&D) and HTRF (Cisbio) (McQuade et al.,

2020).

iPSC-microglia differentiation

iPSC-microglia were generated as described in (McQuade et al., 2018). Briefly, iPSCs
were directed down a hematopoetic lineage using the STEMdiff Hematopoesis kit
(StemCell Technologies). After 10-12 days in culture, CD43+ hematopoteic progenitor
cells are transferred into a microglia differentiation medium containing DMEM/F12, 2x
insulin-transferrin-selenite, 2x B27, 0.5x N2, 1x glutamax, 1x non-essential amino acids,
400 uM monothioglycerol, and 5 yg/mL human insulin. Media was added to cultures every
other day and supplemented with 100 ng/mL IL-34, 50 ng/mL TGF-B1, and 25 ng/mL M-
CSF (Peprotech) for 28 days. In the final 3 days of differentiation 100 ng/mL CD200

(Novoprotein) and 100 ng/mL CX3CL1 (Peprotech) were added to culture.

Confocal Laser Scanning Microscopy

Unless otherwise stated, cells were imaged on an Olympus FV3000 confocal laser
scanning inverted microscope equipped with high speed resonance scanner, 1X3-ZDC2
Z-drift compensator, 40x silicone oil objective (NA 1.25) and a Tokai-HIT stage top

incubation chamber (STXG) to maintain cells at 37°C. To visualize Salsa6f, 488 nm and
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561 nm diode lasers were used for sequential excitation of GCaMP6f (0.3% laser power,
450V channel voltage, 494-544nm detector width) and TdTomato (0.05% laser power,
450V channel voltage, 580-680nm detector width), respectively. Fluo-4 and Fura-red
were both excited using a 488 nm diode laser (0.07% laser power, 500V channel voltage,
494-544nm detector width for Fluo-4; 0.07% laser power, 550V channel voltage, 580-
680nm detector for Fura-Red). Two high-sensitivity cooled GaAsP PMTs were used for
detection in the green and red channels respectively. GFP was excited using the same
settings as GCaMP6f. Other image acquisition parameters unique to Ca?* imaging,

microglia process and cell motility analysis are indicated in the respective sections.

Measurement of intracellular Ca?*

Cell preparation: iPSC-microglia were plated on fibronectin-coated (5 pg/mL) glass-
bottom 35 mm dishes (MatTek, P35G-1.5-14-C) overnight at 60 % confluence.
Ratiometric Ca®* imaging was done using Fluo-4 AM and Fura-Red AM dyes as described
previously(McQuade et al., 2020). Briefly, cells were loaded in microglia differentiation
medium with 3 yM Fluo-4 AM and 3 pM Fura-Red AM (Molecular Probes) in the presence
of Pluronic Acid F-127 (Molecular Probes) for 30 min at room temperature (RT). Cells
were washed with medium to remove excess dye and 1 mM Ca?* Ringer’s solution was
added to the 35 mm dish before being mounted on the microscope for live cell imaging.
We note that iPSC-microglia are sensitive to shear forces and produce brief Ca?* signals
in response to solution exchange that are dependent on extracellular Ca?*, and that these
are more prominent at 37° C. To minimize these confounding effects, cells were imaged

at RT and perfusion was performed gently. Salsa6f-expressing iPSC-microglia were
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prepared for Ca?* imaging in the same way as conventional microglia, but without the dye
loading steps. The following buffers were used for Ca?* imaging: (1) 1 or 2 mM Ca?*
Ringer solution comprising 155 mM NaCl, 4.5 mM KCI, 1 mM CaClz, 0.5 mM MgClz, 10
mM glucose, and 10 mM HEPES (pH adjusted to 7.4 with NaOH), (2) Ca?*-free Ringer
solution containing: 155 mM NaCl, 4.5 mM KCI, 1.5 mM MgCl2, 10 mM glucose, 1 mM
EGTA, 10 mM HEPES, pH 7.4. Live cell imaging was performed as described earlier.
Cells were treated with ADP as indicated in the results section.

Data acquisition: Time-lapse images were acquired in a single Z-plane at 512 x 512 pixels
(X=318.2 ym and Y = 318.2 ym) and at 2-3 sec time intervals using Olympus FV3000
software. Images were time averaged over 3 frames to generate a rolling average and
saved as .OIR files.

Data analysis: Time-lapse videos were exported to Fiji- Imaged (https://imagej.net/Fiji),

converted to tiff files (16-bit) and background subtracted. Single-cell analysis was
performed by drawing ROIs around individual cells in the field and average pixel
intensities in the green and red channels were calculated for each ROl at each time-point.
GCaMP6f/ TdTomato (G/R Ratio) and Fluo-4/Fura-Red ratio was then obtained to further
generate traces showing single-cell and average changes in cytosolic Ca?* over time.
Single-cell ratio values was used to calculate Peak Ca?* signal and responses at specific
time points after agonist application. Peak Ca?* signal for each cell was baseline
subtracted, which was calculated as an average of 10 minimum ratio values before

application of agonist.
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Microglia process extension analysis

Data acquisition: GFP-expressing iPSC-microglia were plated overnight on 35 mm glass
bottom dishes at 40-50% confluence. Cells were imaged by excitation of GFP on the
confocal microscope at 37° C as described earlier. To study process extension in
response to ADP, two sets of GFP images were obtained for each field of view across
multiple dishes: before addition of ADP (baseline) and 30 min after application of ADP.
Images were acquired as a Z-stack using the Galvo scanner at Nyquist sampling.
Adjacent fields of view were combined using the Stitching function of the Olympus
FV3000 Software and saved as .OIR files.

Process Analysis: The basic workflow for microglia process analysis was adapted from
Morrison et al, Sci. Rep, 2017 (Morrison et al., 2017). Image stacks (.OIR files) were
exported to Fiji- Image J and converted into 16-bit Tiff files using the Olympus Viewer

Plugin (https://imagej.net/OlympusimagedJPlugin). Maximum intensity projection (MIP)

image from each Z-stack was used for further processing and analysis. MIP images were
converted to 8-bit grey scale images, to which a threshold was applied to obtain 8-bit
binary images. The same threshold was used for all sets of images, both before and after
ADP application. Noise reduction was performed on the binary images using the Process
-> Noise -> Unspeckle function. Outlier pixels were eliminated using Process -> Noise ->
Ouitliers function. The binary images were then skeletonized using the Skeletonize2D/3D
Plugin for Image J (https://imagej.net/plugins/skeletonize3d). Sparingly, manual
segmentation was used to separate a single skeleton that was part of two cells touching
each other. The Analyze Skeleton Plugin (https://imagej.net/plugins/analyze-skeleton/)

was then applied to the skeletonized images to obtain parameters related to process
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length and number of branches for each cell in the imaging field. Processes were
considered to be skeletons > 8 ym. The data was summarized as average process length
and number of branches, before and after ADP application for a specific imaging field,
normalized to the number of cells in the field which allowed for pairwise comparison.
Additionally, single cell data from all cell across all experiments was compared in some

instances.

IP3 uncaging

Whole-field i-IP3 uncaging and mechanical stimulation were performed as previously
described (Lock et al.,, 2016) with minor modifications. Briefly, iPSC-microglia were
loaded for 20 min at 37° C with either Cal520 AM or Cal590 AM (5 uM, AAT Bioquest),
and the caged i-IP3 analog ci-IP3/PM (1 uM, SiChem) plus 0.1% Pluronic F-127 in
Microglia Basal Medium. Cells were washed and incubated in the dark for further 30 min
in a HEPES-buffered salt solution (HBSS) whose composition was (in mM): 135 NaCl,
5.4 KCI, 1.0 MgCI2, 10 HEPES, 10 glucose, 2.0 CaCl,, and pH 7.4. Intracellular Ca?*
([Ca?*]) changes were imaged by employing a Nikon Eclipse Ti microscope system
(Nikon) equipped with a 40x oil immersion objective (N.A.: 1.3; Nikon) and an Orca Flash
4.0LT CMOS camera (Hamamatsu). Cal520 or Cal590 were excited by a 488 or a 560
nm laser light source (Vortran Laser Technologies), respectively. i-IP3 uncaging was
achieved by uniformly exposing the imaged cells to a single flash of ultraviolet (UV) light
(350-400 nm) from a Xenon arc lamp. UV flash duration, and thus the amount of released

i-IP3, was set by an electronically controlled shutter.
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Image acquisition and analysis were performed by using Metamorph (Molecular
Devices) or Nikon NIS (Nikon) software. After conversion to stack tiff files, image
sequences were analyzed with Flika, a custom-written Python-based imaging analysis

software (https://flika-org.qithub.io/; (Ellefsen et al., 2014)). After background subtraction,

either Cal520 and Cal590 fluorescence changes of each cell were expressed as AF/Fo,
where Fo is the basal fluorescence intensity and AF the relative fluorescence change (Fx
— Fo). Data are reported as superplots (Lord et al., 2020) of at least three independent
replicates. Experiments were reproduced with two independent lines.

Comparisons were performed by unpaired non-parametric t-test (for experiments
testing a single UV flash stimulus), two-way ANOVA followed by Tukey’s post-hoc test
(assuming normal distribution of data; for experiments testing multiple UV flash
durations), and the "N-1" Chi-squared test (for the experiments comparing the % of
responding cells to single cell i-IP3 uncaging or mechanical stimulation;

https://www.medcalc.org/calc/comparison_of_proportions.php).

Immunocytochemistry

Cells were fixed with 4 % paraformaldehyde for 7 min and washed 3x with 1X PBS. For
P2RY12, plates were pre-treated with citrate buffer (pH 6.0) for 20 min 95° C. Blocking
was performed at room temp for 1 hrin 5 % Goat Serum, 0.1 % Triton5 X-100. Primary
antibodies were added at 1:200 overnight 4° C (P2RY12; HPA014518 Sigma) (P2RY13;
APR-017, Alomone). Plates were washed 3x before addition of secondary antibodies

(Goat anti-Rabbit 488/555, ThermoFisher Scientific) and Hoeschst (ThermoFisher

124



Scientific). Images were captured on an Olympus FV3000RS confocal microscope with

identical laser and detection settings. Images were analyzed with IMARIS 9.7.0 software.

Scratch wound assay

Nondirectional motility was analyzed using Essen Incucyte WoundMaker. iPSC-microglia
were plated on fibronectin (StemCell Technologies) at 90% confluence. Scratches were
repeated 4x to remove all cells from the wound area. Scratch wound confluency was
imaged every hour until scratch wound was closed (15 hrs). Confluence of cells within the

original wound ROI was calculated using IncuCyte 2020C software.

IMARIS Cell Tracking

For motility assays, iPSC-microglia were tracked using IMARIS 9.7.0 software. For videos
of GFP lines, cells were tracked using spot identification. For videos of Salsa6f lines,
surface tracking was used to determine ratiometric Ca?* fluorescence and motility per cell.
In both conditions, tracks were defined by Brownian motion with the maximum distance
jump of 4 microns and 10 frame disturbance with no gap filling. Tracks shorter than 3
minutes in length were eliminated from analysis. After automated track formation, tracks
underwent manual quality control to eliminate extraneous tracks, merge falsely distinct
tracks, and add missed tracks. After export, data was plotted in Prism 9.1.0 or analyzed
in excel using DiPer macros for Plot_At_Origin and mean squared distance (Gorelik and

Gautreau, 2014).

125



Generation of Salsa6f-expressing iPSC lines

iPSCs were collected following Accutase enzymatic digestion for 3 min at 37° C. 20,000
cells were resuspended in 100 pL nucleofection buffer from Human Stem Cell
Nucleofector™ Kit 2 (Lonza). Salsa6f-AAVS1 SHL plasmid Template (2 ug; Vector
Builder) and RNP complex formed by incubating Alt-R® S.p. HiFi Cas9 Nuclease V3 (50
ug; IDTDNA) was fused with crRNA:tracrRNA (IDTDNA) duplex for 15 min at 23° C. This
complex was combined with the cellular suspension and nucleofected using the Amaxa
Nucleofector program B-016. To recover, cells were plated in TeSR™-E8™ (StemCell
Technologies) media with 0.25 yM Thiazovivin (STEMCELL Technologies) and CloneR™
(StemmCell Technologies) overnight. The following day, cells were mechanically replated
to 96-well plates in TeSR™-E8™ media with 0.25 pM Thiazovivin and CloneR™
supplement for clonal isolation and expansion. Plates were screened visually with a
fluorescence microscope to identify TdTomato™ clones. Genomic DNA was extracted from
positive clones using Extracta DNA prep for PCR (Quantabio) and amplified using
Taq PCR Master Mix (ThermoFisher Scientific) to confirm diallelic integration of the
Salsa6f cassette. A clone confirmed with diallelic Salsa6f integration in the AAVS1 SHL

was then retargeted as previously described(McQuade et al., 2020) to knock-out Trem2.

Phagocytosis assay

Phagocytosis of transgenic iPSC-microglia was validated using IncuCyte S3 Live-Cell
Analysis System (Sartorius) as in McQuade et al. 2020(McQuade et al., 2020). Microglia
were plated 50% confluency 24 hours before substrates were added. Cells were treated

with 50 ug/mL pHrodo tagged human AD synaptosomes (isolated as described in
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McQuade et al. 2020), 100 ng/mL pHrodo tagged zymosan A beads (Thermo Fisher), 100
ng/mL pHrodo tagged S. Aureus (ThermoFisher), or 2 ug/mL fluorescent beta-amyloid
(Anaspec). Image masks for fluorescence area and phase were generated using

IncuCyte 2020C software.

Chemotaxis assay

iPSC-microglia were loaded into the angular chamber (2-5K cells/device) to test activation
and chemotaxis towards the central chamber containing either ADP (100 ng/mL) or
vehicle. When noted, PSB 0739 (10 uM) was added to both the central and angular
chamber to inhibit P2RY12. To characterize motility, we monitored the number of
recruited microglia in the central chamber for 4 days under the fully automated Nikon TiE

microscope (10x magnification; Micro Device Instruments, Avon, MA, USA).

Results

TREM2 knockout microglia show exaggerated Ca?* response to purinergic stimuli
To determine if TREM2 plays a role in microglial Ca?* signaling, we compared cytosolic
Ca?* responses to the purinergic agonist ADP in isogenic, CRISPR-modified WT and
TREM2 knockout (TREM2 KO) induced pluripotent stem cell-derived microglia (iPSC-
microglia). ADP stimulation induced a biphasic Ca?* response — a rapid initial peak
followed by sustained Ca?* elevation lasting several minutes, in line with previous
observations in mouse microglia (Michaelis et al., 2015; Visentin et al., 2006). Both
phases of the Ca?* response were significantly elevated in TREM2 KO microglia (Figure

1A, B). TREM2-deficient microglia also showed exaggerated Ca?* responses to other
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purinergic agonists; ATP and UTP (Figure 1C, D). Notably, responses to ATP and UTP
decayed faster than responses to ADP in both WT and TREM2 KO cells, indicating that
purinergic stimulation by ADP is more effective in generating sustained Ca?* signals in

both WT and TREM2 KO cells (Figure 1E and Figure 1-figure supplement 1A).
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Figure 3.1. Microglia lacking TREM2 show exaggerated Ca?' responses to
purinergic stimulation. (A) Representative images of WT (top) and TREM2 KO (bottom)
iPSC-Microglia loaded with Fluo-4 (green) and Fura-red (red) showing resting cytosolic
Ca?* and peak Ca?* after ADP addition. Bright-field image overlaid, scale bar= 20 um. (B-
D) Average ratiometric traces (left panels) showing changes in cytosolic Ca?* over time
in response to 2.5 uM ADP (B), 2.5 uM ATP (C), and 10 uM UTP (D) in 1 mM Ca?*
containing buffer (n=39-44 cells, B; 63-71 cells, C; 45-55 cells, D). Quantification of
baseline subtracted peak Ca?* response and cytosolic Ca?* levels 5 min after agonist
application shown on the right (250-274 cells, B; 165-179 cells, C; 175-269 cells, D; 3-5
experiments; Mann-Whitney test). (E) Ca?* levels in WT iPSC-Microglia 5 min after
addition of ADP, ATP, and UTP (right, n=17-52 cells from 2-3 experiments). Cells were
gated for similar initial peak Ca?* response to agonists (left). (F) Schematic highlighting
key downstream Ca?* signaling events in response to ADP. (G) Average trace showing
SOCE engaged via emptying ER Ca?* stores with Thapsigargin (TG, 2 uM) in Ca?*-free
buffer followed by re-addition of 1 mM Ca?* (90-129 cells). Bar-graph summaries of ER
store-release quantified as area under the curve, rate of store-operated Ca?* entry and
peak SOCE (187-266 cells, 2 experiments, Mann-Whitney test). (H) Average trace (left,
71-117 cells) and summary of ER store-release after 2 uM lonomycin treatment in Ca?*
free buffer (right, 146-234 cells, 2 experiments; Mann-Whitney test) (I) Same as H but in
response to UV IP3 uncaging (167-200 cells, nonparametric t-test). Data shown as mean
+ SEM for traces and bar-graphs.

Sustained Ca?* elevation in TREM2 KO microglia is not due to SOCE enhancement
To determine the mechanism driving higher Ca?* elevations observed in TREM2 KO cells,
we investigated specific steps in the purinergic Ca?* signaling pathway. The initial Ca?*
response to P2Y receptor stimulation occurs through IP3-mediated ER store-release
which triggers sustained cytosolic Ca?* elevations through SOCE (Figure 1F). Consistent
with this, the sustained Ca®* phase in TREM2 KO iPSC-microglia was blocked by Gd3*
and 2-APB, non-specific inhibitors of SOCE (Figure 1-figure supplement 1B). To
determine if SOCE is more readily activated in TREM2 KO microglia, we directly
measured the rate of Ca?* influx following Ca?* re-addition after maximal store-depletion
with thapsigargin (TG). Instead, we find the rate and amplitude of SOCE were both
modestly reduced in TREM2 KO cells (Figure 1G) and thus do not account for the

elevated response of TREM2 KO microglia to ADP. Moreover, STIM1 and Orai1 mRNA
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expression, and Orai1 protein expression remain similar in WT and TREM2 KO microglia
(Figure 1-figure supplement 2).

We therefore hypothesized that the exaggerated secondary Ca?* phase in TREM2
KO microglia may be driven by increased Ca?* store-release resulting in increased SOCE.
We plotted Ca?* responses in individual cells, using Ca?* levels 5 min after ADP as a
surrogate for SOCE engagement and the initial peak Ca?* as a readout of ER store-
release (Figure 1-figure supplement 3). Both WT and TREM2 KO microglia showed a
similar relationship between SOCE and store-release, suggesting that SOCE is engaged
by similar mechanisms in the two cell types, but is recruited to a greater extent in TREM2
KO cells due to increased ER store-release. To examine whether a larger ER store
content contributes to increased Ca?* responses in TREM2 KO microglia, we measured
Ca?* levels after maximally depleting ER stores with thapsigargin (TG), ionomycin, or by
IP3 uncaging in Ca?*-free solution buffered with EGTA. In all instances, quantification of
peak or cumulative cytosolic Ca?* increase suggested that ER store-content and IP3
receptor activity is not altered in microglia lacking TREMZ2 (Figure 1G-l). Based on these
results, we conclude that the effects of TREM2 on ADP-driven Ca?* signals manifest

upstream of IP3 receptors, ER store Ca?* levels, and SOCE.

Up-regulated P2Y12 and P2Y13 receptor expression drives increased ER Ca?*
release in TREM2 KO microglia

To isolate the early events of Ca?* signaling upstream of SOCE, we monitored Ca?*
release in Ca?*-free buffer and found that TREM2 KO cells still showed significantly higher

Ca?* response to ADP, compared to WT (Figure 2A, B). Dose-response curves for peak
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Ca?* response showed a steep leftward shift in TREM2 KO cells (Figure 2C). The ECso
value for WT microglia was 650 nM, whereas TREM2 KO microglia reached their ECsg
by 15 nM. This stark difference was driven at least in part by a diminished percentage of
WT cells responding to ADP at low uM doses (Figure 2D). However, limiting the analysis
to only those cells that show a Ca?* rise revealed that “responding” TREM2 KO cells still
exhibited higher Ca?* responses to ADP than “responding” WT cells (Figure 2E). TREM2
KO microglia are thus significantly more sensitive to ADP than WT cells and exhibit a
strong shift in dose-dependent response which may be critical in sensing ADP and in
detecting ADP gradients.

In principle, signal amplification in microglia lacking TREMZ2 could occur at the level
of P2Y receptors or IP3 receptors. Our results with IP3 uncaging (Figure 1H) rule out any
major differences in |P3 receptor expression or activity. This was further corroborated at
the transcriptome level, which showed similar expression of IP3 receptor type 2 (the major
IP3R subtype expressed in iPSC-microglia) mRNA in WT and TREM2 KO cells (Figure
1-figure supplement 2)(Abud et al., 2017; McQuade et al., 2020). We therefore focused
on P2Y12 and P2Y13 receptors, the main P2Y receptor subtypes in microglia that bind
ADP(Abud et al., 2017; McQuade et al., 2018). RNA sequencing further showed that
expression of P2Y12 and P2Y 13 receptors was significantly increased in TREM2 KO cells
(Figure 2F). To confirm up-regulation at the protein level, we performed immunostaining
and found significantly higher expression of both these receptors on the plasma
membrane of TREM2 KO cells (Figure 2G, H). Consistent with this, Ca?* responses in
TREM2 KO microglia were significantly inhibited by P2Y12 and P2Y13 receptor

antagonists (PSB 0739 and MRS 2211) (Figure 2I, J), implicating involvement of both

132



receptor subtypes. In summary, deletion of TREM2 in iPSC-derived microglia leads to up-

regulation of P2Y12 and P2Y13 receptors, rendering the cells hypersensitive to ADP

signaling.

A

TREM2 KO

Peak Ca?* in all cells

-
o]

0.8

Ratio (Fluo-4/Fura-Red)
Baseline subtracted

/

0.0

83-2-101 2

ADP log conc. (uM)

G wT
H WT

Dose Curve:

7

» 100
¥ o,
o
2
el
& 50
&
EC50 (nM) £ 25
X
KO: 15
0
-3
TREM2 KO

TREM2 KO

2 -1 0 1
ADP log conc. (uM)

N

-

P2YRA12 fluorescence intensity

o

WT KO

- N w

P2YR13 fluorescence intensity

o

Ratio (Fluo-4/ Fura-Red)

TREM2 KO

Percent of cells responding

2

WT KO

n
o

-
[¢)]
1

N
o
!

I
o
1

g
=}
"

Ratio (Fluo-4/Fura-Red)

Baseline subtracted

0Ca?* 0Ca2"ADP (1 uM)
TREM2 KO
i
%
0 100 200 300
Time(s)

Peak Ca?* in responding cells
2 .

-
——
P,

0 T T T T |
3210 1 2
ADP log conc. (uM)

PSB0739
2-

<0.0001

<0.0001

Fluo-4/ Fura-Red Ratio
(Peak - Baseline)

<0.

.0001

P2RY12 P2RY13
1.27E-140

2.70E-77

WT KO WT KO

log2(FC) p-value
P2RY12 1386 1.27E-140

P2RY13 1.049 270E-77

2 24
¢ g
© O
= @©
2 £ 161
3 3
ge
E%O.& L3
o
*;Bm
X ool
WT
8 34
c
=}
Q
(8]
B 21
o
hel
Q
N1
S
£
o
Z ol
il
=
g
- =
3%
x g
©m
3 1
IL x
S ®
J o
o
=
i
ADP
MRS 2211

MRS2211

<0.0001 <0.0001

oo

1o+ He @ e 0x®ho AR

++1;

KO

Figure 3.2. Higher sensitivity of TREM2 KO microglia to ADP is driven by increased
purinergic receptor expression (A) Representative images of WT (top) and TREM2 KO
(bottom) iPSC-Microglia before and peak Ca?* response after ADP addition in Ca?* free
buffer. Overlay of Fluo-4 (green), Fura-red (red) and Brightfield (grey) images. Scale bar=
20 um. (B) Average trace showing Ca?* response to ADP in Ca?*-free buffer (left, 64-83
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cells). Quantification of peak signal (right, 264-289 cells, 4 experiments, Mann-Whitney
test). (C-E) Dose-response curve showing baseline subtracted Peak Ca?* responses to
ADP (C), percent of “responding” cells (D) and peak Ca?* responses only in “responding”
cells (E). (Each data-point is average of 84-474 cells, WT; 70-468 cells, 2-5 experiments).
(F) RNA normalized read counts of P2RY12/13 expression from bulk RNA-sequencing of
WT and TREM2 KO iPSC-microglia (n=4, adjusted p-values from DESeq2). (G-H)
Immunofluorescence and quantification of P2RY12 (G) and P2RY13 (H) in iPSC-
microglia (n=4 independent wells, 3 images per well, student’s t-test). (I-J) Peak Ca?*
response in Ca?* free buffer after treatment with ADP in the presence of P2RY12
antagonist PSB 0739 (1) and P2RY 13 antagonist MRS 2211 (J). (72-128 cells, I; 83-117
cells, J; representative of 3 experiments, Mann-Whitney Test). Data shown as mean +
SEM for traces and bar-graphs.

ADP promotes WT iPSC microglial motility in the absence of gradient

ADP is a potent chemoattractant for microglia (Honda et al, 2001). Analogous to a
previous study in fibroblasts (Borges et al., 2021), we found that ADP treatment alters cell
motility and leads to increased rates of scratch wound closure in WT iPSC-microglia
(Figure 3A). To investigate this finding and test whether accelerated wound closure
results from increased microglial speed or decreased turning behavior, we used time-
lapse imaging to track microglial motility and analyze speed, displacement, and track
straightness for individual cells (Figure 3B). Mean cell speed and displacement both
increased after application of ADP, whereas track straightness was not significantly
altered (Figure 3C). These data strongly suggest that ADP-driven motility in iPSC-
microglia primarily arises from increases in microglial speed, not altered turning behavior.
Additionally, we note that only a subset of cells increased their speed after ADP treatment,
accounting for the significant spread in the distribution of cell motility. ADP-dependent
increases in cell motility are reversed in the presence of P2Y12 (PSB 0739) and P2Y13
(MRS 2211) receptor antagonists, suggesting that both of these receptors participate in

ADP-mediated migration responses (Figure 3D). To determine if Ca?* influx is directly
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involved, we measured cell migration in Ca?*-free buffer; a transient Ca?* signal would
result from ADP-induced release of Ca?* from internal stores, but without Ca?* entry
across the plasma membrane. We found that removing extracellular Ca?* significantly
decreased cell speed, displacement, and track straightness (Figure 3E). Based on these
findings, we conclude that Ca?* influx across the plasma membrane, and potentially

engagement of SOCE, is required for ADP-induced migration in WT iPSC-microglia.

ADP promotes process extension in WT iPSC-microglia

In observing time-lapse videos of ADP-treated iPSC-microglia, we found that a subset of
cells responded by extending processes and altering their morphology rather than
increasing their motility. These observations mirror studies that have demonstrated
microglial process extension in response to injury and purinergic stimulation in brain slices
(Davalos et al., 2005; Haynes et al., 2006). To quantify this behavior, we compared
process complexity before and 30 min after ADP exposure in WT microglia and found
significant increases in both the number of branches per process and total length of these
processes (Figure 3F, Figure 3-figure supplement 1). As with motility, process
extension in response to ADP was inhibited by P2Y12 (PSB 0739) and P2Y13 (MRS
2211) receptor antagonists. Furthermore, even before process extension was activated
with ADP, cells treated with P2Y antagonists showed significantly fewer and shorter

processes.
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Figure 3.3. Nondirectional ADP exposure increases WT microglial speed and
process extension. (A) Average trace showing closure of scratch wound produced with
IncuCyte S3 WoundMaker. iPSC-microglia imaged every 30 min after scratch wound with
or without ADP stimulation (n=4 wells; 2 images per well). (B) Representative image of
WT iPSC-microglia motility 30 min after ADP exposure with cell tracks overlain (left).
Pseudocolored images (center) across time: 0 min (red), 4 min (orange), 8 min (yellow),
12 min (green), 16 min (cyan), 20 min (blue), 24 min (purple), 28 min (magenta). Scale
bar= 100 pm. White boxes zoomed in at right to demonstrate motile (top) and non-motile
(bottom) cells. (C) Representative color images (top left) and displacement vectors
(bottom left) of WT iPSC-microglia at baseline (no ADP, grey) and after 2.5 uM ADP
treatment (red). Summary of Mean Speed (um/min), Displacement over 10 min (upm/10
min) and Track straightness (track length/track displacement) (414-602 cells, 2
experiments). (D) Representative images, displacement vectors, and quantification of WT
iPSC-microglia motility for 20 min following ADP addition. Cells were pre-treated with
vehicle (grey), MRS 2211 (10 uM, gold), or PBS 0739 (10 uM, blue) (180-187 cells, 2
experiments). (E) Representative images, displacement vectors, and quantification of WT
iPSC-microglia motility after ADP in 1 mM Ca?* (light grey) or Ca?*-free buffer (dark grey)
(401-602 cells, 3 experiments). (F) Representative images (left) and process extension
(right) of iPSC-microglia (cytoplasmic GFP, grey) before or 30 min after ADP addition.
Cells were pre-treated with vehicle (grey), MRS 2211 (10 uM, gold), or PBS 0739 (10 [ 1M,
blue) (52-163 cells, 3-4 experiments). (C-F) One way ANOVA with Tukey post hoc test.
Data shown as mean + SEM for traces and bar-graphs.

Process extension is enhanced in TREM2 KO microglia

We next asked if deletion of TREM2 affects cell motility characteristics and process
extension. Compared to WT cells, TREM2 KO iPSC-microglia showed a more dramatic
increase in the number of branches and length of processes extended in response to
ADP (Figure 4 A-C, Figure 4-figure supplement 1A, B). Some of these differences can
be attributed to the reduced morphological complexity of TREM2 KO cells prior to
stimulation, consistent with a recent report(Hall-Roberts et al., 2020). We found that
TREM2 KO microglia still showed some increase in the number and length of processes,

whereas in WT cells ADP application in Ca?*-free buffer was insufficient to induce process

extension. (Figure 4-figure supplement 1C, D). Thus, transient ADP-mediated Ca®*
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signals regulate microglial process extension differentially in WT and TREM2 KO

microglia.

Calcium-dependent displacement is enhanced in ADP-stimulated TREM2 KO
microglia

To further characterize differences in motility characteristics between WT and TREM2 KO
microglia responding to ADP, we plotted mean square displacement (MSD vs. time) and
cell track overlays (flower plots) which showed that motility in WT microglia is constrained
relative to TREM2 KO cells (Figure 4D-E). Baseline motility characteristics in
unstimulated cells, however, were similar in WT and KO lines (Figure 4-figure
supplement 2), consistent with our previously published findings showing no difference
in scratch wound closure rates (McQuade et al., 2020). To further understand the basis
of differences in ADP-induced motility between WT and TREM2 KO cells, we analyzed
mean speed, displacement and track straightness. While mean speeds were similar,
TREM2 KO microglia showed greater displacement than WT cells raising the possibility
that KO cells may turn with lower frequency (Figure 4F, G). Indeed, an analysis of track
straightness revealed that TREM2 KO microglia move farther from their origin for the
same total distance traveled (Figure 4H). Vector autocorrelation, an analysis of
directional persistence(Gorelik and Gautreau, 2014), further confirmed that WT cells turn
more frequently than TREM2 KO microglia (Figure 4-figure supplement 3). To assess
if these differences require sustained Ca?* influx in KO cells, we analyzed microglial
motility in response to ADP stimulation in the absence of extracellular Ca?* (Figure 41-M).

Mean-square displacement and cell-track overlay plots showed that motility is constrained
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when Ca?* is removed from the external bath in both WT and TREM2 KO cells (Figure
4D-E vs. I-J). Importantly, in the absence of extracellular Ca?*, TREM2 KO microglia
showed similar mean speed, displacement, and track-straightness as WT cells (Figure
4K-M). Based on this, we conclude that TREM2-dependent changes in microglial motility

require sustained Ca?* influx.
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Figure 3.4. ADP-driven process extension and cell displacement are increased in
TREM2 KO iPSC-microglia. (A) Representative images of GFP-expressing WT (top)
and KO (bottom) iPSC-microglia, before and 30 min after 2.5 uyM ADP addition. (B)
Quantification of total number of branches per cell before and after ADP treatment (left)
and paired dot-plots showing fold change in branch number from pre-ADP levels (right).
Each data-point represents an imaging field in the paired-plots. (C) Total process length
before and after ADP treatment displayed as raw values per cell (left) and as fold change
from baseline conditions per imaging field (right) (n=151-158 cells, WT; 133-167 cells,
KO; 9-10 imaging fields, 3-4 experiments for B and C, One-way ANOVA with multiple
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comparisons for single-cell data, two-tailed paired t-test for the paired-plots). (D-H)
Motility of WT (grey) and TREM2 KO (green) iPSC-microglia over 20 min following ADP
addition in 1 mM Ca?*-containing buffer summarized as mean-square distance vs time
(D), flower plots of track displacement centered from point of origin at (0,0) (E). Statistics
describe (F) mean-cell speed, (G) total track displacement, and track straightness (H)
(130-327 cells, 7 experiments, student’s t-test). (I-M) Same as (D-G) but in Ca?*-free
buffer (125-279 cells, 2 experiments, student’s t-test).

Salsa6f expression in iPSC-microglia does not affect cell function

Our findings suggest that patterns of Ca?* signaling in iPSC-microglia regulate cell motility
and process extension. To directly monitor Ca?* signaling and motility simultaneously in
individual cells, we developed a novel iPSC line that expresses a genetically encoded,
ratiometric Ca?* indicator, Salsa6f (Dong et al., 2017). Salsa6f relies on GCaMP6f to
detect Ca?*, and is fused to tdTomato in order to provide a stable Ca?*-independent red
fluorescence, allowing cells to be tracked consistently even when Ca?* levels are low.
Salsa6f WT iPSC-microglia showed the expected increase in the GCaMP6f fluorescence
in response to Ca?* elevation without affecting tdTomato signal, permitting determination
of ratiometric Ca?* levels (G/R ratio), and confirming that the probe was functional (Figure
5A-C and Figure 5-figure supplement 1). Compared to non-transgenic iPSC-microglia,
Salsa6f-expressing cells show similar expression of microglial identity markers P2RY13
and IBA1, retain their ability for phagocytosis across several substrates, and have similar
differentiation yields, indicating that Salsa6f expression does not alter microglial function
or activation (Figure 5D-G). Isogenic Salsa6f-lines lacking TREM2 were more responsive
to ADP than WT cells, consistent with our data in Figures 1 and 2 (Figure 5H). Using this

model, we are able to simultaneously track Ca?* signals and cell-motility in response to

ADP (Figure 5I).
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Figure 3.5. Validation of Salsa6f transgenic iPSC-microglia. (A) Representative green
(GCaMP6f), red (tdTomato) and Green/Red channel overlay images of transgenic
Salsa6f expressing iPSC-microglia at low (resting Ca?*, top row) and high (Peak SOCE,
bottom row) cytosolic Ca?* levels. Bright-field image shown for comparison. Cells were
treated with TG to evoke SOCE. Scale bar = 5 um. (B) Trace of average change in
fluorescence intensity of tdTomato (red) and GCamp6f (green) over time (n=32 cells). (C)
Ratiometric GCaMP6f/ tdTomato signal (Green/ Red or G/R Ratio) over time calculated
from (B). (D) Immunofluorescence images of P2RY13 and IBA1 in WT or Salsa6f-
transgenic iPSC-microglia (left). Right panel shows quantification of P2RY13 and IBA1
protein expression (n=4 wells, 2 independent images per well, t-test). (E) Phagocytosis
of Synaptosomes in WT non-transgenic (open circle) and Salsa6f-expressing (closed
circle) iPSC-microglia. Cytochalasin D (grey, 10 yM) used as negative control to inhibit
phagocytosis. Live cultures imaged on IncuCyte S3 (n=4 wells; 4 images per well). (F)
Phagocytic load at 24 hrs for synaptosomes, beta-amyloid, zymosan A, and S. aureus
(n=4 wells; 4 images per well; one way ANOVA with tukey post-hoc test). (G) Microglia
cell counts at final day of differentiation (n=3 wells, t-test). (H) Ca?* response to 2.5 uM
ADP in WT vs TREM2 KO Salsa6f-expressing iPSC-microglia (n=41-53 cells). (I)
Fluorescence intensity of tdTomato (red) and GCaMP6f (green) (left axis) simultaneously
measured alongside cell displacement (black) (right axis).
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Ca?* levels tune motility in TREM2 KO iPSC-microglia

To further characterize the specific effects of long-lasting Ca?* elevations on microglia
motility without the confounding signaling effects of Ca?*-independent pathways that are
triggered by ADP (Das and Chinnathambi, 2020), we used the Salsa6f reporter line and
developed a “Ca?* clamp” assay to stabilize microglial cytosolic Ca?* at “high” or “low”
levels (Figure 6A, B), similar to studies that have previously been performed in T
lymphocytes (Dolmetsch et al., 1997; Negulescu et al., 1996) . In WT cells, lowering
extracellular Ca?* from 2 to 0.2 mM predictably decreased the G/R ratio but did not
influence mean speed, cell displacement, or track straightness (Figure 6C top). However,
in TREM2 KO microglia, clamping Ca?* to a lower level significantly increased speed,
displacement, and track straightness (Figure 6C bottom). These observations suggest
that motility characteristics (speed, displacement, and straightness) of TREM2 KO
microglia are more sensitive to changes in cytoplasmic Ca?* levels than in WT cells.
Addition of ADP in this “clamp” paradigm to activate Ca?*-independent signaling pathways
that promote cell motility did not alter the potential for Ca?* to tune cell motility in TREM2
KO microglia (Figure 6-figure supplement 1).

To further analyze the Ca?* dependence of motility, we plotted Salsa6f ratios at
every time point against the instantaneous speeds for each individual cell. This analysis
did not reveal a significant relationship between instantaneous speed and instantaneous
G/R Ca?* ratio (Figure 6D). However, in TREM2 KO microglia, cells with higher
instantaneous Ca?* levels tended to show reduced instantaneous speed (Figure 6D, E).
Furthermore, when stratifying cell speed as “fast” (> 10 um/min) or “slow” (> 10 um /min),

we observe a marked reduction in percentages of “fast” cells when Ca?* levels are high
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(Figure 6F). We conclude that TREM2 KO human microglia are more sensitive to tuning
of motility by Ca?* influx than WT cells. Interestingly, cell displacement was found to
correlate with Ca?* to the same degree in both WT and KO cells (Figure 6-figure
supplement 2). Together, these “calcium clamp” experiments revealed that motility is

more readily tuned by modulating Ca?* in TREM2 KO cells than in WT microglia.
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Figure 3.6. Ca?* levels tune microglial motility in TREM2 KO cells. (A) Schematic of
traditional SOCE pathway with store-refilling (left) and a “Ca?*- clamp” mechanism of
sustaining cytoplasmic Ca?* levels using TG to inhibit store-refilling (right). (B) Average
SOCE traces in WT Salsa6f* iPSC-microglia showing cytoplasmic Ca?* ‘clamped’ at
different levels after addition of 0.2 or 2 mM extracellular Ca?*(n=78-110 cells). (C)
Comparison of Ca?* levels and microglia motility in WT (top) and TREM2 KO (bottom)
microglia. Cytosolic Ca?* summarized as instantaneous single-cell G/R Ratio (n=74-158).
Mean-speed, displacement and track straightness calculated as before in Figure 3 and 4.
Yellow (0.2 mM Ca, TG), green (2 mM Ca, TG). Students t-test **** p < 0.0001; ** p =
0.0062; * p = 0.432; ns > 0.9999. (D) Correlation of instantaneous Ca?* and instantaneous
speed in WT and KO cells. Red line denotes 10 pm/sec (cells above this threshold
considered “fast moving”). (E) Mean speed of cells binned by instantaneous G/R Ca?*
ratio (1-way ANOVA **** p < 0.0001). (F) Percentage of fast moving cells quantified as a
function of Salsa6f Ca?* ratio. Circle color represents G/R Ca?* ratio (red is lower Ca?*
ratio; green is higher Ca?*). Circle diameter denotes the proportion of cells moving fast
(larger circles represent a higher proportion of fast cells). (D-F n=78-100 cells).

Chemotactic defects in TREM2 KO microglia are rescued by dampening purinergic
receptor activity

In vivo, directed migration of microglia is driven by gradients of ADP from dying or injured
cells (Eyo et al., 2014; Haynes et al., 2006). To study chemotaxis toward ADP over a
stable gradient, we exposed iPSC-microglia to ADP in two-chamber microfluidic devices.
Consistent with previous findings, WT iPSC-microglia directionally migrated up the
concentration gradient of ADP resulting in higher numbers of cells within the central
chamber (McQuade et al., 2020; Park et al., 2018). In the absence of a chemoattractive
cue, this directional migration was lost (Figure 7A). This assay revealed a deficit of
chemotaxis in TREM2 KO microglia (Figure 7A), mirroring reports that TREM2 KO
microglia are unable to migrate towards pathology in vivo (Cheng-Hathaway et al., 2018;
McQuade et al., 2020; Meilandt et al., 2020). Given that ADP hypersensitivity in TREM2
KO cells is driven by increased expression of P2Y receptors, we examined the effects of

dampening P2Y signaling to WT levels. Treatment with the P2Y 12 antagonist, PSB 0739,
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reduced Ca?* responses in TREM2 KO cells and rescued the migration deficit in the
chemotaxis assay (Figure 7B-C). These results link the increased Ca?* signals and
altered motility characteristics evoked by ADP in TREM2 KO cells to a vital functional

response in microglia.
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Figure 3.7. Migration deficits in TREM2 KO microglia are rescued by inhibition of
purinergic signaling. (A) Migration towards ADP in a two-chamber microfluidic device.
Representative images of RFP expressing microglia that migrated into the central
chamber 3 days after 100 ng/mL ADP addition. Dotted circle delineates separation of
inner and outer chamber. Scale bar = 500 um. Quantification of microglial migration (right
panel). Values are normalized to WT cells treated with ADP (n=3-4 experiments; One-
way ANOVA with multiple comparisons). (B) Baseline subtracted peak ratiometric Ca?*
signal in response to 2.5mM ADP in 1 mM extracellular Ca?*, and in the presence or
absence of 10 uM PSB 0739 (44 cells, WT; 39-43 cells, KO; representative of 3
independent experiments; Students t-test). (C) Two-chamber migration to 100 ng/mL
ADP with or without 10 uM PSB 0739. Values are normalized to WT cells with ADP (n=3-
4 experiments; One-way ANOVA with multiple comparisons). Representative images
shown on the left. Scale bar = 500 pm.
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Discussion

This study focuses on two aims: understanding the roles of purinergic signaling in
regulating human microglial motility behavior; and elucidating the impact of TREM2 loss
of function on this pathway. We find that the high level of purinergic receptor expression
in TREM2 KO iPSC-microglia renders them highly sensitive to ADP-mediated signaling
and leads to exaggerated cytoplasmic Ca?* responses. Mechanistically, this increase in
Ca?* signals is driven by enhanced IPs-mediated store-release coupled to SOCE. Indeed,
based on the dose-response curves for peak ADP-Ca?* responses in Ca?* free buffer,
TREM2 KO cells have an ECso at least 10-fold lower than WT cells. As a functional
consequence, TREM2 KO microglia exhibit a defect in turning behavior, leading to greater
displacement in response to ADP. Despite moving in straighter paths, TREM2 KO cells
are unable to migrate towards a gradient of ADP as efficiently as WT cells, in line with
previous studies showing reduced migration of TREM2 KO cells towards Al
plaques(McQuade et al., 2020). We propose a model (Figure 8) whereby enhanced ADP
signaling abolishes the ability of TREM2 KO cells to distinguish gradations of agonist
(here, ADP). The loss of gradient sensing results in an inability to perform directed
chemotaxis. We hypothesize that increased ADP signaling and exaggerated Ca?*
responses in TREM2 KO cells result in local Ca?* signals that are no longer restricted to
the cell region near to the highest ADP concentrations, thereby disrupting the polarity of
key signaling molecules that drive directed cell motility. Interestingly, a recent study
showed that TREM2 KO iPS-microglia show increased migration towards a gradient of
the complement product C5a in vitro(Reich et al., 2021). Specific signaling pathways may

thus exert different effects on migratory behavior in the absence of TREM2.
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Figure 3.8. A Model for Ca?* regulation of ADP-mediated chemotaxis in microglia
lacking TREM2. (A) Dose-response curve comparing ADP-mediated peak-Ca?*
response in WT and TREM2 KO microglia. EC50 for KO cells is more than 10-fold lower
than WT microglia. P2RY12 and 13 receptor expression is higher in cells lacking TREM2
rendering them hypersensitive to ADP signaling. (B) Elevations in Ca?* regulate motility
(mean speed, displacement and turning behavior) differentially in WT and TREM2 KO
cells. Motility in KO microglia is more amenable to tuning by changing extracellular Ca?*
concentration. (C) Due to exaggerated purinergic ADP signaling, microglia lacking
TREM2 exhibit a deficit in moving towards ADP gradients. Despite moving in straighter
tracks, TREM2 KO cells migrate in all directions contributing to their chemotactic
inefficiency. Partially suppressing P2RY12 signaling and lowering cytosolic Ca?* in
TREM2 KO cells rescues the chemotactic defect by restoring their ability to move towards
the ADP gradient, in line with findings that Ca?* signals tune TREM2 KO cell motility
behavior.

The amplitude and duration of Ca?* signals shape specificity of downstream cell

responses. Our experiments with ADP in Ca?* free buffer revealed that transient Ca?*
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signals are insufficient to induce microglial motility in either WT or TREM2 KO cells.
Previous studies have shown that mouse microglia with genetic deletion of STIM1 or
Orai1 also show defects in cell migration to ATP(Lim et al., 2017; Michaelis et al., 2015),
likely because diminished SOCE renders them unable to sustain Ca?* signals in response
to ATP. The dependence of motility on prolonged purinergic Ca?* signals may thus be a
general feature of microglia. In contrast, shorter Ca?* transients can initiate some process
extension in TREM2 KO but not in WT microglia, suggesting a threshold for ADP signaling
that is reached in KO but not WT cells, and highlighting subtle differences in the Ca?*
requirement for motility and process extension in TREM2 KO microglia.

To directly monitor Ca?* signaling and motility simultaneously in individual cells,
we developed a novel iPSC-microglia cell-line expressing a genetically encoded,
ratiometric Ca?* indicator Salsa6f, a GCaMP6f-tdTomato fusion protein. Because Salsa6f
allows simultaneous measurement of Ca?* signal and tracking of processes, this novel
iPSC line is likely to be a useful tool to dissect the relationship between Ca?* signaling
and the function of various iPSC-derived human cell types including neurons, astrocytes,
and microglia. In addition, this line may be readily xenotransplanted for use with
human/microglia chimeric models to examine functional Ca?* responses to injury and
pathology in vivo. Using Salsa6f-expressing microglia, we uncovered critical differences
in how Ca?" levels tune motility in WT and TREM2 KO microglia. By tracking
instantaneous velocity at the same time as Ca?* ratios in individual cells, we found that
TREM2 KO cells with high Ca?* levels show decreased speed whereas WT cells do not
show any significant correlation between velocity and cytoplasmic Ca?*. Reducing

extracellular Ca?* concentration 