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Abstract

Microglia are dynamic resident immune cells of the central nervous system (CNS) that sense,
survey, and respond to changes in their environment. In disease states, microglia transform

from homeostatic to diverse molecular phenotypic states that play complex and causal roles in
neurologic disease pathogenesis, as evidenced by the identification of microglial genes as genetic
risk factors for neurodegenerative disease. While advances in transcriptomic profiling of microglia
from the central nervous system of humans and animal models have provided transformative
insights, the transcriptome is only modestly reflective of the proteome. Proteomic profiling of
microglia is therefore more likely to provide functionally and therapeutically relevant targets. In
this review, we discuss molecular insights gained from transcriptomic studies of microglia in the
context of Alzheimer’s disease as a prototypic neurodegenerative disease, and highlight existing
and emerging approaches for proteomic profiling of microglia derived from in vivo model systems
and human brain.
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1. INTRODUCTION

Microglia are the predominant resident myeloid cells of the central nervous system (CNS).
Under homeostatic conditions, they survey microenvironments in the brain to phagocytose
pathogens, dead cells, and cellular debris [*:2]. During development, they are critical

to refining synaptic architecture by pruning supernumerary synapses. When microglia
respond to activating signals or triggers, they dramatically change their morphology

from highly ramified to ameboid states, proliferate, produce cytokines, and upregulate
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phagosome machinery [3-71. Microglia can also contribute to CNS injury by producing
neurotoxic factors, and potentially engulfing healthy synapses. Despite their critical roles
in homeostasis, development, and disease, they have been historically difficult to study.
Microglia comprise 10-12% of total brain cells with regional variation!8-]. They do not
communicate with action potentials as neurons do, and unlike other brain cell types,

they derive from myeloid lineage 191, Historically, microglia’s minority status in the
brain along with the lack of surface markers suitable to distinguish microglia from

other myeloid and brain cells have posed technical obstacles in isolation and molecular
characterization. Additionally, microglia evade viral infection, thus making viral direction
of genetic vectors exceedingly challenging. Despite these traditional technical barriers to
genetically manipulating and isolating microglia from brain, there have been clues that
microglia are causal mediators of autoimmune, aged, inflammatory, and neurodegenerative
conditions [11.12],

Genome wide association studies (GWAS) of neurodegenerative diseases including
Alzheimer’s disease (AD) have identified susceptibility loci involved in the innate immune
system [13.14] Recent transcriptomic advancements have revealed molecular heterogeneity
in microglia under homeostatic and disease associated conditions. In the context of amyloid
beta (Ap) pathology in AD, microglia transform from homeostatic to disease associated
microglia (DAM) phenotypes, which may mediate pro-inflammatory, disease-promoting

as well as protective responses [15:16], While transcriptome-level insights have been
transformative, protein-level investigation of microglia particularly in their native state in
the brain are necessary to guide prioritization of functionally-relevant and druggable targets
for disease modification. We review the current literature on the role of microglia in AD as
a prototypic neurodegenerative disease, and focus on existing and emerging approaches for
proteomic profiling of microglia in in vivo model systems and human brain.

2. GENOMIC AND TRANSCRIPTOMIC INSIGHTS INTO MICROGLIAL
HETEROGENEITY IN ALZHEIMER’S DISEASE.

A series of GWAS in late-onset Alzheimer’s disease (LOAD) patient populations showed
that microglia are important mediators of AD [14.17-22] ‘While only comprising 10-12% of
the total brain cell population, microglia express several risk genes (eg. TREMZ2, CD33,
APOE) associated with LOAD [8:23.24]_ Apolipoprotein E (APOE) is one of the strongest
and common genetic risk factors for LOAD, and is highly expressed at the transcript level
in both astrocytes and microglia, and several studies have identified immune regulatory
roles for APOE in animal models of AD pathology [2526]. The APOE4 allele [27] as
compared to APOES3, increases the risk for LOAD by threefold in heterozygous E3/E4
carriers and 15-fold in homozygous (E4/E4) carriers [28-301 Additionally, microglia highly
express triggering receptor expressed on myeloid cells 2 (TREMZ2), a gene which encodes a
protein critical for microglial survival and proliferation, immune signaling, phagocytosis and
recruitment to AB plaques [31-33]. GWAS revealed that partial loss-of-function mutations in
TREM?Z significantly increased the risk of late onset AD by 3-5-fold [32:34.35], Stemming
from these seminal human genetic studies, selective genetic modulation of these AD risk-
genes specifically in microglia using conditional genetic approaches in animal models have
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advanced our understanding of how these microglial genes contribute to AD pathogenesis
[31,36-39]

Advancements in single-cell RNA sequencing (scRNA-seq) of brain myeloid cells from
animal models of AD pathology and post-mortem human brain from AD subjects have
refined our understanding of the complex and diverse molecular transformations of
microglia. A landmark study conducted in 2017 used scRNA-seq to isolate transcriptomes
of microglia from differentially aged wild-type and transgenic 5XFAD mice, a model of Ap
pathology, and identified a unique population of DAM [40], Within 5xFAD mice, microglia
transition from a homeostatic state to a DAM state between the ages of 3-8 months [40],
DAM transcriptomic signatures included high expression of previously identified human
AD risk genes (APOE and TREM?Z) and included a repression of homeostatic genes

(Cd33, Csflr, Cst3, Cx3cerl, P2ry12 P2ry13, Tmem119). DAM also exhibited signatures of
increased lipid metabolism, phagocytosis, and lysosomal activity. Genetic loss of 7remZ2in
5xFAD mice further resolved two sequential phases within the DAM activation cascade. The
first TremZ2-independent phase represses homeostatic factors, whereas the second 7remZ2-
dependent phase prepares microglia for increased phagocytic activity [0, Since this study
was published, a multitude of microglial sScRNA-seq investigations have been conducted in
a wide variety of mouse models of neurodegeneration in and beyond amyloid-based models
[15], Converging evidence now supports wide prevalence of DAM across various models

of CNS injury, inflammation, and aging [16:41.42] although Ap pathology appears to be

one of the strongest inducers of the DAM phenotype. Taken together, it is possible that
DAM phenotypes may be a universal microglial response to injury 164142 The immense
complexity of microglial transcriptomic phenotypes in the brain have also necessitated
standardization in definitions of microglial states and nomenclature [15].

Transcriptomic signatures of human microglia are also known to diverge significantly

from those of rodent microglia in homeostatic and neurodegenerative conditions [2343-47],
ScRNA-seq studies on microglia isolated from postmortem human brain regions (prefrontal
cortices, frontal cortices, and parietal lobes) demonstrate divergence in human AD gene-
signatures distinct from mouse models though APOE emerges as a common differentially
enriched gene in mice and humans [43:45:48]_Consistent with mouse models, 7TREM?2
loss-of-function mutations in humans weakens microglial activation in humans [44]. In

a large human microglia single-cell analysis of over 16,000 microglia from human AD

and nonpathological control cases [47], Olah et al., 2020 identified nine transcriptional
clusters with 80% of the microglia clustering into 2 homeostatic clusters [471. The only
cluster containing genes significantly altered with pathologic diagnosis of AD in the

human dorsolateral prefrontal cortex overlapped considerably (>85%) with the murine DAM
expression profile, with enrichment in genes involved with inflammatory demyelination,
ischemia, and AD [47]. However, this cluster significantly decreased its expression in AD
with histological validation of reduced frequency of microglia associated with this cluster in
AD human brain.

The reported transcriptomic discord between human and rodent microglia are likely
driven by a combination of biological and experimental parameters. Importantly, rodent
models are maintained in well-controlled environments with sterilized food, water, bedding,
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and cages [49]. These environments are designed to reduce incidence of pathogen and
contaminant exposure over the animal’s lifetime and therefore may impact immune
activation, which could confound interpretations comparing human and rodent studies.
ScRNA-seq studies on fresh rodent brain are more amenable to intact-isolation of microglia
as compared to human tissues which are typically frozen [0, Studies using archived
(frozen) postmortem human brain samples are also confounded by on post-mortem interval,
comorbidities, and independent effects of aging. Furthermore, human brain samples of
advanced neurodegeneration introduce a sampling bias towards terminal disease stage [0,
Alternatively, animal models lend experimental control over selecting final age end-points
which can reflect initial, moderate, and advanced disease states. Given these caveats, the
level of discordance in transcriptomic characteristics and immune responses between mouse
and human microglia still remains to be clarified. Given these apparent discordances, it is
critical to assess microglial transcriptomic signatures directly from human brain samples to
verify observations made in mouse models 311,

3. SIGNALING MECHANISMS IN MICROGLIA AND THEIR IMPACT ON AD
PATHOGENESIS.

Despite advancements in our understanding of the transcriptomic diversity across sub-
populations of microglia in disease, proteomic studies are critical to reveal cell signaling
mechanisms. Proteins, not transcripts, are the effector molecules of signaling cascades

that give rise to microglial phenotypes and coordinate specific biological functions [52,
Microglia depend on intra and inter cellular signaling to sense injury, transition to activated
states, mobilize to the sites of pathological insults, phagocytose debris, and prune synapses
[53]. These functions are carried out by complex signaling cascades, some of which are
highlighted in Figure 1. Microglia use the fractalkine receptor (CX3CR1) to bind and
promote phagocytosis of microtubule-associated protein tau (MAPT) [3455]. TAU can
interact and promote the seeding of Ap plaques and are more readily phosphorylated in

the presence of AB [56]. Microglia rely on TREM2 signaling to detect environmental cues
(e.g., APOE, AB, phospholipids, and apoptotic cells), direct motility to injury sites, stimulate
proliferation, and induce the DAM program [57-60]. TREM2 decrease reduces microglia
activation observed by impaired phagocytic capacity of injured neurons and decreased
inflammatory responses [611. Cell surface presence of TREM2 requires adaptor protein
DNAX-activation protein 12 (DAP12) to initiate intracellular signaling via the recruitment
of the tyrosine protein kinase SYK [6263], Mice lacking SYK showed exacerbated AB
neuropathology and worse behavioral deficits [4]. TREM2 also associates with DAP10

to promote the recruitment of phosphatidylinositol 3-kinase (P13K) [65]. TREM2-DAP12-
DAP10 signaling primes downstream protein and lipid phosphorylation events which initiate
a myriad of signaling cascades supporting diverse cellular responses. These responses
include cytoskeletal reorganization and Ca2* signaling which both in turn influence
microglial motility and process extension, mechanistic target of rapamycin (mTOR)
signaling which promotes proliferation and differentiation of immune cells, autophagy, and
apoptosis, and mitogen-activated protein kinase (MAPK) activation [32:66]In turn, MAPK
cascades, including the extracellular signal-regulated kinases1 and 2 pathway (ERK1/2)
regulates gene transcription to promote cell proliferation, migration and immune function
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[67], Studies found that the MAPK/ERK pathway is a central mechanism of AD and is
strongly correlated with AD pathology and cognitive declinel88-711. Notably, the strong
association between MAPKs (ERK1 and 2) and human AD pathology was identified at

the proteomic, but not at the transcriptomic level [72]. Because post-transcriptional and
post-translational regulation is important for some proteins, jointly measuring both RNA
and protein can reveal disease-relevant regulatory mechanisms [72-731. Joint measurement of
RNA and protein can also reveal changes at the RNA-level not reflected at the protein-level
and vice-versa. In mouse models of AD pathology, microglia are characterized by elevated
ERK signaling, and ERK inhibition reduces microglial activation and proinflammatory
immune responses [%8]. Taken together, TREM2 is a critical surveillance sensor that enables
microglia to detect pathological cues in the environment, induce activation programs via an
orchestration of signaling cascades (e.g., Ca2*, mTOR, MAPK/ERK) that enable microglia
to proliferate, mobilize to damage-sites, and clear cellular debris and pathological proteins.

In addition to the signaling cascades which enable microglia to sense and respond to

the extracellular environment, activated microglia produce cytokines which in turn change
the phenotypes other brain cells, such as astrocytes (Figure 1). For in-depth reviews

on astrocyte-microglial crosstalk, see Matejuk & Ransohoff., 2020; and Vainchtein &
Molofsky., 2020 [76:771, Briefly, media derived from LPS-activated microglia containing
elevated levels of IL-1a, TNFa, and C1Q induce an activated neurotoxic phenotype

in astrocytes which contribute to neuronal death [78]. Furthermore, studies show that
microglia-astrocyte crosstalk is necessary for the astrocytic Toll-like receptor (TLR) induced
inflammatory response [79:801. Although studies have shed light on the molecular cross-
talk between microglia and astrocytes, future work that integrates proteomic approaches
will uncover novel mechanisms of microglial-astrocytic crosstalk and contributions to
neurodegeneration.

Another class of key microglial signaling effectors in development and pathology includes
complement proteins. The complement cascade is a critical effector mechanism of the
CNS and peripheral immune response that comprises of over 40 proteins [81]. Neurons
and their synapses express complement activators “eat me signals” as well as complement
inhibitors “don’t eat me signals,” which evolved in the mammalian CNS to support the
refinement of synaptic architecture by microglia during critical developmental periods
[1.82.83] |n neurodegenerative contexts, injurious stimuli (e.g., apoptotic cells, pathological
proteins such as Ap and TAU) activate the C1 complex (C1Q, C1R,, and C1S,) [81],
Following C1 complex activation, complement proteins C2 and C4 combine to create the
C3 convertase, C4B2B. C4B2B cleaves C3 to form C3A, which promotes chemotaxis and
microglial activation via the C3A receptor, C3AR. When C1 binding initiates complement
activation on synapses, C3 tags them for elimination via microglial phagocytosis [1:841. In
AD, the complement pathway contributes to synaptic loss and neuronal damage [85-871,
One recent large scale proteomics study conducted by Bai et al., 2020 used differentially
staged post-mortem human AD brain to identify complement proteins as a key hallmark
denoting pathological transition from mild cognitive impairment to AD [88]. While we
discussed TREM2 and complement mediated signaling as key AD-related pathways in
microglia, several other receptor-mediated signaling pathways exist in microglia based on
the diverse array of surface receptors expressed by these cells [53:89.90]. Taken together,
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microglia employ complex signaling cascades to support a wide variety of phenotypic
changes in neurodegeneration. Signaling cascades and disease mechanisms rely in large
part on the tight regulation of post-transcriptional and post-translational changes which
transcriptomics cannot resolve, proteomic investigations are needed. Additionally, since
proteomic changes are modestly reflected by transcriptomic-level changes, studies focused
on proteomic profiling of microglia are critical to expand our understanding of microglial
contributions to disease [91.92],

4. INSIGHTS INTO PROTEOMIC PHENOTYPES OF MICROGLIA FROM
BULK BRAIN “OMICS”

As compared to the transcriptome, the proteome of microglia is orders of magnitude

more complex and is more proximate to biological functions. Poor concordance between

the transcriptome and proteome particularly in the CNS, has been observed [93.94],
Transcriptomic analyses are unable to capture post-translational modifications (PTMs),
many of which regulate protein function and localization within the cell. PTMs are more
likely to represent druggable targets for disease-modification as well as potential biomarkers
in neurodegeneration. Therefore, complimentary assessments of the transcriptome and
proteome of bulk tissue and of individual CNS cell types can provide a comprehensive
understanding of cellular functions and disease processes. Quantitative mass spectrometry
(MS) has been successfully applied to analyze postmortem human and mouse brain. These
MS-based studies of bulk tissue are coupled with bioinformatic approaches to resolve
several groups (or modules) of co-expressed proteins, which may represent shared biological
functions, cellular endophenotypes, subcellular compartments, or shared upstream regulation
[71,95] These network-based approaches shaped the current understanding of the proteomic
transformations that occur in the brain in neurodegeneration. While bulk tissue proteomics
do not directly resolve cell type-specific biology, it is possible to indirectly infer cellular
mechanisms by deconvoluting the bulk proteome using reference gene/protein markers

of individual brain cell types. In this manner, postmortem human bulk tissue proteomics
provide excellent opportunities to study immune and glial mechanisms of AD, with potential
inferences related to microglia. We next highlight insights into metabolic, inflammasome
and complement related immune protein alterations that occur in AD brain, as revealed by
recent bulk tissue MS studies.

4.1 Metabolic re-programing in glial cells in AD brain

In a large-scale label-free quantification (LFQ)-MS analysis of over 2000 post-mortem
brain samples, 453 of which were derived from asymptomatic/prodromal AD (AsymAD)
or AD cases, a module of proteins (M4) enriched with microglial markers and sugar
metabolism proteins, emerged as the module with the strongest correlation to AD traits
including cognition, AB deposition, neurofibrillary tangles, and overall functional status
[961. M4 proteins increased significantly in AD cases compared to controls. In addition
to containing several AD genetic risk factors, the hub proteins associated with the

M4 module include MSN, PLEC, ITGB1, PRDX1, and CD44. Specifically, glycolytic
proteins including LDHB, PKM, and GAPDH and proteins associated with glycolytic
flux including PRDX1, DDAH and PARK7 were also representative of the M4 module,
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along with glial proteins CASP1, SPP1, and MAPK1 [%6]. Conversely, another module

(M3) enriched in mitochondrial proteins, including electron transport activity (ATP1A3)

and NADH dehydrogenase activity (NDUFA9 and NDUFA10), was decreased in AD,
independent of aging [%6]. The simultaneous decrease in mitochondrial proteins and increase
in glycolysis proteins in the brain exhibits the metabolic reprogramming known as the
Warburg effect [97-99], Since M4 was disproportionately enriched in microglial and astrocyte
protein markers, it is likely that glial metabolic reprograming towards glycolysis is a

major pathogenic phenotype of AD pathology. As homeostatic microglia transform to

DAM, they shift from aerobic respiration with oxidative phosphorylation produced ATP,

to utilizing glycolysis for ATP production. These proteomic findings are also consistent
with literature describing a state of insulin resistance in AD brain [100]. Lipid peroxidation,
resulting in lipid degradation via 4-hydroxynonenal also increases with the severity of AD
[101] Increases in glycogen-synthase kinase 3B in AD patients further promotes oxidative
stress within the brain (1921, In a following deeper proteomic study of control and AD
post-mortem brains, the parent M4 module was further sub-divided into two modules:

M7 (enriched in MAPK signaling proteins) and M11 (Cell-Extracellular-Matrix [ECM]
interactions) [71], both of which were strongly associated with cognitive decline, even after
adjusting for neuropathological AD hallmarks [71]. Taken together, these studies demonstrate
that microglial metabolic shifts (metabolic reprograming) associate with cognitive decline
independent of AD neuropathology. Bulk brain proteomes suggest that microglial metabolic
reprogramming is a key driver of AD etiology, thus the relationship between metabolism and
neuroinflammation warrants further investigation. Whether the glial, metabolic, and immune
protein changes captured in M4 in AD are protective or detrimental, is unclear and requires
direct investigation in appropriate model systems.

4.2 Evidence for increased inflammasome activation in AD brain.

Inflammasomes are critical mechanistic components of the innate immune system’s
ability to detect pathogens and mount a concerted cellular response against them [202],
Inflammasomes are made up of multi-protein complex with specialized sensory, adaptor
and effector caspase components [102.103] The activation of the NOD-, LRR-, and pyrin
domain containing 3 (NLRP3) inflammasome, specifically, is associated both with human
post-mortem AD brain and transgenic mouse models of AD [104-108] Caspase-1 (CASP1),
a key component of the NLRP3 inflammasome, is also upregulated in AD brain and is

a member of module M4, that contains proteins upregulated in AD several of which

are enriched in microglia and involved sugar/carbohydrate metabolism [1991. The NLRP3
inflammasome is a multiprotein complex heavily involved in inflammation, particularly in
the cleavage and release of the interleukin (IL)-1p and IL-18 proinflammatory cytokines
[110], proinflammatory responses in microglia depend heavily on bioenergetic shifts. A
strong component of the proinflammatory response and bioenergetic shifts, the NLRP3
inflammasome is also activated in frontotemporal dementia (FTD) patients [193]. Ising et al
found an increase in cleavage of caspase 1, mature IL-1p, and apoptosis associated speck
like proteins (ASC) in AD and FTD patients [10%]. This was also highlighted in Tau22
mice, which overexpress Tau through IHC and western blots [195]. These Tau 22 mice

also show higher Casp and //1b gene expression [105], When crossing Tau22 mice with
Pycard or Ciasl deficient mice (Tau22/Asc™~ or Tau22/ Nlrp3 ), there was a reduction
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in cleaved CASP1 and IL-1p as well as a reduction in special memory showed through

a Morris water maze [195]. Westerns of Tau22/Asc™~ and Tau22/N/rp3™~ mice show a
decrease in PP2A phosphatase activity and 18 genes, including Cc/3[105], Injection of
APP/PS1 into inflammasome KO mice shows an increase in IL-1p and phosphorylated
TAU [105], Meissner et al highlights the strong connection between metabolism and the
NLRP3 inflammasome through evaluating changes in superoxide dismutase 1 (SOD1)
influence on the NLRP3 inflammasome [111]. In vitro, SOD-1 deficient macrophages show
a reduction in cleaved IL-1p and IL-18, while inflammasome independent cytokines such
as TNF-a and KC remain unaffected [1111. SOD-1 deficient macrophages have increased
reactive oxygen species (ROS) due to the lack of superoxide presencel!!1l. In vivo in
SOD-1 KO mice that received LPS and ATP stimulation to induce inflammasome formation,
reduced glutathionylation was observed, further inhibiting CASP1 activity as shown by

a reduction NLRP3 inflammasome cleavage of I1L-1p [111]1. Recently, therapeutic targets

for the inflammasome are being developed for treatment of AD. One such therapeutic

agent is JC124, a sulfonamide-based selective inhibitor of the NLRP3 inflammasome.
APP/PS1 mice treated with JC124 showed improvements in behavioral contexts such as
fear conditioning [112], JC124 treatment also reduced microglial and astrocyte activation as
measured by a reduction in IBA1 and GFAP positivity, while potentially increasing synaptic
plasticity through measurable increases in synapsin 1, synaptophysin, and PSD-95 [112],
JC124 also reduced the AB plaque load and IL-1p and CASP1 [112], This positions the
NLRP3 inflammasome as a potential target for regulating microglial activity and attenuating
the detrimental effects of AD pathology.

Implication of complement signaling in transition from mild cognitive impairment to

AD dementia.

Several proteomic studies on differentially-staged AD postmortem human brain implicate
complement signaling in the transition from mild cognitive impairment to AD. Under
homeostatic conditions, neurons express complement activators and inhibitors to mark their
synapses for pruning by microglia (see Section 3 for comprehensive review of complement
signaling). This role is critical to the refinement of synaptic architecture [1.82.113,114]

In the context of AD etiology, complement signaling is necessary for synaptic toxicity of
amyloid in mouse models [86] and expression of complement components C3 and C3A
receptor (C4AR1) correlate positively with cognitive decline and Braak staging in human
AD 1151 Additionally, C3AR-deficiency in PS19 mice rescues tau pathology and attenuates
neuroinflammation, synaptic deficits, and neurodegeneration [115], C3-deficient C57BL/6
mice exhibit resilience against age-dependent CA3 neuronal loss and enhanced synaptic
plasticity at 12 months [116] and aged C3-deficient APP/PS1 mice perform significantly
better on learning and memory tests than APP/PS1 mice [84]. In human bulk-brain proteomic
studies, complement proteins significantly increase with disease stage [88:109.117] |n one
human brain proteomic study, Bai et. al., 2020 used TMT-MS to analyze the proteomes

of 90 human frontal cortical samples from varying disease stages including mild cognitive
impairment (MCI) and later-stage AD [118]. The protein cluster associated with the transition
from MCI to AD included complement proteins (CR1, C1S, C3, C4A and C4B), which
were consistent with high abundance of complement proteins C4A and C4B also contained
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in the M4 module in the independent analysis discussed above [9]. It is possible that
chronic activation of microglia by sustained A and TAU deposition up-regulates microglial
complement signaling; increasing microglial-mediated synaptic pruning. Given that synaptic
loss, not Ap nor TAU accumulation, is the strongest pathological correlate to cognitive
decline, [1191201 jt s possible that chronically activated microglia are aberrantly pruning
synapses, advancing the transition from MCI to AD in human patients. Furthermore, in
addition to generating human MCI and AD bulk brain proteomes, Bai et al., 2020 also
generated bulk cortical proteomes deriving from differentially aged wildtype and 5xFAD
mice (3, 6, and 12 months) [88]. The analysis compared differentially abundant proteins
(DAPs) from 5XFAD mice with human MCI and AD patients and found that the proteomes
from older 5xFAD mice (12 months) were most reflective of human AD pathology, sharing
89 and 169 protein alterations with human MCI and AD brain, respectively. The analysis
identified 37 human-specific and 69 5XFAD mouse specific DAPs. Uniquely in humans,
AD pathology significantly reduces the abundance of specific synaptic proteins (CAMK2
and NPTX2) and neurotrophic factors (BDNF and VGF) [88], a trend which deviates from
5xFAD mouse models in this study. While synaptic loss in 5XFAD mice is well documented,;
several studies converge to show significant synaptic loss only beyond 4 months of age,
none of these studies herein referenced note a decrease in the proteins CAMK2 or NPTX2
specifically [86:121-125] Dye to the limitations of bulk-brain proteomics, the microglial-
specific proteomic changes taking place during the transition from MCI to AD in humans
or in mouse models of neurodegeneration are currently not known, despite many studies
linking complement signaling with synaptic loss and cognitive decline in both mouse and
human studies.

The divergence of vulnerability of sub-classes of neuronal and synaptic loss between
human AD brain and brains derived from mouse models of neurodegeneration highlight the
importance of caution when interpreting the physiological significance of neurodegenerative
pathology exhibited by mouse models of AD. There is currently no mouse model

which displays the full spectrum of human AD etiology [126]. The 5xFAD mouse model
specifically drives the over-expression of high levels of mutant APP under the Thy1
promoter [127], The rapid and aggressive Ap pathology exhibited by the 5XFAD mouse
models must be taken into consideration. Whether or not proteomic differences between
human AD and murine 5xFAD mouse models are due to differences in microglial cells
specifically are difficult to assess in analyses deriving from bulk brain tissue. The inability
to resolve cell-type specific changes from bulk tissue lends necessity for isolation-based
approaches.

5. INSIGHTS FROM PROTEOMICS OF MICROGLIA USING ISOLATION-
BASED METHODS

5.1

Isolation-based methods for microglial proteomics

With the advent of fluorescence-activated cell sorting (FACS), magnetic activated cell
sorting (MACS) and immunopanning approaches, it is possible to distinguish microglia
from other brain myeloid populations (infiltrating, perivascular and border-associated
macrophages) with high confidence, and subsequently isolate relatively pure microglia from
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adult mammalian brain for down-stream proteomics studies (Figure 2) [53.95128-132] Thege
methods utilize antibodies against microglial surface proteins to positively identify and
then purify these cells. FACS, MACS and immunopanning result in high microglial yields
from both rodent and human brain tissue prepared using either enzymatic or mechanical
dissociation methods. In our hands, CD11B+ bead-based MACS isolation typically yields
100,000-200,000 live microglia from one adult mouse brain while FACS-based purification
yields 50,000-100,000 CD11B+ CD45 intermediate microglia from one mouse brain
[95.128,130] Additional purity of microglia can be obtained by using additional microglial
markers such as TMEM119. These numbers are compatible with bulk proteomics studies
which can investigate molecular characteristics of microglia as a whole population. The
ability to use cell sorting methods (FACS or MACS) and immunopanning to isolate
microglia from both human brain and rodents enables us to directly compare molecular
transformations in postmortem human brain tissue with mouse models of aging and
neurodegeneration. FACS-based microglial isolation from post-mortem human brain tissue
is possible, and can be accomplished using a combination of markers such as CD11B CD45,
along with other lymphocytes, monocyte, and neutrophil markers. However, unlike mouse
tissue where adequate cardiac perfusion can remove unwanted blood-derived monocytes,
human post-mortem tissues typically contain non-microglial myeloid cells is variable
proportions which are more difficult to exclude during purification [133],

One long-standing challenge inherent to cell-sorting based isolation methods of microglia
relies on the detection and validation of microglial markers. Because microglia derive from
myeloid lineage, and must undergo developmental transformation as microglial progenitor
cells, it is exceedingly challenging to distinguish microglia from other macrophages residing
in the choroid plexus, meninges, and perivascular spaces, especially in the setting of

brain injury or established neuropathology [1%1. This is because some monocyte markers

are upregulated (eg. CD45-high) while canonical microglial markers (eg. Tmem119) are
decreased with progressive pathology [134]. Under homeostatic conditions, mouse microglia
typically express high CD11B-positive (+), low to intermediate levels of CD45 and low
Ly6c on the cell surface, whereas non-microglial macrophages express high levels of CD45
and Ly6c under homeostatic conditions (1351371 |n mouse models of AD, mononuclear
phagocytes (MP) in the central nervous system have a higher proportion of CD45Migh

cells, and CD45M9" surround and phagocytose AB, and demonstrate persistently elevated
phagocytic capacity for fibrillar AB42 with age [138], While FACS can purify microglia
using both positive and negative selection using a combination of markers, MACS typically
relies only on CD11B as a positive selection marker. Therefore, MACS and FACS purified
microglia result in different levels of contamination by non-microglial myeloid cells, a factor
that must be considered in experimental design.

There are notable assay-level differences in microglial proteomes prepared between FACS
and MACS. MACS has been shown to have a comparatively higher yield than FACS, with
a cell viability exceeding 85% for both [139]. Additional considerations include the longer
processing time for FACS, and molecular alterations associated with FACS protocol and
the difficulty of using multiple marker profiles, and inability to perform live/dead gating
with MACS [139.140]1 Additionally, one study compared the proteomic differences between
microglia isolated via FACS or MACS from 4-month-old C57/BI6J wildtype mice [130],
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MACS-isolated microglial proteomes showed high abundance of non-microglial synaptic
and neuron-projection proteins despite >90% microglial purity, whereas FACS-isolated
microglial proteomes showed enrichment of immune function proteins. Another advantage
of FACS is the ability to isolate other brain cell types in parallel (eg. macrophages,
endothelial cells, astrocytes, and oligodendrocytes while MACS only allows one cell type at
a time 1411, On the other hand, MACS is much faster than FACS, while FACS is generally
associated with higher cell loss [139.142] Despite the differences in proteomic purity, both
methods yielded a consensus set of 203 core microglial proteins, including IBA1, COTL1,
and AD-relevant proteins such as potassium channel tetramerization domain-containing
protein 2 (KCTD2), bridging integrator 1 (BIN1), and Moesin (MSN) [129.130],

5.2 What have we learned from isolation-based microglial proteomics in AD pathology?

Advanced age is the strongest risk factor for AD [143]. It is important to isolate the

impact of advanced aging on microglial phenotype to contextualize studies of microglial
changes with age and AD etiology. The first study to isolate the impact of age on

microglial proteomes, without the context of disease, compared primary microglia of 3—
5-month-old mice to those of 20-24 months [144]. They identified 156 DAPs involved

with inflammatory signaling, mitochondrial function, and cellular metabolism with age.
Notably, this study identifies an age-dependent decrease in mMTORC2; contributing to a
pro-inflammatory phenotype. mMTORC2 promotes protein synthesis in response to growth
factors and in-turn regulates cellular metabolism and macrophage polarization [145.146] With
age, microglia lose their ability to sense and respond to growth factors in the environment,
via the reduction of mTORC2. Microglia in turn lose their plasticity, or their ability to
polarize between inflammatory and homeostatic states[245]. These results are consistent with
a human AD proteomic study identifying showing a decrease in both the transcriptional
regulation of inflammatory signaling and a decrease in polarization with age, and an increase
in mitochondrial proteins using fatty acids and ketone bodies as energy substrates (961,

Both human and mouse proteomic studies converge to show a unique aged microglial
phenotype characterized by shifts in transcriptional regulation of inflammatory signaling,

a metabolic re-programming shifting from glucose to fatty acids and ketones to generate
energy, and a loss of plasticity. These proteomic studies on aged microglia are consistent
with other studies showing that aged microglia mount a larger inflammatory response to
acute inflammatory stimuli compared with younger mice [247.148] and morphologically
shift to amoeboid, less ramified states characterized by cytoplasmic hypertrophy [149-151]
The age-driven changes in microglial metabolism and plasticity are important to take in
consideration with studies assessing the impact of inflammation or AD etiology on the
isolated microglial proteome.

Neuroinflammation, as characterized by activation of microglia and astrocytes and an
increased expression of pro-inflammatory cytokines, is a central component of age and a
hallmark of post-mortem human AD brain [152-157] To distinguish the relative impact of
inflammation and AR pathology on the microglial proteome in aged mice (6—7 months),
Rangaraju et al., 2018 performed a quantitative MS study on purified CD11B+ microglia
from wildtype mice, wildtype mice treated with Lipopolysaccharide (LPS), and 5xFAD mice
[129] |_pS suppressed mitochondrial oxidative phosphorylation with concurrent increases in
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stress-response and glycolytic proteins [1291. When comparing DAPs enriched in 5XxFAD
brain or LPS-treated mice, this study identified several common proinflammatory proteins
(top 5 including CLU, NUDT2, GLIPR2, DIABLO, and CSTF) and 30 proteins which were
decreased both in 5XFAD and LPS treated mice (top 5 including BCORL1, PLEKHGL,
RASGEF1A, IPO4, and BICD1). The direction of change of common proteins between
5xFAD and LPS were largely concordant (r=0.47), suggesting that AR pathology induces a
pro-inflammatory state in microglia. Pleckstrin homology and RhoGEF domain containing
G1 (PLEKHG1) was decreased in microglia derived from both LPS-treated mice and 5XxFAD
mice has been associated with human AD as well. For example, a recent study integrated
single-nuclei RNA-seq (snRNA-seq) and proteomic datasets from human AD cortical and
serum samples, and identified PLEKHG1 as a novel candidate biomarker. PLEKHG1 shows
a decreased gene expression in human AD, though no studies have yet reported the role of
PLEKHGT1 in the nervous system [158],

Rangaraju et al., 2018 then identified specific proteomic changes in murine 5xFAD
microglia consistent with proteomic datasets derived from frontal cortices of human post-
mortem AD tissue. They identified 11 proteins similarly increased with Alzheimer’s disease
and 5xFAD microglia (CLU, COTL1, HTRA1, APOE, APP) and 23 proteins decreased with
AD and 5xFAD (including VGF, RTN, ALPL, SCN3A, and CAMK4). Notably, Clusterin
(CLU) is a common protein which is significantly increased in microglia in response to
acute inflammation (LPS), in microglia in murine models of amyloid pathology (5xXFAD),
and in human AD brain. CLU is an apolipoprotein that binds to TREM2 and facilitates
microglial uptake of amyloid-beta (AB), and has long been associated with AD genetic

risk [20.58.159] Neuroinflammation induced by repeated LPS has been shown to induce
memory impairment, increased activity of p and y secretases, and increase generation

of toxic species of AB 1_4,[160-163], The generation of toxic AB is a common etiology
across LPS administration, 5XFAD pathology, and human AD, and the resulting increase in
microglial-derived CLU emerges as a conserved response to facilitate microglial engulfment
of these toxic amyloid species.

To understand microglial proteomic changes preceding Ap plaques, Boza-Serrano et al.,
2018 used MACS to isolate CD11B+ primary microglia from WT and 5xFAD aged to
time points before plaque deposition (2 weeks and 6 weeks), and after plaque deposition
(10 weeks), for downstream MS analysis [164]. Their results showed a significant increase
in inflammatory pathways in 5XFAD mice before the onset of plaque deposition. One
hypothesis posits that neuronal release of soluble AP at 6 weeks could be activating
microglia prior to the presence of insoluble plaque deposition. A comprehensive proteomic
study of acutely isolated microglia from later stages of 5xFAD mice showed that APOE
expression is enriched in 5XFAD mice and increases with age in both wildtype and 5XxFAD
mice [165], The histological characterizations of this study did not detect APOE in ramified
microglia whereas plaque-associated microglia contained APOE and AP, suggesting that
both may be phagocytosed by plaque-associated microglia.

A recent investigation used high resolution MS to generate ex vivo human microglial
maps isolated from 5 amygdalohippocampectomy samples to compare with proteomes
generated from primary mouse microglia and BV2 cell lines [166]. This comprehensive
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study identified 9,456 human microglial proteins and 9,629 mouse microglial proteins.
Comparing proteomes generated from ex vivo mouse and human microglia showed a
significant enrichment in FC receptor activation, phagocytosis and inflammatory responses
in human microglia [166]. Human microglia also showed a significant enrichment in proteins
associated with key AD risk loci (APOE, CLU, and SORL1) and inflammatory cytokines
IL-18 and immune cell marker CD45. Comparisons between in vitro and ex vivo microglia
altogether revealed a higher prevalence of homeostatic markers in ex vivo microglia; with
notable absence of homeostatic microglial markers P2RY12, TMEM119 and CX3CR1 in
mouse BV2 microglial cell lines [166], These findings have critical implications on the
divergent identities of homeostatic and activated microglia between human and murine
microglia, and between in vivo and in vitro culture models.

6. EMERGING ISOLATION-INDEPENDENT APPROACHES FOR
MICROGLIAL PROTEOMICS

Traditional methods to isolate microglia from adult brain rely on harsh reagents or
mechanical dissociation and require fresh unfrozen brain tissue. The isolation process alters
the microglia transcriptome and likely the proteome, introducing artifacts into datasets,
likely confounding the ability to confidently determine the microglial proteome in their
native state [167]. Furthermore, the harsh conditions of the isolation process introduce a
sampling bias to isolating healthy microglia; limiting our ability to effectively capture
disease-associated proteomic changes. The unmet need to capture the native proteomic
signatures of microglia and other neural- and glial-cell types, in homeostatic and disease-
associated states, has motivated the development of in vivo protein-labeling methodologies,
which can be combined with affinity purification and MS (Figure 3). Broadly, in vivo
proteomic labeling can be achieved via metabolic labeling of nascent proteins using bio-
orthogonal non-canonical amino acid tagging (BONCAT) as well as by proximity-dependent
biotinylation methods, including cell type-specific in vivo biotinylation of proteins (CIBOP).

6.1 Nascent proteomic in vivo labeling using bio-orthogonal chemistry

The BONCAT strategy is a method of labeling newly synthesized proteins with a methionine
(Met) analogue using a mutated Met tRNA synthetase (MetRS, mutation L274G) [168],

In the presence of the mutant MetRS, newly-synthesized or nascent proteins incorporate
azidonorleucine (ANL), a methionine analogue with a “Click”-able azide moiety, in place
of Met. Using the conditional MetRS-L274G mouse model (Strain Jackson Labs mouse
strain #028071) combined with a Credriver line (CamKZ2a promoter for excitatory neurons
and Gad2 promoter for inhibitor neurons), the proteome of excitatory and inhibitory
neurons in vivo were labeled and characterized by MS [169]. After supplying ANL into

the drinking water for 3 weeks, the mice labeled newly synthesized proteins with the
clickable methionine analogue. After conjugating ANL-tagged proteins to biotin alkyne, the
labeled peptides can be purified by means of streptavidin-based affinity capture. Because
the BONCAT method only labels newly synthesized proteins, there may be challenges

with achieving a desired depth of proteome, however, this feature may be an asset for
studying event-related or stimuli-related changes to the proteome. Recently, BONCAT has
been successfully applied to astrocytes as well [170]. The extension of the BONCAT method
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to label and profile microglia, other brain immune cells and glial subtypes has not been
reported thus far.

6.2 Proximity labeling methods for in vivo proteomic labeling

As a complimentary approach to BONCAT, which labels the nascent proteome, more global
cellular proteomic labeling can be achieved using proximity labeling methods. Several
biotin ligases with varying degrees of promiscuity, labeling-radius, and efficiency have been
developed (including BiolD and TurbolD) [171-173], Among these, TurbolD is a proximity-
labeling biotin ligase engineered to promiscuously biotinylate proteins within minutes and
within a 10 nm radius [174175]_ Cytosolic proteomic labeling of several thousand proteins
in mammalian cells can be achieved if TurbolD is fused to a nuclear export sequence
(TurbolD-NES). TurbolD-NES was recently engineered into the safe-harbor chromosomal
Rosa26 locus of mice, for conditional TurbolD expression in cell type or tissues of

interest in vivo [1761. By expressing Cre-recombinase under astrocyte-specific and neuron-
specific promoters (A/dhl and CamkZa, respectively), using a combination of AAV-based
or transgenic Cre recombinase expression, TurbolD-NES was expressed in CAMK2A
excitatory neurons and ALDH1I1 positive astrocytes in the adult mouse brain. This study
then used streptavidin enrichment of biotinylated proteins and MS, and quantified 1,380
proteins labeled and enriched in both neurons and astrocytes, each with distinct cell type
proteomic signatures, and furthermore, unique regional proteomic differences in the mouse
brain [176]. To date, the CIBOP approach has been applied to neurons and astrocytes,

and within in vitro BV2 and N2A cell lines, although extensions to other glial cell types

in vivo including microglia are anticipated [177:178]. The CIBOP approach paired with
MS-based proteomics may provide much needed proteomic insights into glial contributions
to neurological disease pathogenesis.

Another proximity labeling method for native-state proteomics of neurons and glia in the
brain utilizes ascorbate peroxidase (APEX). APEX rapidly biotinylates proteins within <20
nm radius of the peroxidase enzymel179-181] |n the presence of hydrogen peroxide, APEX
oxidizes biotin-phenols to phenoxyl radicals which in turn biotinylate nucleophilic sites

on amino acids!181], Since its inception, APEX has been used for several applications,
ranging from mapping protein-protein interactomes 1821, purifying proteomes of subcellular
organelles by means of fusing APEX to specific site of interest [183], to transcriptomic
profiling [184.185] Unlike TurbolD-based CIBOP where biotinylation can occur in vivo,
APEX-based labeling requires hydrogen peroxide for biotinylation, which can only be
performed ex vivo after tissue isolation or dissection. Chen et al., in 2015 successfully
applied the technology to live Drosophila tissue [188] and recently APEX has been
successfully used for cell type-specific ex vivo labeling of mouse brain tissues to resolve
subcellular proteomics of neuronal subtypes [187.188],

6.3 Adeno-associated virus (AAVs) based labeling of microglia

Methods to detect and label microglia in the brain have relied on germline transgenic
mouse models that introduce genetic manipulations, or the addition of transgenes. However,
generating transgenic animal models can be expensive, time-consuming, require technical
expertise in animal husbandry and genetics and can suffer from potential unwanted
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consequences of genetic manipulations. Given that BONCAT and CIBOP represent viable
options for in vivo proteomic labeling of neurons and glial cells, AAV-based delivery of
TurbolD or MetRS or Cre recombinase constructs may dramatically reduce the complexity
of in vivo studies especially with cell-type-specific proteomics applied to genetic models

of neurological diseases. For these to succeed, microglia-specific AAVs are necessary. Viral
vectors circumvent the limitations of transgenic animal models and have been used for
delivery of Cre recombinase in synapsin-positive hippocampal neurons in TurbolD mice
for proteomic labeling in vivo [176]. Though, until recently, in vivo viral transduction of
microglia has been challenging due to immune activation and poor transduction efficiency
(1891 Lin and colleagues report the development of highly efficient AAV variants (AAV-
cMG and AAV-MG) to specifically target microglia in vitro and in vivo [1%9], opening

an exciting new avenue to explore microglial proteomic signatures in the brain. The

use of these highly efficient microglia-specific AAV variants may be used to target Cre
recombinase expression to microglia in MetRS and TurbolD mouse models to reliably
label the microglial proteome using BONCAT or CIBOP approaches. Subsequent TurbolD-
enriched proteomes can then be quantified using MS-based proteomics. These methods have
been demonstrated in the study of neuronal and astrocytic proteomes, but microglia-specific
applications in vivo are eagerly anticipated. The recent breakthroughs in specific AAV
serotypes to target microglia in the mouse brain provide exciting opportunities for efficient
proteomic labeling of microglia in animal models, obviating needs to complex breeding
schema.

7. AVENUES FOR PROTEOMICS OF MICROGLIA-DERIVED EXOSOMES

One potential mechanism by which microglia mediate CNS diseases is exosome release.
Exosomes are small extracellular vesicles of endocytic origin and are composed of proteins,
nucleic acids, and lipids. Exosomes are critical to the transport of cargo containing proteins,
messenger mMRNAs (MRNAs), and microRNAs (miRNAs) between cells to facilitate
intercellular communication and influence downstream signaling events [1911. Exosomes
can interact with recipient cells through endocytosis, fusion with the plasma membrane,

or ligand receptor interaction, resulting in cellular alterations of recipient cells [192].
Microglia-derived exosomes can transfer antigens and other proteins to recipient cells,
including neurons and glia to deliver proinflammatory cytokines or pathologic TAU, thus
positioning exosomes as key mediators in neurodegenerative etiologies [193.1941 Microglial
depletion and suppression of exosome biogenesis in a tau mouse model of AD pathology
significantly suppresses pathologic tau propagation [1%4. Current cell isolation approaches
pose significant limitations that impact proteomic characterization of microglia-derived
exosomes in vivo [95.129.130] proteomic analyses of microglial-derived exosomes are
currently limited by very low protein yield for MS, and lack of definitive verification of their
cell of origin. Despite these challenges, several in vitro proteomic studies on microglial-
derived exosomes released in response to inflammatory stimuli have been published [195],
Proteomic analysis of exosomes derived from the N9 microglial cell line identified the
composition of microglia-derived exosomes from cell culture medium 191, Of particular
interest, was the aminopeptidase N or CD13 found in microglial exosomal proteins but

not in exosomes derived from B cells and dendritic cells. Functional assays looking at

Proteomics. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunna et al.

Page 16

aminopeptidase activity, revealed that microglia exosomal CD13 is active in neuropeptide
degradation. Yang et al. characterized microglial extracellular vesicular (EV) protein cargo
following LPS and tumor necrosis factor (TNF) inhibitor treatment in BV2 cell lines

[197] Following LPS, EVs contained high levels of proinflammatory cytokines TNF and
IL-10, seen by ELISA. Furthermore, inhibition of the TNF signaling pathway resulted in

a reduction of EVs released from LPS treated microglia. MS experiments identified 49 LPS-
induced DAPs contained within EVs largely associated with transcription and translation.
This study provides proteomic evidence for unique exchange of cargo through EV release
in inflammatory contexts. Verderio et al., 2012 found that microvesicles and exosomes
derived from LPS-preactivated cultured microglia, induced a dose-dependent activation

of astrocytes and microglia [198]. The findings of this study suggest that the cargo from
microvesicles and exosomes can transfer an inflammatory signal to recipient cells, thus
potentially exacerbating neuroinflammatory conditions. Currently, there is a critical gap

in our understanding of the specific proteins within microglia-derived exosomes that lead
to the perpetuation of AD pathology. Proteomic studies of microglia-derived exosomes
from bulk brain tissue as well as biofluids such as plasma and cerebrospinal fluid, could
further delineate homeostatic-exosomes from DAM-derived exosomes and contribute to the
nomination of novel neurodegenerative disease biomarkers. To this end, the development
of protein-labeling methodologies using bio-orthogonal chemistry or proximity labeling,
microglia-specific AAVs for in vivo applications, as well as exosome directed genetic tools
(such exosome reporter CD63-GFPoX/flox mice) have all recently emerged as a promising
toolkits to characterize the proteome of microglia-derived exosomes for the first time in vivo
in the context of AD pathology [169.176,199],

8. SINGLE-CELL MICROGLIAL PROTEOMICS: ARE WE THERE YET?

Single-cell transcriptomics of human and mouse microglia and other glial cells have
revealed immense heterogeneity, with unique signatures observed during development,
aging, and disease. Given that the proteome is several orders of magnitude more complex
than the mRNA transcriptome [200.201] jt is likely that additional disease-relevant and
therapeutically-meaningful cellular heterogeneity can be revealed if microglia can be studied
using single-cell proteomics methods. Several recent technical advances in proteomics
methodologies now make single-microglial proteomics feasible [136], Methods to quantify
proteins in single mammalian cells have evolved over the last decade, ranging from single
cell Western blots, multi-parameter flow cytometry, antibody-based multiplexed approaches,
to more recently, high-throughput MS-based methods 2921, Among single-cell proteomics
methods, multi-parameter flow cytometry and mass cytometry based on time of flight
(CyTOF) can measure 40-50 proteins of interest using antibody-based methods [203]. Flow
cytometry uses physical characteristics (size and complexity) and fluorophore-conjugated
antibodies to characterize cells using pre-selected cell surface and intracellular proteins

of interest. CyTOF is a single-cell proteomics technique which uses rare metal isotopes
conjugated to antibodies. Since the overlap between metal isotopes is minimal, over

40 distinct protein targets can be measured in a multiplexed manner. CyTOF has been
successfully applied to study freshly-isolated as well as cryopreserved post-mortem human
microglia to detect 55 extra-cellular and intra-cellular protein markers, revealing regional

Proteomics. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunna et al.

Page 17

phenotypic signatures of human microglia in the brain which can be captured using a panel
of 4 markers (CD45, CD64, CD68 and HLA-DR) [27]. Advances in multi-parameter flow
cytometry are also able to approach the level of high-dimensionality achievable by CyTOF
[204] A limitation of both multi-parameter flow cytometry and CyTOF is the dependency on
well-validated antibodies. While multi-parameter flow cytometry-based sorting can purify
populations of interest for other omics approaches, CyTOF is not suitable for this. Flow
cytometry and CyTOF remain powerful methods to study microglia and other glial cells in
various contexts, especially when targets have been identified a-priori. For less-biased and
high-throughput phenotyping of microglia, MS-based methods are more suitable to measure
hundreds to thousands of proteins from a single cell.

Nanodroplet processing in one pot for trace samples (NanoPOTS) was developed in 2018
and used robotic handling and miniaturization to nanoliter scale to quantify nearly 3,000
proteins from pools on 10-14 cells per sample [205206] NanoPOTS was successfully
applied for shotgun MS characterization of single cells and pools of 3-20 cells from

day 15 chicken embryos, although only 200 unique peptides were identified from single
cells while cell pools yielded deeper proteomes by MS [207]. Downstream of laser capture
microdissection (LCM), NanoPOTS can spatially-resolve proteomes in rodent mouse brain,
recovering an average proteomic depth of 2,000 proteins per 100 um - diameter section

in label-free contexts [208]. One important limitation to NanoPOTS includes the use of
nanoliter-scale volumes which limits compatibility with traditionally automated LC-MS
systems, and reliance on autosampler and TMT labeling to increase throughput [208], Single
Cell ProtEomics by Mass Spectrometry (SCoPE-MS) was pioneered by Nikolai Slavov’s
laboratory in 2018, as the first MS-based single-cell proteomics approach that was able to
quantify over a thousand proteins in single mammalian cells [202], SCoPE-MS minimizes
losses at several steps of the MS pipeline by an innovative use of mechanical lysis of single
cells via acoustic sonication, eliminating the need for chemical lysis steps, and mixing of
labeled carrier peptides with labeled peptides from single cells prior to ionization and MS
analysis. SCOPE-MS also utilizes multiplexed TMT technology to maximize sensitivity
and throughput. This method was able to quantify over a thousand proteins per cell,

which were primarily highly-abundant proteins (>10° copies/cell) but not proteins with
lower copy numbers (<104 copies per cell). Importantly, SCOPE-MS differentiated different
cellular states of embryonic cell differentiation in vitro, although this method has yet to be
applied to cells isolated from the brain. A next-generation version of SCoPE-MS (SCoPE2)
was then developed to improve upon miniaturization, protein quantification, throughput,
and scalability [209.210]|n the original description of the method, SCoPE2 quantified
>2,500 peptides and >1,000 proteins per cell and was able to distinguish monocytes from
differentiated macrophages in vitro, including intermediary differentiation states. Although
yet to be applied to brain cell types or microglia, SCOPE2 is a promising single-cell
proteomics method that may be applicable to the study of microglia. SCoPE2 workflow

is compatible with cells purified via manual picking, FACS-purification, or other droplet-
based microfluidics methods. For additional technical details of labeling-based SCoPE-MS
and SCoPE2 methods and their challenges, readers are referred to two review papers
[75.211] Chip-based systems capable of cell isolation, counting, imaging and processing for
proteomics have also been developed for single-cell applications (SciProChip) and small
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cell pools (iProChip), allowing quantification of over 1,400 proteins from single cells
(PC-9 cells) by LC-MS/MS analysis, potentially representing a highly-sensitive labeling-
independent approach in contrast to NanoPOTS and SCOPE2 methods [212],

More recently, unlabeled approaches using highly-miniaturized and ultrasensitive pico-liter
scale methods have been pioneered by Matthias Mann’s group. These methods couple

the lon Mobility Spectrometry (IMS) technique with MS methods, and apply parallel
accumulation-serial fragmentation (PASEF) and ultrasensitive MS instrumentation. PASEF
is a MS approach in which ionized peptides are first retained in a trapped ion mobility
spectrometry (TIMS) chamber of a TIMS-QTOF instrument, after which they are released
into a vacuum system based on their ion mobility for precursor fragmentation, in either
data-independent acquisition (diaPASEF) or data-dependent acquisition (ddaPASEF) modes
[213.214] pASEF allows for selection of multiple precursor ions for fragmentation as
opposed to sequential selection, which increases throughput and quantitation. Using the
diaPASEF mode and a new MS instrument with optimized technical parameters (Bruker
timsTOF SCP), FACS-purified single HeLa cells were analyzed by MS, yielding single-
cell proteomes of HeL a cells in which over 2,000 proteins were quantified per cell, and
proteomic alterations during the HeLa cell cycle were resolved. 430 single-cell HeLa
proteomes were also contrasted with single-cell RNA sequencing data showing that the
core proteome of HeL a cells is more stable than the transcriptome [213],

To summarize, rapid and unprecedented technical advances have occurred in the field

of single-cell proteomics. A high-level summary of the single-cell proteomic techniques
discussed in this paper is provided in Table 1. These advances position researchers

to investigate the proteome of mammalian cells in health and disease model systems

and human tissues, with a depth of coverage that is beginning to approach single cell
transcriptomics methods. While scalability, cost, and efficiency still need to be further
optimized, these methods are capable of resolving cellular proteomes with depth in the
1,000-2,000 proteins/cell range which are several orders of magnitude higher than lower-
throughput antibody or probe-based methods. Extension of single-cell proteomics methods
to spatial proteomic profiling of single cells is also anticipated. While none of these methods
have been extended beyond cell lines in vitro, it is only a matter of time that these single
cell proteomics pipelines will be applied to the study of single cells isolated from tissues
including the brain. Since microglia are one of the most accessible cell types from adult
mammalian brain, single cell microglial proteomics studies of fresh human post-mortem
brain and animal models are eagerly anticipated.

9. CONCLUDING REMARKS

In conclusion, understanding molecular alterations occurring in microglia in states of
homeostasis and neurodegenerative disease pathology, can provide critical biological and
translational insights. Since microglia are causal mediators of pathology in AD and

other neurodegenerative diseases, understanding their molecular transformations, while
considering the effects of aging and other genetic and environmental factors, can identify
targets for disease-modification and potential biomarkers. Rapid advances in microglial
transcriptomics using bulk and single cell methods have dominated the field of microglial
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biology. Given the discordance between transcript and protein levels in the brain, and

the immense complexity of the proteome that extends to post-translational modifications,
proteomic studies of microglia are likely to provide transformative insights that cannot

be captured by microglial transcriptomes. Bulk tissue proteomics of brain tissues tend to
under-sample microglial proteins and cannot directly resolve microglia-specific changes
occurring in the brain. Advances in isolation-based approaches for microglial proteomics
along with technological improvements in sensitivity and throughput of MS instruments
and workflow pipelines, now allow microglia-specific proteomics from human post-mortem
samples as well as from mouse brain tissue with proteomic coverage exceeding 3,000—
5,000 proteins per sample. To overcome the potential biases of isolation-based approaches,
isolation-independent in vivo proteomic labeling approaches such as BONCAT and CIBOP
represent promising methods that could be applied for native state microglia-specific
proteomics in animal models of neurodegeneration, to compliment isolation-based methods.
Recent advances in single cell proteomics technologies have also provided the foundation
for future microglia-specific proteomics studies in humans and animal models. The field of
microglial biology therefore eagerly anticipates the next wave of studies using microglial
proteomics approaches.
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GWAS genome wide association studies
IMS ion mobility spectrometry
iProChip integrated proteomics chip
LFQ label free quantification
LOAD late onset Alzheimer’s disease
LPS lipopolysaccharide
MCI mild cognitive impairment
MetRS methionyl-tRNA-synthetase
MP mononuclear phagocytes
PASEF parallel accumulation-serial fragmentation
SciProChip single-cell iProChip
SCOPE-MS single-cell proteomics by mass spectrometry
SCRNASeq single-cell RNA-seq
TIMSTOF SCP trapped ion mobility spectrometry
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Figure 1. Microglial responses in Alzheimer’s Disease.
Several genetic risk loci for AD (TREMZ, CD33, CSFIR, CR1, APOE) encode proteins

involved in signaling cascades that support broad phenotypic shifts in motility, metabolism,
phagocytosis, proliferation, cytokine production, exosome production and release, and
apoptosis. Microglia use complement signaling to identify both healthy and dead neurons
for degradation. Microglia can use signaling cascades to detect and recruit to pathological
proteins including TAU and AB. For example, fractalkine signaling (via fractalkine

receptor CX3CR1) allows microglia to detect and phagocytose Tau [54.216.217] Microglial
interactions with AR plaques are distinct, where microglia actively surround A plaques and
interact with them via mechanisms involving APOE, TREM2 and its receptor. This receptor
is responsible for the TREM2-dependent signaling pathway which results in activation

of SYK and ERK [218.219] ERK then crosses the nucleus to allow for transcription of

Proteomics. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunna et al.

Page 37

key inflammatory signaling molecules such as STAT1. Whereas activation of the mTOR
pathway leads to further phagocytosis and cell proliferation. TAU and Ap can also directly
interact with each other, where tau tangles can act as a seed for AP plague accumulation
and Ap can promote the phosphorylation of tau necessary for tau fibrillization. Cross-talk
between microglia and astrocytes is largely responsible for activation of the TLR4 and IL1R
on both cell types which can shift astrocytes and microglia toward more proinflammatory
cytokine release [/7). Proteomic studies evidence an increase in CASP1 as well as IL-1B
indicating formation and activation of the NLRP3 inflammasome which cleaves prolL-18
and prolL-18 prior to release from microglia. These signaling events also result in increased
production and release of exosomes that contain key signaling proteins like TNF, and

other cargo. This corresponds with metabolic reprograming in microglia, where there is

an increased movement of glucose to glycolysis but a reduction in mitochondrial activity,
which is in turn sustains ATP production and calcium-dependent mechanisms necessary for
DAM function. AB and other neuropathologies also transform microglia from homeostatic

and disease-associated microglia (DAM) states, and key markers of these states also shown
below, [16.220]
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Figure 2. Isolation-dependent approaches for microglial proteomics.
Acute isolation of microglia and other brain cell types requires fresh brain tissue that

undergoes mechanical or enzymatic dissociation to generate a heterogenous single-cell
suspension that can be prepared for MACS, FACS, or immunopanning methods. For MACS,
the single-cell suspension is incubated with a magnetic microbead conjugated to an antibody
that binds a cell surface receptor. Then, a magnet is used to select for the desired cell

type and the unbound cells are washed away. The magnetically bound cells are released

and collected for downstream analysis. For FACS, the single-cell suspension is incubated
with a fluorophore-conjugated antibody specific to a cell surface receptor. Following, the
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desired cell type is sorted based on size and fluorescent signal. The sorted cells are collected
for downstream analysis. For immunopanning, single-cell suspensions are plated on a cell
culture dish coated with an antibody specific to a cell surface receptor. The unbound cells
are washed away, and the bound cells are collected for downstream analysis.
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Figure 3. Isolation-independent methods for in vivo proteomic labeling of microglia.
In vivo biorthogonal amino acid tagging (BONCAT) of proteins (red panel) and cell type-

specific in vivo biotinylation of proteins (CIBOP) (blue panel) is achieved by inserting
mutant MetRS (L274G) or MetRS*, or TurbolD, into the Rosa26 locus to generate in

vivo proteomic labeling in mouse models. Following, microglia specificity can be achieved
by either breeding the MetRS* or TurbolD models with a microglia-specific Cre mouse,
with or without inducibility, or by injecting a microglial-specific adeno-associated virus
(AAV) to deliver Cre. MetRS* contains a mutation (L247G) in the amino acid binding
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site which tags nascent proteins with an azide tagged methionine analog, azidonorleucine
(ANL). The azide residue of ANL can undergo “click” chemistry in which ANL-tagged
proteins residues are “clicked” with a PEG-biotin-alkyne. Proximity labeling using CIBOP
is achieved by the biotin ligase, TurbolD, that biotinylates endogenous proteins in close
proximity. After, MetRS* or TurbolD tagged proteins can undergo biotin affinity capture
using streptavidin-coated beads and processed for downstream mass MS-based proteomics.
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Table 1.
Single Cell Proteomic Methodologies
Proteomic
Depth
(Number of Cellular Isolation Published
Technique proteins) Mechanism Applications Advantages Limitations
Mass Cytometry 40-50/ cell. Mass cytometry Cultured Compatible with Dependent on well-
(CYTOF) [203] uses rare metal mammalian cells. frozen brain tissue.[27] validated antibodies and
isotope conjugated [221] Detection of targets.
antibodies. 20! Human microglia intracellular and Inability to sort cells for
from fresh & extracellular proteins. other applications.
cryopreserved [27]
brain.[27]
Nanodroplet ~1500-3000 Flow cytometry of Cultured Spatial resolution of Nanoliter-scale volumes
Processing in from ~10-100 cultured cells.[205.223] mammalian cells proteomic signatures in | limit compatibility with
One pot for cultured cells. Laser Capture [223] & rodent rodent brain. automated LC-MS, [206]
Trace Samples [205] Microdissection from | brain,[208.222] Compatible with
(NanoPOTS) ~2,000 brain tissue. chemical multiplexing.
proteins / 100 [224]
um diameter
brain section.
[208,222]
Single Cell >1,000 / cell. Acoustic sonication. Cultured Obviate dependence on | Lower accuracy of
ProtEomics by [202] [202] mammalian cells. chemical lysing. comparing abundances
Mass Spectrometry [202,209] Accurate quantification | of different proteins.
(SCoPE-MS / of protein changes [211]
SCoPE2) across single cells.[211] | Limited capability
in quantifying lower-
abundance proteins.[211]
Single cell >1,400 / cell. Size-based digital Cultured High label-free Size-based isolation
integrated [225] microfluidic mammalian cells. sensitivity.[225] alone limits analyses
Proteomics Chip isolation.[226] [225] Integrated isolation, of sub-populations of
(SciProChip) lysis, counting, cells.[225]
imaging, and Sample loss with
processing.lm] manual peptide transfer
to autosampler.[225]
Parallel >2,000 / cell. Flow cytometry of Cultured High label-free Limited throughput of
Accumulation- [215] cultured cells.[215] mammalian cells. sensitivity.[215] 20-40 single cells / day.
Serial ) [215] Fast Scanning Speed. [227]
Fragmentation [227]
(PASEF)
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