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Abstract

Proteomic and transcriptomic signatures of microglia-derived extracellular vesicles
and extension into in vivo systems.

By Juliet Victoria Santiago

Microglia are resident immune cells of the brain that play important roles in mediating
inflammatory responses in several neurological diseases via direct and indirect mechanisms. In
neurodegenerative diseases, microglia can convert from homeostatic to disease-associated-microglial
(DAM) states which play dual roles in disease pathogenesis, resulting in disease-promoting as well as
protective responses. Insights into microglial functions in neurodegenerative disease and
neuroinflammation can be gained by comprehensive molecular characterization of microglia, at both the
proteomic and transcriptomic level. Although microglia-mediated neuroinflammation has emerged as a key
pathological mechanism in neurodegenerative diseases, there is a gap in knowledge of how different
microglial states contribute to disease pathogenesis. One indirect mechanism may involve extracellular
vesicle (EV) release, such that the molecular cargo transported by microglia-derived EVs can have
functional effects by facilitating intercellular communication with recipient cells. The molecular
composition of microglia-derived EVs, and how microglial activation states impact EV composition and
EV-mediated effects in neuroinflammation, remain poorly understood. This thesis includes the foundational
in vitro studies identifying unique molecular profiles of microglia-derived EVs that are determined by
microglial activation state. By combining proteomic and transcriptomic methods, we obtained
comprehensive molecular profiles of BV2 microglia-derived EVs under homeostatic and stimulated
conditions. Our analyses revealed novel state-specific proteomic and transcriptomic signatures of
microglia-derived EVs. Particularly, lipopolysaccharide (LPS) activation had the most profound impact on
proteomic and transcriptomic compositions of microglia-derived EVs. Additionally, we found that EVs
derived from LPS-activated microglia were able to induce pro-inflammatory transcriptomic changes in
resting responder microglia, confirming the ability of microglia-derived EVs to relay functionally-relevant
inflammatory signals. These comprehensive molecular datasets represent important resources for the
neuroscience and omics communities, and provide novel insights into the role of microglia-derived EVs in
neuroinflammation. These in vitro experiments were fundamental for developing a novel method to
characterize the proteome of microglia and their EVs in vivo using TurbolD-based proximity labeling. Our
findings reveal that the microglial proteome cannot be labeled in vivo using TurbolD-based proximity
labeling with the Rosa26-floxSTOP-TurbolD;Tmeml119-CreERT2 mice, despite successful labeling of the
cell proteome and EV proteome in TurbolD-BV2 microglia and astrocytic Rosa26-floxSTOP-
TurbolD;Aldh1l1-CreERT2 mice. This thesis includes foundational experiments along with newly
developed techniques to interrogate the possibility of characterizing cell-type specific EVs in vivo.
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I. Chapter 1. Introduction

i. Microglia and neuroinflammation

The discovery of microglia

For over a century, scientists have been able to visualize and illustrate brain cells following the
groundbreaking work of Camillo Golgi in 1873'-2. Golgi’s discovery of a staining technique that enabled
the visualization of complex and intricate structures with immense detail, was pivotal in future efforts to
study the central nervous system (CNS)'-2. Later on, Spanish neuroscientist, Santiago Ramén y Cajal,
mapped the entire structure of nerve cells using Golgi’s staining technique?. This work formed the basis of
the Neuron Doctrine, whereby individual nerve cells, or neurons, form the developmental, functional and
structural units of the nervous system?. However, Cajal’s research interests were not limited to just neurons;
it was also in glia’. Glia research began in the mid 19" century when Rudolf Virchow coined the term
“Neuroglia” to describe a connective interstitial substance in the brain and spinal cord that surround nerve
cells*. Later, William Ford Robertson introduced the term ‘mesoglia’ to describe mesoderm-derived
phagocytic cells that are distinct from neurons and neuroglia®. In the early 20" century, Cajal renamed these
mesoglia the ‘third elements of the nervous system’ due to their separate origins from neurons and
macroglia, and phagocytic nature® . The concept of the “third element’ was later refined by a student of
Cajal, Pio del Rio-Hortega, who described the third element as ‘microglia’ to further discriminate them
based on their fine processes, distribution, and function, which was discovered using silver carbonate stain
techniques*”’. Following these breakthrough and novel methodologies, microglia research has expanded
considerably, broadening the original classification of the ‘third element’ to a much more dynamic and ever
changing cell type in the CNS.

Microglia origin and development

As previously mentioned, one of the major distinguishing factors of microglial cells is their origin®.

Microglia have a hemopoietic origin and display macrophage markers®. This was first described by Perry



et al. in 1990, where they used an immunohistochemical localization technique and a macrophage-specific
antigen F4/80 and discovered that F4/80 positive cells that invade the brain during early developmental
stages undergo several forms before finally transitioning into microglia®. However, it should be noted that
initially microglia were thought to be derived from macrophage like cells that originated in the neuro-
ectoderm. It was not until the work of Takashani and Naito that clearly demonstrated that microglia are
derived from embryonic yolk sac progenitors during the first wave of hematopoiesis and then migrate to
the brain during the early stages of CNS development’. More specifically in humans, microglia are thought
to colonize the brain as early as the 3™ gestational week'?, with maturation and major colonization occurring
between gestational weeks 12 and 35 !'. In rodents, microglia colonize the brain between embryonic day
12 through 16'>'3. After microglia colonization of the brain parenchyma, the maturation and the survival
of microglia are highly dependent on various molecules including colony stimulating factor 1 receptor
(CSFR1) and transforming growth factor beta (TGF[3)'415.

Heterogeneity of microglia

Microglia are widely distributed throughout the brain and spinal cord but are not uniformly
distributed'®. Similarly to neurons, microglia are found primarily in grey matter compared to white matter.
Areas of the brain that are densely populated with microglia include the hippocampus, basal ganglia, and
substantia nigra. On the other hand, less densely populated areas include the cerebellum and brain stem.
The cerebral cortex demonstrates an average density of microglia. It is estimated that microglia comprise
10-12% of the cells in CNS'.

Microglia can be classified by their morphology which varies depending on their location in the
brain. Microglia that portray a rounded morphology with short, thick processes, are found in areas lacking
a blood brain barrier. Microglia with longer processes are typically found in fibre tracts. More radially
branched microglia are found throughout the neuropil and can be highly dynamic and complex'¢. The
processes on microglia allow for consistent monitoring of their local environment, such that microglia can

rapidly change their phenotype in response to any disturbance.



Microglia activation

Microglia are the resident immune cells of the CNS and can change their morphology and
phenotype in response to changes in their environment'’. Under resting conditions, microglia display a
ramified appearance with long processes that extend from the cell body. In this state, resting microglia
express several receptors including Cx3crl, P2ry12, and Tmem119, which may interact with ligands that
help maintain homeostasis'®. This state is also characterized by low expression of antigen presenting surface
molecules, such as major histocompatibility complex (MHC) proteins'. During development, resting
microglia are critical for shaping the synaptic environment through selective elimination of inappropriate
synapses®. The long processes that extend from the cell body of resting microglia allow them to constantly
survey their environment in the brain. In doing this, microglia can respond quickly to signals and transform
into an activated state. The morphology of activated microglia is characterized by an ameboid shape with
short processes that allow the microglia to phagocytose pathogens, dead cells, and cellular debris'”-?'. This
phenotypic shift from homeostatic to activated microglia, is hallmarked by changes in signaling and gene
expression that can result in the release of key molecules and factors that can be either beneficial or
pathogenic (for further explanation please see Chapter 1.3).

Innate immunity and molecules that mediate microglia inflammatory responses

A crucial function of microglia is the ability to generate an innate immune response. Innate immune
responses are not specific to any particular pathogen but rather depend on phagocytic cells, such as
microglia, to identify features of pathogens and disease/pathogen associated molecular patterns (damage-
associated molecular patterns or pathogen-associated molecular patterns, respectively)*. Microglia are
equipped with toll like receptors (TLRs) on their cell surface??. TLR signaling pathways lead to the
activation of the transcription factor nuclear factor-kappaB (NF-»xB), which controls the expression of pro-
inflammatory cytokines*. Humans express 10 functional TLRs (TLR1-10) and mice express 12 (TLR1-9,
TLR11-13). These TLRs play a significant role in innate immunity through the recognition of pathogen-

associated stimulants. For example, TLRs on microglia, can detect lipopolysaccharide (LPS), interferon



gamma (IFN-y), beta amyloid (A), and other pro-inflammatory cytokines??. Upon initiation of an immune
response, activated microglia can release pro-inflammatory cytokines including interleukins 1 and 6, nitric
oxide synthase (NOS), Tumor Necrosis Factor alpha (TNFa), along with chemokines (CCL2, CCL5, and
CXCLS8)*%.

In addition to the release of cytokines and chemokines in response to injury or inflammation,
microglia also upregulate complement receptors'®. The complement cascade is a critical mechanism
involved in innate immune response. In activated microglia, complement components (C1,C2,C3, C4) can
target pathogens for phagocytosis and lysis following a series of cleavages and proteolytic steps in the
complement cascade'®-?".

The relevance of lipopolysaccharide-induced inflammation

The endotoxin lipopolysaccharide (LPS) is the major component of the outer membrane of gram-
negative bacteria® ?. Gram-negative bacteria are the cause of numerous infectious diseases that can affect
both humans and animals®. As mentioned previously, the innate immune system is the first line of defense
against pathogen or bacterial infiltration, which utilizes immune cells equipped with pattern like receptors
(PRRs) that contain TLRs to detect these harmful factors. LPS is a potent pathogen-associated molecular
pattern (PAMP) that activates PRRs, thus initiating a downstream signaling cascade that triggers an
inflammatory response®-*°. More specifically, TLR4 (toll-like receptor 4) is the LPS-recognizing receptor
that is expressed in several immune and non-immune cells*-#. TLR4 is predominately associated with
microglia in the CNS. Following LPS binding, TLR4 undergoes homodimerization and activates
downstream signaling cascades, including the MyD88 and TRIF-dependent pathway*'~3. Activation of the
MyD88- or TRIF-dependent pathway leads to the activation of mitogen-activated protein kinases (MAPKSs)
and IkB kinases (IKKs) which in turn activate transcription factors that regulate the expression of pro-
inflammatory mediators including IL-1f3, IL-6, IL-8, TNF-a., NO, and type I interferons®:*.

LPS-induced effects can also be independent of TLR4 signaling**. LPS may be detected by transient

receptor potential (TRP) channels, which are a superfamily of ion channels present in several cell types.



TRP channels that respond to LPS include transient receptor potential ankyrin 1 (TRPA1), transient receptor
potential vanilloid 4 (TRPV4), transient receptor potential cation channel subfamily V member 1 (TRPV1),
and transient receptor potential melastatin 3 and 8 (TRPM3 and TRPMS8)*. The role of a majority of these
TRP channels in LPS-induced inflammatory responses is poorly understood with conflicting opinions®>-.
TRP channels have been found to be predominately involved in pain reactions, including neurogenic
inflammation caused by LPS*. However, some studies investigating the TRPV4 channel, which is detected
in brain cells along with TRPA1 and TRPV1, demonstrate that activation of TRPV4 can exacerbate
inflammatory responses and trigger neuroinflammation?®-*.

Another mode of pattern recognition in innate immunity is through caspases. LPS is detected
intracellularly by specialized inflammatory caspases (caspase 4 and 5 in humans and caspase 11 in mice)*.
Caspases detect cytosolic LPS and initiate cell membrane permeabilization and pyroptosis, which is an
inflammatory mode of programmed cell death*'-*2. Furthermore, LPS-activated caspases can promote the
activation of NLR family pyrin domain-containing-3 (NLRP3) inflammasome and thus induce an
inflammatory response®.

LPS as a model of neuroinflammation in neurodegenerative disease; strengths and limitations

Recapitulating all neurodegenerative disease features in a model has not yet been achieved. More
importantly, not every genetic model of neurodegeneration also successfully models neuroinflammation,
which is a key pathological hallmark of neurodegenerative diseases, such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis*. In neurodegenerative diseases, neuroinflammation
can be complex, having both a beneficial and detrimental effect (for further explanation please see Chapter
1.3)%. In addition, neuroinflammation typically precedes the development of neurodegenerative
pathologies*. Therefore, it is important to study the effect of neuroinflammation itself to understand how
it can impact neurodegenerative disease. LPS is utilized as one of the most potent pro-inflammatory stimuli,
therefore making it a widely used model of inflammation. The administration of LPS initiates an
inflammatory response in the brain which is mainly mediated by TLR4 in microglia®*. Several studies have

shown that LPS-induced neuroinflammation can result in neurodegeneration and cognitive or behavioral



dysfunction*®-*’. For example, Huffman et al. found that LPS-induced brain inflammation and cognitive
dysfunction is reduced following percutaneous vagus nerve stimulation in mice*®. Furthermore, systemic
LPS administration in adult mice can activate microglia to continuously release proinflammatory factors
and induce neurotoxicity*’. In addition, LPS has also been shown to drive pathogenic hallmarks of AD
including amyloidosis and tau hyperphosphorylation*®. In human AD brains, LPS has been found to be
elevated in the neocortex and hippocampus®. LPS has also been widely used in vitro with cell culture
models. Data from numerous studies involving LPS treated cell cultures, demonstrate that LPS has the
capacity to activate microglia, resulting in the production of pro-inflammatory cytokines and
neurotoxicity>*->2,

Some of the limitations of the LPS model is that the microglial response can differ between
transgenic and non-transgenic mice. For example, transgenic APP/PS1 mice exhibited diminished LPS-
induced immune response with aging following LPS treatment, whereas the opposite was seen in age-
matched LPS treated wild-type mice™. Furthermore, studies have shown that the serotype, route of
administration, duration, and dose of the LPS endotoxin can produce varied results. For example, even
though LPS induced inflammation typically leads to the perpetuation of neurodegenerative processes, low
dose LPS pretreatment has been shown to have neuroprotective effects and alleviate inflammatory
responses™ . Overall, LPS is a well-studied model to understand the impact of inflammation on

neurodegenerative disease progression and pathology.

ii. Neuroinflammation in Alzheimer’s disease

As previously mentioned, microglia are the resident immune cell of the CNS and can mediate
neuroinflammatory responses. Inflammatory activation of microglia is a central mechanism in
neurodegenerative diseases such as Alzheimer’s disease (AD). Activated microglia have been shown to
influence AD progression and pathology through morphological and molecular changes. This section
discusses how microglia-mediated neuroinflammation contributes to AD pathophysiology.

Alzheimer’s disease prevalence and genetic landscape




AD is a devastating neurodegenerative disorder that causes progressive deterioration of cognitive
function and memory®®. AD affects 44 million individuals worldwide, including more than 6 million
Americans, and is ranked as the most common neurodegenerative disease and the sixth leading cause of
death in the United States®’. AD pathology is characterized by pathological protein aggregation of amyloid-
B (AP), in the form of extracellular plaques, and tau, in the form of intracellular neurofibrillary tangles*.
Some important risk factors for AD include age, genetics, and family history. After the age of 65, the risk
of AD doubles every 5 years®®. Even though age is the greatest known risk factor of AD, it is important to
note that AD and other dementias are not a normal part of aging®®. Genetic risk factors for AD include
dominantly inherited mutations in amyloid protein precursor (APP), presenilin-1 (PSENI), and presenilin-
2 (PSEN2), with PSENT1 being the most commonly involved gene®. Mutations in these genes are rare and
are a known cause of familial, early-onset Alzheimer’s disease (EOAD)®. The second most commonly
involved gene, APP, encodes the amyloid 3 precursor protein®. The amyloid 3 peptide is derived from the
proteolytic cleavage of the amyloid § precursor protein by the [3-secretase and the y-secretase complex®.
The aggregation of the amyloid [ peptide in the brain is a key event in AD pathogenesis. PSENI and PSEN2
encode the presenilins which are homologous transmembrane proteins and are components of the vy-
secretase complex®-¢'. Patients with PSEN mutations display a significant increase in the total level of the
more aggregation-prone form of the amyloid 3 peptide, AP42. Overall, EOAD mutations are associated
with increased aggregation of the amyloid 3 peptide in the brain®'.

The most common form of AD is late-onset AD (LOAD), or commonly referred to as sporadic AD,
which occurs in individuals 65 years of age and older®. Genetic risk factors contribute strongly to
developing LOAD. The most important genetic risk factor is APOE®. Carriage of the APOE €4 or €3 alleles
greatly increases the risk of developing dementia and AD%. Other susceptibility genes, such as TREM?2,
SORLI, and ABCA?7 also increase the risk of developing AD and if combined, may be useful in predicting
the hazard scores for AD development®. LOAD has similar clinical and pathological features to EOAD but

is characterized by decreased Af} clearance rather than an over production of A} peptide®. In addition,



there are several modifiable risk factors in AD that include diabetes mellitus, hypertension, obesity, alcohol
abuse, smoking, depression, and low physical activity®.

Due to the growing prevalence of AD globally, there is an urgent need for disease modifying
therapeutics to prevent cognitive decline and memory loss. Traditional therapeutic interventions involve
drugs to control or reduce cognitive and behavioral symptoms associated with AD%. Cholinesterase
inhibitors are commonly used to treat mild to moderate AD by preventing the breakdown of acetylcholine,
a neurotransmitter believed to be important for cognitive function®”. Another medication used are N-methyl-
D-aspartate (NMDA) antagonists which can help decrease symptoms associated with later stages of AD®".
Providers may also prescribe antidepressants or antipsychotics to treat behavioral symptoms associated
with AD%. These medications only aid in managing symptoms and improving quality of life but do not
modify disease course®.

However, more recently the FDA has granted accelerated approval for the immunotherapy
interventions Aducanumab and Lecanemab’™:7!. These interventions utilize amyloid-targeting monoclonal
antibodies to help reduce amyloid plaque burden™. In clinical studies performed in individuals with early
stage AD, the amyloid-targeting monoclonal antibodies slowed the rate of cognitive decline and reduced
the levels of AP in the brain”™. However, life threatening side effects including increased incidence of
amyloid-related imaging abnormalities (ARIA) with brain swelling or hemorrhaging have been linked with
Aducanumab’. Therefore, expert panels have made several recommendations to mitigate potential risk and
side effects, such as performing routine MRIs and to provide clear communication with patients to ensure
patient-centered informed decision-making. Currently both these medications are only provided under
specific situations while further clinical studies are being conducted™.

Alzheimer’s disease pathophysiology

Alois Alzheimer first described the key pathological lesions of AD in 19077, Those pathological
lesions are what we know today as amyloid plaques and neurofibrillary tangles. AD is a progressive
neurodegenerative disease initially characterized by memory and cognitive impairment which later affects

behavior, speech, movement, and balance™. AD is characterized by a long preclinical phase, where



individuals can be cognitively normal, but still present brain amyloid [ deposition and tau pathology’. The
model of AD pathophysiology assumes that each biomarker (Af, tau, neurodegeneration) follows a
nonlinear course marked by sequential change, whereby amyloid 3 deposition precedes tau-mediated
neuronal dysfunction and degeneration™ 7. The time between the preclinical phase and the onset of
cognitive decline can be between 15-20 years’ . In a longitudinal study conducted by Bateman et al. they
found that AP deposition, as measured by positron-emission tomography (PET), was detected 15 years
before expected symptom onset”’. Increased concentrations of tau protein in the CSF and an increase in
brain atrophy were detected 15 years before expected symptom onset’’. There are interindividual
differences that may determine when an individual transitions into the clinical phase of AD. These include
environmental factors, genetics, brain and cognitive reserve, and coexisting pathologies”. Diagnosis of AD
in the preclinical phase is dependent on cerebrospinal fluid and PET imaging state biomarkers that are
grouped by amyloid-f3, abnormal tau protein, or neurodegeneration®. Stage biomarkers can determine the
severity of the AD which includes tau-PET and neurodegeneration biomarkers*.

Pathological diagnosis of AD can be ascertained at the macroscopic and microscopic level. At the
macroscopic level, AD pathology is characterized as cortical brain atrophy accompanied by enlargement of
the frontal and temporal horns of the lateral ventricles’. Another observation is the loss of neuromelanin
pigmentation in the locus coeruleus’™. At the microscopic level, features of AD include the presence of
extracellular AP and intracellular neurofibrillary tangles (NFTs), which are required for diagnosis. As
previously mentioned, AP plaques are formed by the extracellular accumulation of A340 and AB42 peptides
that result from the abnormal processing of APP by the 3- and y-secretases, and an imbalance in production
and clearance of A%, Intraneuronal NFTs result from abnormal phosphorylation (hyperphosphorylation)
of tau®'. The normal function of tau is to stabilize microtubules; however, abnormal phosphorylation of tau
or the microtubule-associated protein tau (Mapt) degrades microtubules and facilitates tau aggregation into
paired helical filaments, which are both thought to cause neuronal toxicity®'.

The formation and spread of extracellular deposits of amyloid protein and intraneuronal NFTs have

been characterized by the Braak staging method, which was defined by German anatomist Heiko Braak in
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19918283 Braak staging focuses on the location of AP plaques and NFTs. In stage A, AP plaques develop
in the basal frontal and temporal lobes®’. From there, they spread into the association cortex and the
hippocampus (stage B). In stage C, AP plaques infiltrate all cortical areas. Along with staging A} plaque
formation, Braak also staged intraneuronal NFT's development®. In earlier stages (stages I-II), intraneuronal
lesions develop initially in the transentorhinal region of the brain. Then in stages III and IV, NFTs are now
present in the limbic regions, which includes the hippocampus. The appearance of clinical symptoms
initiates in stages III and IV. In stages V and VI, NFTs are extensive in the neocortical regions of the brain
and AD is fully developed®.

Inflammation in aging contributes to vulnerability in prodromal Alzheimer’s disease

The term “imflamm-aging” was coined by Francheschi in the early 2000s*. This phenomenon is
described as chronic upregulation of pro-inflammatory responses that is accompanied by aging and
provoked by continuous antigenic load and stressors®. This pro-inflammatory response is marked by
increased levels of pro-inflammatory cytokines and other inflammatory molecules®-*¢. Inflamm-aging is
characterized by an age-associated reduction of T-cells resulting in a decline in adaptive immunity®’.
Another feature of inflamm-aging is an increased number of antigen experienced cells®®. The upregulation
of pro-inflammatory cytokines and reduction of the adaptive immune response are believed to exacerbate
AD pathology®. For example, studies have shown that IFN-y and pro-inflammatory cytokines released by
microglia trigger the production and toxicity of AP peptide, suggesting that inflamm-aging may contribute
to prodromal AD*: °!. Given this contribution, several observational studies have been conducted
investigating the potential of anti-inflammatory drugs in lessening the risk of AD%. The results of these
studies suggest that long term use of non-steroidal anti-inflammatory drugs (NSAIDs) may provide some
protection against AD®>. A proposed mechanism of how this may occur is by the reduction of pro-
inflammatory prostanoid synthesis, since NSAIDs inhibit cyclooxygenase activity which converts
arachidonic acid to prostaglandins®: **. However, some studies have proposed that NSAID-mediated
reduced risk of AD may be mediated through disruptions in the proteolytic processing of APP*.

Genome Wide Association Studies implicate microglia in late onset Alzheimer’s disease
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Genome wide association studies (GWAS) are commonly used to identify genomic variants (single
nucleotide polymorphisms or SNPs) in tens to thousands of individuals that are associated with a risk for a
gene or a particular trait”>. GWAS can also identify regions of the genome (locus) that are associated with
a trait®. To validate GWAS results and determine the effect of a variant on gene expression and function,
it is important to follow up GWAS with computational fine mapping and functional in vitro and vivo
studies”. These functional genomic approaches also assist in determining their contribution to disease.
GWAS and gene expression network analysis have helped uncover gene networks and genetic variants that
are associated with late onset AD (LOAD).

GWAS have revealed that a large proportion of genes that are present within AD-associated risk
loci, are expressed preferentially in microglia compared to other brain cell types®. These AD risk genes
that are highly expressed in microglia include: CRI, the MS4As, TREM?2, ABCA7, CD33, and INPP5D.
Complement receptor 1 (CR1),encoded by the CRI gene, plays a major role in mediating microglial activity
through the complement cascade which has been shown to be activated by AB®’. The membrane-spanning
4-domain subfamily A, MS4As, have been observed at high levels in AD brains with advanced pathology®®
. Rare variants in ABCA7 and TREM?2 have also been implicated in LOAD®. ATP-binding cassette
transporter A7 (ABCAT7), encoded by the ABCA7 gene, has been shown to be important for the clearance
of AP aggregates via microglia phagocytosis®®. ABCA7 is also known to transfer phospholipids to
apolipoproteins, such APOE, suggesting another route whereby mutations in this gene can affect AD'®.
Variants in ABCA7 have been associated with the risk of LOAD in African American populations!®'. On
the other hand, TREM2 is a transmembrane glycoprotein and surface receptor on microglia'®>. TREM?2
activation stimulates microglia phagocytosis and mobilization, whereas absence of TREM?2 in an AD
mouse models (Trem2~~ mice crossed with SXFAD transgenic mice mice), causes defective AP plaque
clearance due to reduced microglial activity'®*!'%. Unlike the other genes previously mentioned, TREM?2 is
exclusively expressed in microglia and not in other immune cells, further implicating microglia as key
player in LOAD®. CD33, encoded by the gene CD33, is a myeloid cell receptor that has also been

implicated in increased AP plaque burden'®. Overall, GWAS and gene expression network analyses have
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helped to uncover the involvement of microglia in AD pathogenesis, with the majority of the genes
correlated with disrupted phagocytic activity and clearance of Af} plaques.

Transcriptomic diversity of microglia in murine models of Alzheimer’s disease and human

Alzheimer’s disease

As previously alluded to, microglia are highly dynamic cells that can change their morphology and
phenotype in response to changes in their environment'’. More specifically, activated microglia have been
shown to influence AD progression and pathology. To understand the transcriptomic heterogeneity of
microglia at different stages of AD, Keren-Shaul et al. conducted a comprehensive single-cell RNA
sequencing analysis of CNS cells in neurodegenerative conditions!%. Using a mouse model of AD that
expresses five human familial AD gene mutations (SXFAD), where AD stages are accelerated,
demonstrating high levels of aggregated A initiating at 1.5 months of age and AP plaque deposition at 2—
3 months of age, they were able to understand microglia dynamics during AD progression. In these studies,
they uncovered a unique subset of microglia known as “disease associated microglia” or DAM, that are
conserved in mice and human'® (Figure 1.1). DAM express typical microglia markers such as Iba, Cst3,
and Hexb; however, they display a reduction in the gene expression levels of several microglia
“homeostatic” genes including, P2ry12/P2ryl3, Cx3crl, Cd33, and Tmem119". This is contrasted by an
upregulation of genes involved in lysosomal, phagocytic, and lipid metabolism pathways, such as Apoe,
Ctsd, Lpl, Tyrobp, and Trem2'%- 197, Furthermore, they found that DAM associate with A} plaques in human
AD brains!®.

Interestingly, single-cell RNA-sequencing of DAM from whole brains of Trem2**5XFAD and
Trem27-5XFAD mice along with age matched controls, demonstrated that conversion of homeostatic
microglia to DAM is a two-step process involving the microglia-specific immunoreceptor, TREM?2!%6- 108,
Transition from homeostatic microglia to stage 1 DAM is TREM2 independent. Stage 1 DAM signaling
initiates the downregulation of homeostatic microglia genes and is associated with the upregulation of genes
associated with AD progression, such as Apoe and B2m, and the TREM2 adaptor Tyrobp. The transition

from stage 1 DAM to stage 2 DAM requires TREM?2 signaling and involves upregulation of lysosomal,
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phagocytic, and lipid metabolism pathways (such as Lpl, Cst7, and Ax/)'°°. This two-step activation
mechanism of TREM2 signaling may play a role in sustaining microglia activation'®®. Further studies that
applied weighted gene co-expression analysis (WGCNA) to existing microglial transcriptomic datasets
from neurodegenerative disease mouse studies, demonstrated that DAM can be resolved into two profiles:

an anti-inflammatory/phagocytic profile and a pro-inflammatory profile'®

. Pro-inflammatory DAM are
characterized by higher expression of CD44, CD45 and Kv1.3 channels and are regulated by NFkB, Stat1
and RelA pathways'®. On the other hand, anti-inflammatory DAM are characterized by CXCR4 expression
and are regulated by LXRo/B. The AD-associated risk gene Binl, was highly represented within the
homeostatic module, suggesting its role in regulating homeostatic microglial functions which may be
impacted in early AD'”. Outside of AD-associated pathology, there have been numerous studies that
support the prevalence of DAM across various models of CNS injury, inflammation, and aging”. Similar
to mouse models, TREM2 loss-of-function mutations in humans weakens microglia activation''.

To investigate the extent of microglia heterogeneity in microglia, Olah et al. captured individual
transcriptomes from over 16,000 microglia from human AD and nonpathological cases. In this study, they
identified 9 human clusters of microglia'''. They found that several of these clusters were enriched with
genes involved in neurodegenerative disease. However only one cluster (cluster 7) contained genes that
were significantly altered with pathologic diagnosis of AD in the human dorsolateral prefrontal cortex and
overlapped with the mouse DAM expression profile'''. The discordance between the transcriptome of
human and rodent DAM are likely driven by a multitude of factors, including biological and experimental
parameters, and further emphasize the need to perform transcriptomic analyses on both murine and human
samples. Overall, data from single cell RNA sequencing, human GWAS, and WGCNAs provide a
framework of microglial activation in neurodegeneration that can be used to guide future therapeutic
studies.

Microglia signaling in Alzheimer’s disease
There are several signaling cascades which enable microglia to sense and respond to their

extracellular environment. As mentioned in the section above, TREM2 signaling is important for complete
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transformation to DAM. Moreover, TREM?2 signaling is used to detect environmental cues such as ApoE,
AP, phospholipids, and apoptotic cells!’>. TREM2 belongs to a family of receptors referred to as the
triggering receptors expressed on myeloid cells (TREM) and acts predominately through its intracellular
adaptor DAP12 (DNAX-activation protein 12, also known as TYROBP)'*. TREM2 intracellular signaling
is initiated when the immunoreceptor tyrosine-based activation motif (ITAM) region of DAP12 recruits the
tyrosine protein kinase, Syk''* ''>. The recruitment of Syk activates downstream signaling components
including Akt, mitogen-activated protein kinases (MAPK)!">. Mice lacking SYK have exacerbated AP
neuropathology and worse behavioral deficits''®. TREM2 also associates with the adaptor DAP-10 to
promote the recruitment of phosphatidylinositol 3-kinase (PI3K)''7. TREM2 has been shown to increase
the rate of phagocytosis and direct microglia to injury sites''?. TREM2 knockout mice have decreased levels
of activated microglia and less internalization of A} by microglia''®.

As previously mentioned, TREM2 signaling can activate MAPK cascades. MAPK cascades,
including the extracellular signal-regulated kinases1 and 2 pathway (ERK1/2) regulate gene transcription
to promote cell proliferation, differentiation, migration, and immune function!'> ", Studies have shown
that the MAPK/ERK pathway is a central mechanism of AD pathogenesis. For example, in the SXFAD
mouse model of AD pathology, microglia are characterized by elevated ERK signaling''®- '*°. However,
ERK inhibition reduces microglial activation and pro-inflammatory response'®. Furthermore, in a mouse
model of tauopathy, deficiency of TREM2 worsens tau pathology'*'.

Another key microglial signaling pathway is the complement cascade. The complement cascade is a
critical effector mechanism of the innate immune system and comprises over 40 proteins®’. Some of the
earlier components of the complement cascade are shown to be involved in synapse elimination by
microglia during CNS development®. Moreover, the complement cascade contributes to the rapid clearance
of pathogens and dead or dying cells. However, the complement cascade has also been implicated in
neurodegenerative disease?’. For example, stimulus of the C1 complex by pathological proteins such as AP

and tau, can lead to a series of activation and cleavage steps in the complement cascade resulting in synaptic
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loss or neuronal damage?®” '*>. Taken together, microglia employ several complex signaling cascades in

response to changes in their environment.
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Figure 1.1: Microglial Activation. Microglia convert from a homeostatic state to a disease associated state
(DAM) in response to injury, disease, or illness. Full conversion of homeostatic microglia to DAM requires
Trem?2 signaling. DAM can play dual roles in Alzheimer’s disease (AD) pathogenesis, involving the
production and release of pro-inflammatory factors including cytokines and toxic factors as well as
neuroprotective, anti-inflammatory functions. This figure was created with BioRender.com.

iii. Extracellular vesicles in neuroinflammation and neurodegeneration

As previously mentioned, the cell surface of microglia is equipped with several transporters, channels, and
receptors for neurotransmitters, cytokines, and chemokines, allowing microglia to constantly survey their
environment and initiate immune responses'?. In the context of neurodegeneration, chronically activated

microglia release inflammatory cytokines, such as tumor necrosis factor (TNF), IL-6, and reactive oxygen
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species'*

. Furthermore, comprehensive single-cell RNA sequencing analyses have revealed novel
microglia types associated with neurodegenerative diseases, also referred to as disease associated microglia
(DAM)'%. One indirect mechanism of microglia-mediated neuroinflammation may involve extracellular
vesicle (EV) release, such that the molecular cargo transported by EVs can have functional effects in
recipient cells by facilitating intercellular communication and influencing downstream signaling events.
However, much is yet to be discovered to fully understand the role of microglia-derived EVs in

neuroinflammation and neurodegeneration.

The discovery of extracellular vesicles

In the early 20" century, numerous studies came out by Erwin Chargaff and Randolph West, describing
the clotting properties of platelet free-plasma, which contradicted previous work that deemed platelets
necessary for blood coagulation'*-?°, While experimenting with centrifugation methods to separate clotting
factors from cells, they discovered that human plasma contains a coagulation agent that sediments at high-
speed centrifugation. This was later described by Chargaff and West as a “particulate fraction’ that includes
a ‘thrombin agent’'*- %, Following this work, Hougie and O’Brien reported that platelet-rich plasma and
blood serum, respectively, also contain a common coagulation agent in particulate form that sediments
during high speed centrifugation'*-'?. It would be two more decades before this particulate material would
be described as the extracellular vesicle fraction that we commonly know today. In the year 1967, Peter
Wolf published an article titled “The Nature and Significance of Platelet Products in Human Plasma”, where
he not only presented evidence supporting the work of Chargaff and West, but also introduced the term
‘platelet dust’'?. The term ‘platelet dust” was used to describe the subcellular coagulant material that he
observed in both plasma and serum, and originated from platelets. In this article, Wolf demonstrated that
‘platelet dust’ was in fact sedimented by ultracentrifugation and provided electron microscopic images of
these particles'?. Three years later, Neville Crawford furthered the work of Wolf, by publishing electron
microscopy images of platelet-derived microparticles from human and animal blood'*. He also discovered

that these microparticles possess adenosine triphosphate (ATP), contractile proteins, and lipids'*. These
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groundbreaking experiments with platelets were the first to provide evidence of subcellular microparticles
in plasma and blood.

Over the next several decades, scientists continued to use electron microscopy to describe these
subcellular, sub-micron sized particles. H. Clarke Anderson and Ermanno Bonucci described these particles
as small membrane-bound particles of different sizes and discovered them in the matrix of cartilage'?!-'32.
However, Nunez et al, was the first to introduce the presence of a multivesicular body (MVB) near the
plasma membrane of a cell, hinting at a subtype of extracellular vesicles that we now refer to as exosomes
that are formed by the MVB fusing with the plasma membrane'**. Simultaneously, research in the virus and

cancer fields also discovered these nano-sized particles in the bodily fluids of both healthy and unhealthy

patients'3+137,

Although the previously mentioned studies provided evidence for the potential existence of
extracellular vesicles (EVs) in biofluids, it was not until the 1980s when the biology and characterization
of EVs was interrogated. In 1983, hallmark work out of the laboratories of Phillip Stahl and R.M. Johnstone,
described the formation of vesicles using a reticulocyte maturation model. Johnstone discovered that sheep
reticulocytes release vesicles that are characteristic of the reticulocyte plasma membrane'**-'*°. Furthermore,
it was suggested that the release of these vesicles may be by a mechanism of shedding cellular
components'*®. Using the same model, Stahl’s group investigated membrane trafficking and receptor-
mediated endocytosis, reporting that the transferrin receptor was lost via the release of vesicles during
reticulocyte maturation'*’. This seminal work led to the discovery of exosomes. For the next two decades,
extracellular vesicle research expanded rapidly from beginning to characterize the proteomic cargo of
EVs!'%: 141 to understanding their functional role in disease and biological processes'® 132142143 Tmportantly,
Ratajczak et al.'**, Skog et al.!'¥, and Valadi et al.!*6, were the first to demonstrate that EVs can transfer
nucleic acids to recipient cells as a means of intercellular communication and genetic exchange. As EV
research expanded in the early 21* century, conversations regarding controversies in the field and lack of

reproducibility in methods brought about the formation of the International Society for Extracellular
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Vesicles (ISEV) in 2011'¥. The primary goal of the ISEV was to organize the field and establish guidelines.
Despite this exponential growth in the EV community, there is still much to investigate on EV biology and

their significance in disease pathogenesis and therapeutics.

Extracellular vesicles biogenesis, composition, and secretion

EVs are lipid bound vesicles that are released by cells into the extracellular space. EVs can be found
in a variety of biofluids such as blood, cerebrospinal fluid, urine, breast milk, and saliva!®®. EVs are
classified into three subtypes: microvesicles, exosomes, and apoptotic bodies, and differ based on their
biogenesis, size, release mechanism, cargo, and function'¥®. Microvesicles are 100 nanometers (nm) — 1
micrometer (um) in size and bud directly from the plasma membrane of the cell'**. Exosomes are 50 — 150
nm in size and come from an endocytic origin in which a multivesicular body (MVB), which contains
intraluminal vesicles (ILVs), fuses to the plasma membrane, releasing the small vesicles into the
extracellular space'® (Figure 1.2). Vesicular apoptotic bodies are between 50 nm —2 um in size and are

140

released by dying cells'®. Different EV subtypes can share similar size and density making differentiation
of EV subclasses highly challenging'!. Since EV isolation methods cannot ensure specific enrichment of
only one EV subpopulation without contamination of another, the EV field collectively refers to all vesicles
released by cells as EVs"!. EVs also share comparable size and density to lipoproteins (high-density
lipoprotein (HDL) and low-density lipoprotein (LDL))'*>. However, EV membranes contain a lipid bilayer
unlike single layered lipoproteins'>.

In the process of exosome biogenesis, internalized cargo is sorted into early endosomes and then
later into MVBs, or late endosomes, that contain ILVs which sequester cargo before being secreted as

exosomes"*

. Cytosolic and microtubule proteins assist in transporting MVBs to the plasma membrane,
while ESCRT machinery, SNARE proteins, and Rab GTPases, aid in ILV secretion!** 1>, Endosomal
sorting complexes required for transport (ESCRT) machinery is a multi-subunit system in the cytosol and

is essential for vesicle budding and cargo sorting'>>. ESCRT machinery is dependent on ubiquitination with

ubiquitin binding ESCRT proteins like STAM1 and TSGI101 all having a critical role in exosome
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biogenesis'*®. The loss of ESCRT subunits has been shown to reduce exosome secretion in several cell
types'?’. In addition to ESCRT machinery, complex lipids such as ceramides contribute to exosome
biogenesis'*®. Ceramides contribute to the inward budding process of the plasma membrane to form ILVs!*.

Sphingomyelinase is the enzyme that breaks down sphingolipid into ceramide'**

. Studies using a
sphingomyelinase inhibitor, such as GW4869, reveal a reduction in exosome biogenesis and release'”.
ESCRT-dependent and ESCRT-independent ceramide mediated exosome biogenesis is cell type dependent,
such that disruption of one of these pathways may not affect exosome production by a cell'**.

Apoptotic bodies are composed of DNA fragments, cytosol portions, and degraded proteins.
Exosomes and microvesicles are composed of lipids, nucleic acids (messenger RNA, microRNA, non-
coding RNA, DNA), and proteins. Exosomes are also comprised of multiple lipids such as cholesterol,
ceramides, sphingomyelin, phosphatidylinostol, phosphatidylserine, phosphatidylcholine,
phosphatidylethanolamine, and gangliosides, which contribute to exosome rigidity, structure, and
secretion'?*. Typical constituent proteins of exosomes include transmembrane proteins such as tetraspanins
(CD9, CD63, and CD81), antigen presenting molecules (MHC Class I and MHC Class II), glycoproteins
and adhesion molecules, heat shock proteins (Hsp), cytoskeletal proteins, ESCRT components (TSG-101
and Alix), membrane transport, fusion proteins, growth factors and cytokines'**'® (Figure 1.2). Transfer
of these proteins can drive phenotypic and functional changes in recipient cells. RNA species that are
enriched in EVs are predominately shorter in size (< 200 nucleotides), such as microRNAs (miRNAs) and
non-coding RNAs!** ! However, messenger RNA (mRNA) is also enriched in EVs'>*. Interestingly, a few
studies have shown that mRNAs encapsulated in EVs can be functional in recipient cells by being translated
into proteins!4®- 162. 163 MiRNAs transported by EVs may regulate gene expression in recipient cells by
regulating the translation of target mRNAs'®" 1%, The RNA species found in EVs originate in the nucleus

of the donor cell and following enzymatic processing, they are then loaded into MVBs via ESCRT-

dependent or ESCRT-independent pathways, as discussed above'®!.
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The cargo released by EVs can be functional and facilitate cell to cell communication and
downstream signaling events in a recipient cell>*. More importantly, EV mediated release of mRNAs and
microRNAs can be a mechanism of genetic exchange between cells'#.

Extracellular vesicle transport and uptake

Targeting of EVs to recipient cells is primarily mediated by the surface composition of the vesicle.
For example, EV transmembrane proteins such as tetraspanins, can strongly influence target cell binding

166

through tetraspanin-integrin interaction'®. Although uptake of EVs can be non-specific'®, studies have

shown that recipient cells of the same origin as donor cells, can identify cellular signatures that are

conserved in the secreted EVs, thus promoting their uptake'®’

. For example, cancer cells can target other
cancer cells of the same origin through the presence of mannose- and sialic acid- enriched glycoproteins on
the EV surface!®®. In addition, the presence of certain receptors on the surface of EVs, such as CD47, can
contribute to evasion from the host immune cells’® '°. This mechanism has been employed in the
development of anticancer therapies by engineering EVs to display “eat me” or “don’t eat me” surface
receptors'®.

Once released into the extracellular space, EVs can interact with the recipient cell via different
mechanisms, including phagocytosis, endocytosis, direct interaction with cell surface molecules, or fusion
with the plasma membrane'*. As previously mentioned, transmembrane ligands on the surface of the EV
can directly bind with surface receptors on the recipient cell inducing a downstream signaling cascade'**.
This is commonly seen with dendritic cell derived EVs, where they can activate T lymphocytes and
stimulate T cell proliferation with the expression of MHC class molecules'™ 7. EVs can also fuse with the
plasma membrane and release their contents into the cytosol of the recipient cell'>*. This process is likely
mediated by SNAREs and Rab proteins that assist in mediating the fusion of the lipid bilayers and is
typically adopted by tumor cells'’* ">, The last mechanism of interaction and most common, is
internalization which can occur through endocytosis or phagocytosis. EVs can be internalized by clathrin-
mediated endocytosis, lipid-raft mediated endocytosis, caveolin-mediated endocytosis, phagocytosis, or

micropinocytosis'#- >, Clathrin-mediated endocytosis involves the uptake of transmembrane receptors and
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transporters and occurs via the step wise assembly of clathrin-coated vesicles'’*. Clathrin-mediated
endocytosis is a common EV uptake mechanism and occurs in most cell types including macrophages,
epithelial cells, and neural cells'’*. Lipid-raft mediated endocytosis is another common mechanism of EV
uptake and involves complex lipids including cholesterol, sphingolipids, and glycosylphosphatidylinositol
(GPI)-anchored proteins'’>. Caveolin-mediated endocytosis is similar to clathrin-mediated endocytosis such
that they both involve vesicle scission following plasma membrane invagination'’®. However, caveolin-
mediated endocytosis involves the integral membrane protein caveolin, which creates a small invagination
in the plasma membrane known as caveolae'’®. Phagocytosis, a mechanism of EV uptake commonly used
by immune cells, is where EVs are engulfed and contained by phagosomes!”’. Phagosome closure is
dependent on the actin cytoskeleton and the phosphatidylinositol-3-kinase (PI3K) and phospholipase C
(PLC) enzymes'”’. Lastly, micropinocytosis involves the use of lamellipodia to promote plasma membrane
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invagination that will get pinched off into a macropinosome'”®. Once internalized by the recipient cell, EV

154 The contents of

content is addressed into an early endosome, then MVB and can undergo multiple fates
the EV can be released into the nucleus or endoplasmic reticulum (ER), leak into the cytosol, or get targeted
to lysosomes for degradation'>*. The ER would be a desirable route for EVs containing mRNAs and

miRNAs to facilitate translation and regulate gene expression.

Methods of isolating extracellular vesicles

There are numerous methods to isolate EVs including separation by size, charge, and affinity. As
mentioned before, overlap in size and density of extracellular vesicles causes challenges in isolating specific
subpopulations of EVs. However, additional steps can be added to improve isolation and characterization
of EV samples. The most common isolation techniques include ultracentrifugation, size-exclusion
chromatography, ultrafiltration, precipitation, and immunoaffinity capture'®. Ultracentrifugation was the
first method used to isolate EVs and is the most commonly used method. Ultracentrifugation involves
separating EVs based on size and density with the use of a gradient where larger and more dense particles
sediment out first'”. Although this method can facilitate large sample volumes, purity and recovery of EVs

are low due to high-speed centrifugation'®. Size exclusion chromatography, the method the author of this
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thesis used to isolate EVs (Figure 1.3), separates EVs based on their size. This method involves a column
made of resin that is packed with a porous stationary phase in which small particles can penetrate'®'. The
resin slows down the movement of the smaller particles through the tube, causing them to elute later in the
gradient, and allowing larger particles to elute first. These resins come in different sizes (35nm and 75nm)
to enable optimal isolation of EV subpopulations'®?. Some advantages of size exclusion chromatography
include preservation of vesicle purity and quality, but this method is not easily scalable compared to
ultracentrifugation'®!- 82, However, new columns being developed by iZON science may enable larger scale
experiments with higher precision and isolation speed'®?. The utilization of size exclusion chromatography
has rapidly increased over the past decade'*. Another size-based technique is ultrafiltration which separates
EVs based on their molecular weight. This technique filters samples using a molecular weight cut off
(MWCO) where particles larger than the MWCO are retained by the filter and smaller particles are passed
through'®- 83 Ultrafiltration can be combined with size exclusion chromatography to optimize EV yield
and purity'> 83, However, one downside to this method is loss of EVs in the filter unit due to clogging or
deformation of EVs caused by harsh centrifugation'®. Immunoaffinity capture based techniques rely on the
use of an antibody that targets EVs based on the expression of an antigen on the surface of the EV'%.
Common target antigens are tetraspanins (CD9, CD63, or CD81) which are highly enriched in EVs. This
method has the potential to isolate exosomes from other EV subpopulations; however, this would require
using a surface protein marker that is exclusive to exosomes only'®’. This method is executed using a
biotinylated antibody against the antigen of interest that can then attach to the surface of streptavidin coated
magnetic beads'®'®3, Immunoaffinity capture based isolation methods result in higher EV purity compared
to other methods, but lower EV yield'®. Lastly, another method of EV isolation is precipitation which is
typically performed by introducing polyethylene glycol (PEG) into the sample causing EVs to precipitate.
To avoid contamination of other precipitated materials, this method needs to be combined with other

isolation techniques such as filtration or ultracentrifugation'®.
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The role of extracellular vesicles in neurodegenerative disease

In the past decade, research has identified a role for EVs in disease processes such as inflammation
and cell death!®. Neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, and
amyotrophic lateral sclerosis, are associated with pathological protein misfolding and deposition. A
common feature among these neurodegenerative diseases is the prion-like spread of pathogenic proteins'®.
EVs have been shown to carry many different proteins associated with neurodegenerative disease, including
a-synuclein in Parkinson's disease and tau and A} in AD'®18” and may be implicated in intercellular spread
of these proteins'®. In the context of AD, in vitro studies have shown that EVs can contain the neurotoxic
forms of AP or tau and facilitate intercellular propagation of these pathogenic proteins!®¢- ¥, In vivo studies
using the 5XFAD mouse model revealed that exosome reduction induced by inhibition of neutral
sphingomyelinase 2 (nSMase2), contributes to lower amyloid plaque load'®.

To further investigate the role of EVs in neurodegenerative disease, it is critical to isolate EVs from
different CNS cell types including neurons, astrocytes, microglia, and oligodendrocytes. This can be
achieved by the use of immortalized or primary cell cultures and in-vivo systems. For example, Yuyama et
al., reported that infusion of neuronal exosomes into the brains of APP transgenic mice decreased amyloid
depositions by sequestering AB!*. Additionally, collection of EVs from cerebrospinal fluid (CSF) or blood
can be a suitable source of biomarkers for neurodegenerative disease diagnosis before clinical onset'*'.
Clinical studies have shown that exosomes derived from the blood and CSF of AD patients contained
significantly higher levels of total tau (pT181-tau and pS396-tau) and Af} than case controls'*! 2,

EVs have also been shown to mediate inflammation which is a common pathological hallmark of
most neurodegenerative diseases. EVs can transfer inflammatory molecules to recipient cells and initiate
an inflammatory cascade'”. In addition, EVs can transfer dysregulated miRNAs to recipient cells thus
suppressing expression of genes that may mediate inflammatory responses'®*. For example, Alexander et
al. reported that miR-155 and miR-146a released from dendritic cells and taken up by recipient dendritic

cells can promote or inhibit endotoxin-induced inflammation, respectively'**. Overall, these studies suggest
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that EVs may be involved in the pathogenesis of neurodegenerative diseases and may provide novel
therapeutic targets for the treatment of neurodegenerative diseases.

Microglia-derived extracellular vesicles

*This section includes a self-written section of a coauthored review publication that was published in the

journal Proteomics on April 15",2023. DOI https://doi.org/10.1002/pmic.202200183.

Specific co-author contribution: writing, reviewing, and editing. Full citation below.

Sunna S, Bowen CA, Ramelow CC, Santiago JV, Kumar P, Rangaraju S. Advances in proteomic
phenotyping of microglia in neurodegeneration. Proteomics. 2023:¢2200183. Epub 20230415. doi:
10.1002/pmic.202200183. PubMed PMID: 37060300.

Accumulating studies have demonstrated that microglia-derived EVs can serve as key mediators in
pathologies associated with neurodegenerative diseases. Proteomic analysis of exosomes derived from the
N9 microglial cell line identified the composition of microglia-derived exosomes from cell culture
medium'”. Several of the proteins identified in mass spectrometry experiments were previously identified
in dendritic-cell (DC) derived exosomes, such as cytoskeletal proteins, heat shock proteins, integrins, and
tetraspanin proteins. Of particular interest, was the aminopeptidase N or CD13 found in microglial
exosomal proteins but not in exosomes derived from B cells and DC cells. Functional assays looking at
aminopeptidase activity revealed that microglia exosomal CD13 is active in neuropeptide degradation.

Yang et al. characterized microglial EV protein cargo following LPS and tumor necrosis factor
(TNF) inhibitor treatment'®. Following LPS activation of BV2 microglial cell line, EVs were found to have
significantly elevated levels of pro-inflammatory cytokines TNF and interleukin (IL)-10, seen by ELISA.
Furthermore, inhibition of the TNF signaling pathway resulted in a reduction of EVs released from LPS
treated microglia. Mass spectrometry experiments identified 49 unique proteins in EVs derived from LPS
treated microglia compared to control, with most of the proteins associated with transcription and
translation. From this study, it can be inferred that microglia respond to an LPS challenge by releasing EVs

with unique cargoes that may be implicated inflammatory mechanisms.
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The data from both these studies suggest that microglia-derived EVs have distinct proteomic
profiles which may play a role in inflammatory responses in neurodegenerative diseases. Asai et al. found
that microglia-derived exosomes can release and spread pathologic tau between neurons. Furthermore,
depletion of microglia and inhibition of the synthesis of exosomes in a tau mouse model of AD significantly
suppressed pathologic tau propagation'®. This study indicates the role microglia-derived exosomes may
have in the pathological spread of tau. Verderio et al. found that microvesicles and exosomes derived from
LPS-preactivated cultured microglia cells, induced a dose-dependent activation resting of astrocytes and
microglia'’. The findings of this study suggest that the cargo from microvesicles and exosomes can transfer
an inflammatory signal to recipient cells, thus exacerbating neuroinflammatory conditions.

However, the specific cargo within microglia-derived EVs that lead to the perpetuation of AD
pathology remain unknown, thus highlighting the need of omics studies on EVs. Proteomic and
transcriptomic studies of microglia-derived EVs could also yield unique markers of homeostatic microglial
and disease associated microglia (DAM)-derived EVs to guide exosome isolation from tissues including

biofluids as disease biomarkers!'*3.
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Figure 1.2. Exosome biogenesis and content. Exosomes, or small extracellular vesicles, come from an
endosomal origin where multivesicular bodies (MVBs), or late endosomes, containing intraluminal vesicles
(ILVs) are either targeted to the plasma membrane to be released as exosomes into the extracellular space
or are targeted to the lysosome for degradation. Exosomes contain various cargo including nucleic acids,
lipids, metabolites, and proteins. This figure was created with BioRender.com.
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Figure 1.3. Size exclusion chromatography EV isolation strategy used to isolate EVs from cell culture
medium. Serum-free cell culture media is collected and spun numerous times to remove cellular debris.
The supernatant is then concentrated using an amicon filter (MWCO = 100k). The concentrated supernatant
is then loaded into the column of the Izon Automatic Fraction Collector and fractionated based on size. The
fractions containing EVs are then concentrated further using an amicon filter. EV size, concentration, and
purity can be assessed using transmission electron microscopy, nano tracking analysis, and western blot.
This figure was created with BioRender.com.

iv. Proteomic interrogation of glia

Bulk brain proteomic studies

Interrogation of the molecular profile of microglia has predominately been done using
transcriptomic analyses. However, it is important to note that poor concordance is observed between the
transcriptome and the proteome, especially in the CNS'. Proteins are the biological effectors of the cell
and can undergo post translation modifications (PTMs) that may regulate protein function and location, but

cannot be captured by transcriptomics''

. These challenges necessitate complimentary transcriptomic and
proteomic analyses of bulk brain tissue to further understand disease processes and cellular contributions!!*:
20 Network proteomic analysis of bulk brain tissue can be achieved using quantitative mass spectrometry

(MS) based approaches such as label free quantitation (LFQ) or isobaric labeling?!

. These techniques can
be used for protein identification and quantification of human postmortem brain tissues, including those
from control, asymptomatic AD (asymAD), and AD cases*'. These MS based approaches are combined
with bioinformatics approaches, such as WGCNA, to identify modules of co-expressed proteins and
correlate module-level abundance profiles to various phenotypic traits of disease 2*2.

Seyfried et al. utilized these multi-network approaches across 129 human cortical tissue samples to
identify protein level changes associated with asymAD and symptomatic AD*”. Using label-free ‘single
shot’ proteomics and WGCNA, they identified 16 modules of co-expressed proteins, 10 of which correlated
with AD phenotypes. Furthermore, they observed that AD genetic risk loci were concentrated in glial-
related modules in the proteome and transcriptome consistent with prior studies implicating their role in

AD?3. These approaches have also been used in large scale studies with over 2,000 brains and nearly 400

cerebrospinal fluid samples which were derived from asymAD or AD cases*™. In this study they identified
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a module of proteins (M4) that was linked to sugar metabolism and significantly associated with AD
pathology and cognitive impairment. Upon further investigation, they found that this module contained
several AD associated risk factors including MSN, PLEC, ITGB1, PRDX1, and CD44%4, Moreover,
glycolytic proteins including LDHB, PKM, and GAPDH, proteins associated with glycolytic flux including
PRDX1, DDAH and PARK?7, and glial proteins including CASP1, SPP1, and MAPK1, were also highly
represented in this module®®. They also found that both astrocytic and microglial markers present in this
module are generally considered to be protective or associated with anti-inflammatory DAM!%-24_ On the
other hand, another module (M3) that was decreased in AD, was enriched in mitochondrial proteins,
including electron transport activity (ATP1A3) and NADH dehydrogenase activity (NDUFA9 and
NDUFA10)**. The observed decrease in mitochondrial proteins and increase in glycolytic proteins suggest
that metabolic reprogramming in glial cells, known as the Walburg effect, is associated with AD
pathology®** 2%, This study highlights the importance of investigating microglia as a key driver in AD
pathogenesis.

These network-based proteomic approaches have helped shape our understanding of protein
specific pathways involved in the initiation and progress of AD. However, proteomic analysis of bulk
human brain tissue has its limitations. One limitation is the inter- and intra-regional variability found
throughout brain tissue, which can result in poorly representative results, especially in the context of disease
pathology?*. This challenge can be overcome with comparison to large scale system-based proteomics from
a variety of brain regions and cohorts?”’. Another limitation of bulk brain proteomic studies is that they do
not directly resolve cell-type specific biology. Instead, this approach indirectly infers cellular mechanisms
based on cell-type specific markers. However, these cell-type specific markers may not fully reflect
phenotypic shifts that cells undergo during disease processes™.

Isolation-based proteomic strategy limitations

Isolation-based proteomic methods may resolve limitations of bulk brain proteomics studies by
capturing the individual proteomes of cell populations relative to a disease state, brain region, or

microenvironment. Isolation of a cell from other cell types requires fresh brain tissue that undergoes
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mechanical or enzymatic dissociation followed by fluorescence-activated cell sorting (FACS), magnetic
activated cell sorting (MACS), or immunopanning approaches'!*-2°. All of these methods utilize antibodies
against cell-type specific surface proteins to positively identify and purify the cells. In the case of microglia,
MACS isolation with CD11B+ beads typically yields between 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 adult mouse brain!!*-26-20%8 FACS-based microglial isolation from post-mortem human
brain tissue requires using a combination of markers such as CD11B and CD45, along with other
lymphocytes, monocyte, and neutrophil markers'!®. Advantages of MACS include high throughput and
purity and quick isolation procedure time. A disadvantage of MACS is protein contamination from other
cell types®®. Advantages of FACS include potential for simultaneous isolation of several cell types with
multiple fluorescent antibodies and high sensitivity and purity. Whereas disadvantages include long

isolation procedure time and high cell loss**

. Lastly, incubation with antibody-coated plates, or
immunopanning, results in high purity but also takes a long time to isolate and is expensive. Most
importantly, the limitations across all three approaches are shear stress artifacts and unwanted cell
activation''-2%,

Another challenge with these methods is identifying comprehensive microglial markers since
microglia are highly dynamic cells and can alter their phenotype in response to their environment. For
example, under homeostatic conditions mouse microglia typically express high CD11B-positive (+) and
low levels of CD45 and Ly6c on the cell surface. Whereas non-microglial macrophages express high levels
of CD45 and Ly6c under homeostatic conditions®”-?!°. Furthermore, with increased pathology canonical
microglia markers such as Tmem119, are decreased?'!. However despite these challenges, studies utilizing
these approaches have been able to determine the relative impact of AP pathology and neuroinflammation
on the microglial proteome in the mouse brain!!®-2'2-213,

Emerging proteomic labeling strategies

Traditional isolation-based proteomic approaches require harsh reagents or mechanical dissociation

that may alter the state of the cell, thus imposing artifacts in the study. These limitations along with others,
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have led to the development of labeling methods that can capture the native proteomic signatures of cells
in vivo. In vivo proteomic labeling strategies include bio-orthogonal non-canonical amino acid tagging
(BONCAT) and proximity-dependent biotinylation methods**.

BONCAT is a method of labeling newly synthesized proteins with a methionine (Met) analogue
using a mutated Met tRNA synthetase (MetRS*, mutation L274G)*'“. In the presence of the mutant MetRS,
nascent proteins incorporate azidonorleucine (ANL), a methionine analogue with a “click”-able azide
residue?*. ANL can then undergo “click” chemistry in which ANL-tagged protein residues are “clicked”
with a PEG-biotin-alkyne. MetRS* labeled proteins can later be purified by means of streptavidin-based
affinity capture**. This method can be extended in-vivo by inserting mutant MetRS (L274G or MetRS*)
into the Rosa26 locus to generate in vivo proteomic labeling in mouse models. For example, BONCAT has

been successful in labeling the nascent proteome of excitatory and inhibitory neurons?'

along with
astrocytes in vivo*'®. Some disadvantages of BONCAT is the cost of ANL and special diet for mouse studies
and the signal-to-noise ratio between endogenously biotinylated proteins and biotin clicked ANL-tagged
proteins.

Proximity-dependent biotinylation methods enable global labeling of a cellular proteome rather
than a nascent proteome. These methods utilize biotin ligases, such as TurbolD and BiolD, that can
efficiently label proteomes of interest in close proximity*'’-2!®. More specifically, TurboID is a highly
promiscuous enzyme that is engineered to biotinylate proteins within minutes and within a 10 nm radius®'®.
Cytosolic proteomic labeling of cells can be achieved when TurbolD is fused to a nuclear export sequence
(TurboID-NES). Sunna et al. generated murine neuroblastoma (N2A) and microglial (BV2) lines stably
expressing TurboIlD-NES to biotinylate the cytosolic cellular proteome of these cells?’?. MS analyses from
this study revealed that TurbolD can label endolysosome, translation, vesicle, and signaling proteins in
BV2 microglia and synaptic, neuron projection, and microtubule proteins in N2A neurons, providing

efficacy and biological relevance of this approach?”. To extend this in vivo, TurboID-NES is inserted into

the Rosa26 locus of mice, for conditional TurbolD expression in cell type or tissues of interest. Some
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disadvantages of proximity labeling include noise introduced by endogenously biotinylated proteins and
possible saturation of proximal labeling sites following biotin supplementation®*.

Cell-type specific biotin labeling in vivo

Proximity-dependent biotinylation methods can be expanded to cell-type specific in vivo
biotinylation of proteins (CIBOP), by expressing TurboID under cell-type specific promoters®'. By
expressing Cre-recombinase under astrocyte-specific and neuron-specific promoters (Aldhl!l and Camk2a,
respectively), and crossing this mouse with a Rosa26-floxSTOP-TurboID mouse, TurboID-NES expression
was induced in Camk2a positive excitatory neurons and Aldhlll positive astrocytes in the adult mouse

brain?!

. In this study, Rayaprolu et al. successfully enriched biotinylated proteins from total brain
homogenates and captured neuronal and astrocyte proteomes (>2,000 proteins in each cell type) by MS and
identified >200 proteins that differentiated neurons and astrocytes®'. The Rosa26-floxSTOP-TurboID mice
that were generated from this study represents a promising approach for global cellular proteomics of other
cell types, such as microglia, in their native state in vivo®'. These methods could be applied for in vivo cell

type-specific proteomics in animal models of neurodegeneration to complement prior studies using

isolation based strategies and further elucidate the role of certain brain cells in diseases processes.

v. Summary

In summary, studies have demonstrated that microglia play important roles in mediating inflammatory
responses in several neurodegenerative diseases via direct and indirect mechanisms. One indirect
mechanism of microglia-mediated neuroinflammation may involve EV release, such that the molecular
cargo transported by EVs can have functional effects in recipient cells by facilitating intercellular
communication and influencing downstream signaling events. Some studies have shown evidence that
microglia can contain and transport pathogenic proteins (e.g. AP and tau) and nucleic acids that are involved
in neurodegenerative disease pathogenesis. However, there is a lack of proteomic and transcriptomic
characterization of EVs from distinct microglia states both in vitro and in vivo. Identification of the

proteomic and transcriptomic cargo in EVs from distinct microglia states may elucidate key targets and
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pathways that are involved in EV mediated neuroinflammation. With that in mind, two general questions
guided my thesis work:

What is the effect of microglial state on EV composition and EV-mediated responses in vitro?

Can we label the proteome of microglia and their EVs using a cell-type specific in vivo biotinylation of

proteins (CIBOP) approach by expressing TurbolD under a microglia promoter?

II. Chapter 2. Identification of state-specific proteomic and
transcriptomic signatures of microglia-derived

extracellular vesicles

*Original findings are published in a first author publication in the journal Molecular & Cellular
Proteomics on November 10, 2023. Supplemental figures and datasheets can be found online at: DOI:

10.1016/j.mcpro.2023.100678. Full citation below.

Santiago JV, Natu A, Ramelow CC, Rayaprolu S, Xiao H, Kumar V, Kumar P, Seyfried NT, Rangaraju S.
Identification of state-specific proteomic and transcriptomic signatures of microglia-derived extracellular
vesicles. Mol Cell Proteomics. 2023:100678. Epub 20231110. doi: 10.1016/j.mcpro.2023.100678. PubMed

PMID: 37952696.

i. Abstract

Microglia are resident immune cells of the brain that play important roles in mediating inflammatory
responses in several neurological diseases via direct and indirect mechanisms. One indirect mechanism may
involve extracellular vesicle (EV) release, so that the molecular cargo transported by microglia-derived
EVs can have functional effects by facilitating intercellular communication. The molecular composition of
microglia-derived EVs, and how microglial activation states impacts EV composition and EV-mediated
effects in neuroinflammation, remain poorly understood. We hypothesize that microglia-derived EVs have

unique molecular profiles that are determined by microglial activation state. Using size-exclusion
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chromatography to purify EVs from BV2 microglia, combined with proteomic (label-free quantitative mass
spectrometry or LFQ-MS) and transcriptomic (mRNA and non-coding RNA seq) methods, we obtained
comprehensive molecular profiles of microglia-derived EVs. LFQ-MS identified several classic EV
proteins (tetraspanins, ESCRT machinery, and heat shock proteins), in addition to over 200 proteins not
previously reported in the literature. Unique mRNA and microRNA signatures of microglia-derived EVs
were also identified. After treating BV2 microglia with lipopolysaccharide (LPS), interleukin-10, or
transforming growth factor beta, to mimic pro-inflammatory, anti-inflammatory, or homeostatic states,
respectively, LFQ-MS and RNA seq revealed novel state-specific proteomic and transcriptomic signatures
of microglia-derived EVs. Particularly, LPS treatment had the most profound impact on proteomic and
transcriptomic compositions of microglia-derived EVs. Furthermore, we found that EVs derived from LPS-
activated microglia were able to induce pro-inflammatory transcriptomic changes in resting responder
microglia, confirming the ability of microglia-derived EVs to relay functionally-relevant inflammatory
signals. These comprehensive microglia-EV molecular datasets represent important resources for the
neuroscience and omics communities, and provide novel insights into the role of microglia-derived EVs in

neuroinflammation.

ii. Introduction

Microglia are the resident immune cells of the central nervous system (CNS). Given their major
role in the innate immune system, the cell surface of microglia contains transporters, channels, and receptors

for neurotransmitters, cytokines, and chemokines*"°

. Microglia are constantly surveying their environment
and can rapidly become activated to initiate immune responses'?. Detection of immune activators and
stimulating agents can cause microglia to alter their morphology and adopt heterogenous molecular profiles
which can exert complex functions in different disease contexts. For example, microglia play an important
role in neurodegenerative disease and neuroinflammation®. In the context of neurodegeneration,

chronically activated microglia release inflammatory cytokines, such as tumor necrosis factor (TNF), IL-6,

and reactive oxygen species. Furthermore, to detect immune activators, microglia are equipped with toll-
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like receptors (TLRs). Activation of TLRs on microglia can lead to the production of pro-inflammatory

cytokines and release of chemokines'**

. Comprehensive single-cell RNA sequencing analyses have
revealed novel microglia types associated with neurodegenerative diseases, also referred to as disease
associated microglia (DAM)!. This subset of microglia displays unique transcriptional features,
expressing typical microglial protein markers, such as Ibal and Hexb but with a decrease in signature
microglia homeostatic genes, such as Cx3crl and P2ry12/13, and upregulation of genes involved in lipid
metabolism and phagocytic pathways, such as Apoe, Lpl, CD9, Cst7, and Trem?2. Furthermore, DAM can
play dual roles in Alzheimer’s disease (AD) pathogenesis, involving the production and release of pro-
inflammatory factors including cytokines and toxic factors as well as neuroprotective, anti-inflammatory
functions'®. While distinguishing the function of microglia as either “protective” or “detrimental” is
difficult, there is accumulating evidence that microglia can dynamically switch phenotypes in response to
stimuli. However, further investigation is needed to fully understand the involvement of different microglia
states in CNS diseases.

A newly identified mechanism of microglia-mediated neuroinflammatory responses in
neurodegenerative disease involves secretion of extracellular vesicles (EVs)??. EVs are lipid bound vesicles
that are composed of lipids, proteins, metabolites, and nucleic acids. EVs can be classified as microvesicles,

apoptotic bodies, or exosomes'®

. EV subtype is determined by biogenesis, release pathway, size, density,
function, and cargo. However, due to significant overlap in protein profiles and size, along with difficulty
in proving the origin of EVs, it is often preferred to refer to exosomes as EVs within a particular size
range®?!- 2?2, Exosomes are small EVs (30-150 nm) of endocytic origin and are secreted by almost all cell
types. Exosomes transport specific cargo such as proteins, messenger RNAs (mRNAs), and microRNAs
(miRNAs) between cells to facilitate intercellular communication and influence downstream signaling

events'*®

. Exosomes can interact with recipient cells through endocytosis, fusion with the plasma
membrane, or ligand receptor interaction’”?. Accumulating studies have demonstrated that microglia-

derived exosomes can serve as key mediators in pathologies associated with neurodegenerative diseases.

However, the molecular compositions of microglia-derived small EVs remain poorly understood.
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Classical hallmarks of AD are abnormal aggregation of amyloid beta (A) proteins into plaques
and tau misfolding®*. Microglia-derived exosomes in tau models of AD, release and spread pathologic tau
between neurons. Recent evidence suggests that depleting microglia and inhibiting the synthesis of

exosomes significantly suppresses pathologic tau propagation'®®

. This study indicates the role microglia-
derived exosomes may have in the pathological spread of tau. Verderio et al. found that microvesicles and
exosomes derived from LPS-preactivated cultured microglial cells, induced a dose-dependent activation of

resting astrocytes and microglia'”’

. The findings of this study suggest that the cargo from EVs can transfer
an inflammatory signal to recipient cells, thus exacerbating neuroinflammatory conditions.

Proteomic analysis of exosomes derived from the N9 microglial cell line identified the proteomic
composition of microglia-derived exosomes from cell culture medium'®®. Several hallmark EV proteins
previously identified from EVs derived from cell types were found in the N9-derived EV proteome; such
as, cytoskeletal proteins, heat shock proteins, integrins, and tetraspanin proteins. Of particular interest, was
the aminopeptidase N (CD13) found in microglial exosomal proteins but not in exosomes derived from B
cells and dendritic cells. Functional assays looking at aminopeptidase activity revealed that microglia
exosomal CD13 is active in neuropeptide degradation.

Yang et al. characterized microglial EV protein cargo following lipopolysaccharide (LPS) and TNF
inhibitor treatment'®. Following 12-hour LPS stimulation of BV2 microglia, EVs were found to have
significantly higher levels of pro-inflammatory cytokines TNF and interleukin (IL-10), as seen by ELISA.
Furthermore, inhibition of the TNF signaling pathway resulted in a reduction of EVs released from LPS
activated microglia. Mass spectrometry (MS)-based experiments identified 49 unique proteins in EVs
derived from LPS activated microglia compared to control, with a majority of the proteins associated with
transcription and translation. From this study, it can be inferred that microglia respond to an LPS challenge
by releasing EVs with unique cargoes that may be implicated in inflammatory mechanisms. The data from
both these studies suggest that microglia derived EVs have distinct proteomic profiles which may play a
role in inflammatory responses in neurodegenerative diseases. However, low-depth of proteomic coverage

remains a limitation of these studies.
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Additionally, accumulating evidence suggests that EV miRNAs have the potential to influence
disease pathogenesis and treatment outcomes. MiRNAs are small non-coding RNAs that regulate the
expression of specific gene targets®?. Release of miRNAs from EVs can influence target cell function®?.
Huang et al. found that increased miR-124-3p expression in microglia-derived exosomes after traumatic
brain injury can inhibit neuronal inflammation and contribute to neurite outgrowth in recipient neurons**’.
Even though miRNAs are more abundant in EVs than larger species of RNA, mRNAs have also been found
to be loaded into EVs and transferred to recipient cells'#®- 2?8, Ratajcazk et al. provided the first evidence
that mRNAs transferred to recipient cells are functional and can be translated into proteins, leading to
biological changes in recipient cells'**. Overall, several studies have highlighted that the activation of
microglia can have both a direct or indirect influence on neuroinflammation and disease progression. The
uptake of EVs from recipient cells appears to mediate the indirect mechanisms by which microglia can
affect disease progression. However, there is a lack of proteomic and transcriptomic characterization of
EVs from distinct microglia states. Identification of the proteomic and transcriptomic cargo in EVs from
distinct microglia states may elucidate key targets and pathways that are involved in EV mediated
neuroinflammation.

In this study, we have generated comprehensive datasets of proteomics and transcriptomics from
BV2 microglia cells and BV2-derived EVs under resting states as well as following treatment with either
LPS, IL-10, or transforming growth factor 3 (TGF-P)':2* 2 which have been documented to induce
distinct molecular phenotypes in vitro. Using label-free quantitative mass spectrometry (LFQ-MS) and
RNA sequencing of mRNA and miRNA species, we identified unique molecular signatures of EVs at the
proteomic and transcriptomic levels, including several features not previously described. We also identified
unique state-dependent molecular characteristics of microglia-derived EVs, in which LPS-effects were
most predominant at the level of proteins, mRNA and miRNA. Next, we asked whether EV cargo from
distinct microglia states can impact the gene expression profile of resting (responder) BV2 cells. To address
this, we isolated EVs from the cell culture media (CCM) of four BV2 cell conditions (control, LPS, IL-10,

TGF-f) and then equally dosed individual wells of BV2 cells with those EVs to assess gene expression
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changes in recipient microglia using RNA sequencing. Taken together, our study provides several
comprehensive molecular datasets on microglia-derived EVs and provides novel insights into the role of
microglia-derived EVs in neuroinflammation, including increased packaging of mRNAs into EVs

following inflammatory activation.

iii. Results

Verification of EV purification from BV2 cell culture medium

We applied size exclusion chromatography (Izon qEV) based methods to isolate EVs from BV2
microglia culture supernatants. Prior to MS and RNA seq studies of BV2 microglia-derived EVs, we
performed several quality control studies to confirm successful enrichment of EVs from cell culture media.
We characterized EV morphology, size, concentration, and classical markers using transmission electron
microscopy (TEM), immunogold TEM, nanoparticle tracking analysis (NTA), and western blot analyses
(Figure 2.1A). To characterize the morphology of BV2-derived EVs, we isolated EVs and examined them
using high resolution TEM following negative staining. TEM revealed vesicles with consistent round and
cup-shaped morphology within ~50-150nm size range, as would be expected for EVs (Figure 2.1B).
Immunogold-labeled TEM studies using 6nm gold particles confirmed CD9 labeling on the surface of EVs
(Figure 2.1C). We performed NTA on our isolated EVs and found that the EVs are typically within the
range of 50-200nm in diameter (mean particle size =87.9 +/- 6.1 nm, mode particle size = 44.2 +/- 9.0 nm)
(Figure 2.1D). Lastly, we performed western blot analyses of cell lysates and EVs from BV2 microglia and
found that canonical EV protein markers CD9 and TSG101 were enriched in EV lysates, in contrast with
enrichment of Calnexin in BV2 cell lysates (Figure 2.1E). These results using complimentary validation
methods as recommended by the International Society for Extracellular Vesicles'*', confirm the validity of
our EV isolation approach and its suitability for subsequent molecular characterization studies.

Identification of proteomic signatures of microglia-derived EVs by quantitative mass spectrometry

We performed LFQ-MS on 16 cell lysates and 16 EV lysates derived from BV2 microglia. These

included four groups of BV2 cells (n=4/group) that were treated (72 hours) with either LPS (100 ng/mL)
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to polarize to a pro-inflammatory state, IL-10 (50 ng/mL) to polarize to a protective state, TGF-$ (50
ng/mL) to polarize to a homeostatic state or untreated controls. Duration (72 hours) and dose of BV2 cell
treatment was determined based on previous literature confirming reliable polarization of microglia and to
ensure a sufficient amount of secreted extracellular vesicles'>-?*%!. LFQ-MS identified 533 proteins in the
EV proteome and 1,882 proteins in BV2 cell proteome, across all conditions (Supplemental data 3 and
Supplemental data 4). To contrast the EV proteome with the whole cell proteome, we first compared BV2
EVs (n=533 proteins) with BV2 cell lysate proteomes (n=1,882 proteins). The effect of treatment was not
considered when comparing all EVs to all cell lysates. Forty-six proteins were differently enriched in EVs
while 1,178 proteins were differentially enriched in cell lysates (Figure 2.2A, Supplemental data 5).
Canonical exosome/EV related proteins expected to be present in all EVs independent of cell type of origin
(including SDCBP, IGSF8 and three tetraspanins namely CD9, CD81, and CD63) were significantly
enriched in the EV proteome compared to the whole cell proteome (Figure 2.2A). In contrast, endoplasmic
reticulum proteins expected to be present in cell lysates but not in EVs, namely SSR1 and Calnexin, were
highly enriched in the cell proteome but not the EV proteome. Gene set enrichment (GSEA) of EV-abundant
proteins showed enrichment of extracellular region (APOE, SAA), membrane organization (CD9, ITGB1,
MFGES), and localization (RAB6B, SLC1AS5, SLC38A2) terms while cytosolic and intracellular organelle
terms were enriched in the cellular proteomes (Figure 2.2B).

Next, we compared our BV2 microglia-derived EV proteome to existing lists of proteins previously
detected in proteomic studies of EVs from any mouse cell types (1,015 EV proteins in ExoCarta), the
Exocarta protein list for mouse microglia (56 proteins), and the Yang et al. 2018 BV2-derived EV proteome
(74 proteins) (Supplemental data 6). We found that our BV2-derived EV proteome (533 proteins) shared
326 proteins with the ExoCarta protein list of 1,015 EV proteins detected across all mouse cell types (Figure
2.2C, 207 novel proteins). Next, we performed GSEA (Supplemental data 4) on the three groups of proteins
based on these analyses (207 novel BV2 microglial EV proteins not reported in other EV proteomes, 689
proteins reported in non-microglial EV proteomes but not in our data, and 326 proteins common to both

microglial and non-microglial EV proteomes). Proteins unique to BV2 microglia-derived EVs were
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enriched in ontologies related to positive regulation of transporter activity, regulation of RNA splicing,
cytosolic large ribosomal subunit, and aminoacyl-tRNA synthetase complex (Figure 2.2D). On the other
hand, the 689 proteins not captured in our BV2-derived EV proteome showed enrichment of proteins related
to protein heterodimerization activity, chromosome organization, and protein kinase activity (Figure 2.2D).
We also identified networks of known direct (protein-protein) and indirect (functional) interactions
(STRING) within these core protein signatures related to RNA metabolism and protein translation, that are
unique to our BV2 microglia-derived EVs as compared to other cell type-derived EVs (Figure 2.2E).
Finally, we compared our BV2-derived EV proteome (533 proteins) with the Exocarta protein list of 56
mouse microglia and identified 494 novel proteins (Figure 2.2F) and to the Yang et al. 2018 BV2-derived
EV proteome list of 74 proteins and identified 489 novel proteins (Figure 2.2G).

Taken together, these analyses verify the validity of our EV proteomes by confirming enrichment
abundances of canonical EV markers, highlight the increased depth of our EV proteome as compared to
prior microglial studies, and identify novel proteomic characteristics of microglia-derived EVs that are
distinct from non-microglial EVs which may have functional implications.

Microglial activation impacts proteomic characteristics of EVs

Three groups of BV2 cells (n=4/group) were treated with either LPS (100 ng/mL) to polarize to a
pro-inflammatory state, IL-10 (50 ng/mL) to polarize to a protective state, or TGF-f3 (50 ng/mL) to polarize
to a homeostatic state (Figure 2.3A). Untreated BV2 cells served as a control group. To ensure that any
state-related differences in EV proteomes are not related to impacts of EV yield, we used NTA to compare
EV concentrations across treatment conditions and observed no significant differences across treatment
groups (Figure 2.3B). To confirm that in vitro conditions induced distinct microglial activation states, we
analyzed BV2 cell LFQ-MS proteomes and 334 differentially enriched proteins (DEPSs) across polarization
states, as compared to control (one-way ANOVA FDR-adjusted p<0.05 & log;FC>0) (Supplemental
Figure 2.1, Supplemental data 3). Principal component analysis (PCA) using these DEPs showed that 56%
of variance was explained by 2 principal components (PCs), of which PC1 explained 33% of variance while

PC2 explained 23% of variance. Notably, the PCA identified four distinct proteomic clusters (Figure 3B).
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As compared to untreated control BV2 microglia, LPS treatment increased levels of several pro-
inflammatory proteins (e.g., OAS1L, IRG1, ACSI1) (Supplemental Figure 2.1A). For the BV2 cell
proteome, GSEA using the generated up and down lists for each treatment against the background list
(1,882 proteins) showed unique enrichment patterns across treatment groups (Supplemental Figure 2.1B).
For example, LPS treated cells demonstrated an enrichment in proteins related to antigen processing,
defense response, and immune response, whereas there was an observed decreased abundance in proteins
lipid binding and phospholipase inhibitor activity. These results agree with prior proteomic studies of BV2
microglia using similar in vitro conditions, thereby confirming successful polarization of BV2 microglia to
distinct molecular states*'- 2. We also found that TGF-f3 treated cells demonstrated an enrichment in
proteins related to positive regulation of homeostatic regulation and gluconeogenesis following, while IL-
10 treated cells showed enrichment of proteins related to lipid binding and lipase inhibitor activity.

We next examined BV2-derived EV proteomes to determine whether microglial polarization state
impacts proteomic composition of EVs. To account for unequal protein loading per sample, we performed
our analyses of EV proteomes after normalizing MS data to total protein content in each sample, based on
sum intensities across all quantified proteins. Our analyses of EV proteomes also accounted for batch effects
since 4 different batches of experiments were performed, each with 1 replicate per condition (Supplemental
Figure 2.2). We identified 83 DEPs across microglia states compared to control (p<0.05 & log,FC>0)
(Supplemental data 4). PCA based on these DEPs identified four clusters among EVs (Figure 2.3C).
Interestingly, all polarized BV2 microglia-derived EVs clustered away from control BV2-derived EVs and
majority of these DEPs showed lower levels in polarized conditions as compared to the control group.
Distinct signatures across polarization states compared to control are shown in Figure 2.3D and 2.3E.

We performed GSEA based on the DEPs for each treatment (compared to the control group),
against the background list of 533 proteins identified in the EV proteome. We identified “Biological
processes” and “Molecular function” terms along with KEGG pathways (Figure 2.4A-C) enriched in EV
signatures from distinct BV2 microglial polarization states. GSEA of increased DEPs were limited due to

small numbers of proteins that showed increased levels. EVs derived from BV2 cells treated with LPS
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demonstrated an enrichment in proteins related to proteasome activity (e.g., PSMB3) and reduction in
proteins related to chromosomal organization (e.g., CLTC, HIST2H2AA1,TCP1), and clathrin/receptor
mediated endocytosis (e.g., CLTC, DNM2). Conversely, EVs derived from BV2 cells treated with IL-10
and TGFf} demonstrated a reduction in cytosolic chaperonin Cct ring complex proteins (e.g., CCT3,CCT4),
microtubule related proteins and ATP/nucleotide binding (e.g., CCT4,TCP1, TUBA1B). EVs derived from
BV2 cells treated with TGF3 showed enrichment of proteins related to membrane bound vesicle and
receptor binding (CD9 and SDCBP). These proteomic analyses of EVs confirm that microglial activation
states can determine the proteomic compositions of EVs.

Novel transcriptomic signatures microglia-derived EVs in resting and pro-inflammatory states

Beyond proteins, EVs carry mRNA and miRNA cargo which may be important mediators of
microglia-mediated mechanisms of neuroinflammation. It is also possible that microglia state-dependent
effects on EVs are more likely to be more pronounced at the levels of mRNA and miRNA levels. Therefore,
we performed RNA seq to quantify mRNA and miRNA compositions of EVs and their corresponding cell
lysates, after polarizing stimuli. Three groups of BV2 cells (n=3/group) were treated with either LPS (100
ng/mL), IL-10 (50 ng/mL) or TGF-f (50 ng/mL) to mimic conditions used for proteomic studies. Untreated
BV2 cells served as a control group. Following 72 hours of treatment, whole cells and EVs were isolated
from cell culture media, lysed in Trizol, followed by RNA extraction, purification and quality control steps.
To assess length of RNA from BV2 cells and their EVs, RNA was characterized through capillary
electrophoresis using two separate analyses kits: Pico and small RNA Kkits for bioanalyzer. These analyses
(Supplemental data 7) revealed that cells display peaks at the ~2,000 nt (18s) and ~4,000 nt (28s), while
EVs displayed peaks predominately between ~20-100 nt which correspond to small RNAs. To characterize
the different subtypes of RNAs in EV and whole cells, we proceeded with mRNA sequencing and small
RNA sequencing. We first discuss our mRNA sequencing results.

Sequencing of mRNAs identified over 12,000 mRNA species (transcripts) in EVs and cells across
all conditions. As we observed at the proteomic level, different polarizing conditions induced distinct

transcriptomic states in BV2 microglial cells, as evidenced by PCA in which PC1 explained 73% of
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variance while PC2 explained 19% of variance (Figure 2.5A). Similarly, PCA revealed a large effect of
LPS on EV transcriptomic composition as compared to other polarizing stimuli (Figure 2.5B). We first
assessed unique transcriptomic signatures of EVs as compared to whole cells (control BV2 microglia only)
(Figure 2.5C). EVs contain higher levels of over 1,000 mRNA species, including Pak7, Arhgef40, and
Saa3. In contrast, cellular transcriptomes had higher expression of over 1,500 mRNAs including Cebpb,
Prkaca, and Pip5klic. Interestingly, Cebpb is a transcription factor known to regulate immune genes
including genes critical for microglia switch from homeostatic to DAM*3. GSEA of highly-enriched
mRNAs (>=2-fold change in EVs or whole cells) showed enrichment of translation, ribosome, and cytokine
activity in EVs, while we observed enrichment of terms such as ion binding and homeostasis and
transmembrane receptor activity (Figure 2.5D, Supplemental data 8).

Pro-inflammatory genes (e.g., 1l1b, 116) and ontologies related to defense and immune response
were increased in LPS-treated BV2 microglia. Interestingly, genes (e.g. G3bp2) and ontologies related to
mRNA transport were also enriched in LPS treated cells (Figure 2.5E). TGF-f§ increased expression of
several genes (e.g., Cx3crl, Fitl) and ontologies related to homeostatic microglial function and biological
regulation. IL-10 also increased expression of genes (e.g., Clgc, Saa3) and ontologies related to protein
activation cascade and response to wounding and other organisms (Supplemental data 9).

Transcriptomic analyses of EVs identified over 3,000 differentially expressed genes (DEGs -
mRNA species) across treatment groups (Supplemental data 10). As compared to TGF-f3 and IL-10, LPS
polarization had the strongest impact on BV2 microglia-derived EV transcriptomes; therefore, we focused
on LPS effects on the whole cell and EV transcriptomes. As discussed above, LPS polarization resulted in
enrichment of pro-inflammatory genes (e.g., I11b, 116) related to immune response (Figure 2.5E). EVs from
LPS-treated BV2 microglia showed increased levels of 2,949 mRNAs and decreased levels of 413 mRNAs
(Figure 2.5F). Interestingly, transcriptomic alterations induced by LPS (DEGs upregulated with LPS,
p<0.05,>1-fold change) on the whole cell (n=1,040) and EVs (n=2,949) showed modest overlap, with only
10% of EV transcriptomic changes overlapping with cellular changes (Figure 2.5G). 359 mRNAs showed

shared differential expression in whole cells and EVs (Figure 2.5G) and majority of these DEGs were
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related to lipopolysaccharide-mediated signaling pathway, positive regulation of cell activation, and
regulation of immune response. The 2,591 DEGs related to EV only showed enrichment of RNA metabolic
process and nucleic acid binding terms. While the 682 DEGs related to cell only showed enrichment of
terms such as cell cycle and mature B cell differentiation (Supplemental Figure 2.3).

To take a deeper look at LPS effects on the cellular and EV transcriptomes, we performed GSEA
based on identified DEGs. We found that LPS treated BV2 cells showed enrichment in immune response,
RNA binding, and metabolism, whereas we observed a decreased expression in signal transduction and
GTPase activity (Figure 2.5H). In contrast, EV transcriptomes from LPS treated BV2 cells, showed
enrichment in terms such as signaling and ion channel activity (Figure 2.5I). Conversely, the
downregulated DEGs in EVs from LPS treated BV2 cells showed enrichment in terms such as ATPase
activity and transmembrane activity.

Furthermore, we found that the majority of EV transcriptomic changes induced by LPS are not
observed in the whole cell transcriptomes. This suggests that pro-inflammatory activation of microglia not
only induces whole cell gene expression changes, but also likely impacts mechanisms that govern mRNA
export into EVs, consistent with our observation of LPS-induced altered expression of genes involved in
mRNA transport at the whole cell level.

Taken together, these analyses identify novel transcriptomic signatures of EVs that are distinct from
whole cell transcriptomes. Our studies also reveal distinct effects of pro-inflammatory activation on EV
transcriptomic signatures, confirming microglial state-dependent effects on EV composition at the mRNA
level, many of which do not occur at the whole-cell level.

Integrative proteomic and transcriptomic analysis of BV2-dervied EVs reveal enrichment of

pathways involved in RNA binding and translation

Next, we were interested in contrasting our BV2-derived EV proteomics dataset to our BV2-
derived EV mRNA transcriptomic dataset (Supplemental data 11). We compared the 533 proteins in the
EV proteome to the 9,151 transcripts (mMRNA) in the EVs using GSEA. We found that the EV transcriptome

is enriched in ontologies related to ribosome, RNA binding, and metabolic and catabolic processes



44

(Supplemental Figure 2.4A). The pathway enrichment results of the EV proteome, interestingly, also
revealed enrichment of ontologies related to ribosome, structural molecule activity, and translation
(Supplemental Figure 2.4B). Taken together, we found that the major overlapping molecular pathways
between the EV proteome and transcriptome are RNA binding, ribosomal large and small subunit binding
and biogenesis, extracellular region part, and translation (Supplemental Figure 2.4C). Overall, these
analyses suggest that BV2-derived EV cargo contains ribosomal proteins and mRNAs that can encode
ribosomal proteins. This correlation further highlights the point that EVs can transport cargo that may
regulate translation in a recipient cell, a hypothesis that needs future investigation. Furthermore, it also
suggests that there is an inter-relationship between the RNA and protein cargo in EVs that may work
together to achieve a regulatory function, which has been previously suggested in prior studies*.

Microglia-derived EVs exhibit unique microRNA signatures under resting and LPS-treated

conditions

We obtained sufficient RNA for sequencing of small RNA species from BV2 whole cell and EV
RNA extracts. Small RNA sequencing identified ~100 miRNAs in EVs and ~270 miRNAs in whole cells
(Supplemental datasheets 12 and 13). In addition to miRNA, we also identified other small RNA species
(circRNA, piRNA, snoRNA, snRNA, and tRNA), included in Supplemental data 14. PCA of post-filtered,
lowly expressed miRNA molecules in the whole cell (PC1 63%, PC2 12% of variance) (Figure 2.6A)
identified four distinct clusters based on polarization state, with the LPS effect showing the strongest effect
(along PC1), a pattern similar to our mRNA-based results. PCA of post-filtered, lowly expressed miRNA
molecules in the EVs (PC1 43%, PC2 16% of variance) (Figure 2.6B) also showed group-based clustering
primarily based on LPS treatment.

When comparing the whole cell and EV miRNA transcriptomes (Figure 2.6C, Supplemental data
15), we found that EVs contained very high levels of miRNAs mmu-mir-6240, mmu-mir-1983, and mmu-
mir-1896. Interestingly, mir-6240 has been previously reported to be found at higher than expected levels

in EVs compared to cell, in both human and mouse samples*”.
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Focusing on LPS treatment effects, we observed that LPS-treated BV?2 cells and their EVs enrich
for unique miRNA signatures (Figure 2.6D and 2.6E). More specifically, we see increased expression of
mmu-mir-320, mmu-mir-5126, and mmu-mir-466h. Interestingly, mir-320 has been found to be
upregulated in plasma EVs from individuals at high risk of lung cancer®. Furthermore, one study found
that mmu-mir-5126 was dysregulated in IFN-y primed mesenchymal stromal/stem cells (MSC) and mmu-
mir-466q found in MSC-derived exosomes modulated the pro-inflammatory phenotype of activated N9
microglia cells*’. Overall, these results implicate that miRNAs in EVs from LPS treated BV2 cells could
play a role in modulating inflammation.

Given that miRNA binds with target mRNA to direct gene silencing via mRNA cleavage or
translation*®, we used the miRDB** online database to generate a list of predicted targets from our
differentially expressed miRNAs in EVs following LPS treatment. We found that significantly enriched
miRNAs that are increased with LPS treatment in EVs (mir-664, mir-5126, and mir-320) had 462 predicted
targets (target prediction score > 80) which showed an enrichment in ontologies related to androgen and
corticosteroid receptor signaling pathway and cytoplasmic mRNA processing pathway (Figure 2.6F). On
the other hand, we found that significantly enriched miRNAs that are decreased with LPS treatment in EVs
(mir-6240, mir-5108, mir-5119, and mir-6345) had 487 predicted targets (target prediction score > 80)
which showed an enrichment in ontologies related to regulation of cell proliferation, chromatin remodeling
structure and regulation of glycolysis. Overall, these results demonstrate that EVs from LPS activated BV2
cells could contain a set of miRNAs that target distinct mRNAs, thus modulating gene expression in a
responder cell.

EVs derived from LPS-treated microglia induce pro-inflammatory changes in responder microglia

Our results from proteomic and transcriptomic characterization of microglia-derived EVs
demonstrate EV-specific molecular changes induced by microglial polarization state, particularly by LPS
induced pro-inflammatory activation. Since EVs carry these protein and RNA cargo to other cells, we
hypothesized that state-dependent alterations in EV composition by LPS can relay inflammatory signals to

responder cells and impact their transcriptomic state. To accomplish this, we isolated EVs from untreated
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and LPS-treated BV2 microglia, estimated EV concentration by NTA, and then dosed resting responder
BV2 microglia with equal amounts of EVs and assessed the transcriptomic alterations induced by EVs
using RNA seq (Figure 2.7A). To ensure that LPS (endotoxin) contamination of EV preparations does not
confound these EV transfer assays, we measured endotoxin levels in cell culture supernatants as well as in
EV preparations. Cell culture supernatants from LPS-treated BV2 microglia contained 80-90 ng/mL of
LPS, consistent with the dose of 100 ng/mL that was added. EV preparations from control and LPS-treated
BV2 cells had equal endotoxin levels (approximately 4ng/mL, p=0.511060, not significant), confirming
that prior to addition to responder cells, any endotoxin contamination in the EV preparations was equal in
both groups. EVs were dosed at 2,000,000 EVs/well (2mL of media/well) across all conditions, and the
estimated final endotoxin concentration added to responder cells was minimal (p=0.103, not significant)
and also similar in control and LPS-treated conditions (Figure 2.7B). These results confirm that any
potential effects of EVs in our transfer experiments cannot be explained by spurious endotoxin
contamination of EV preparations.

PCA of post-filtered, lowly expressed genes showed 74% of variance was explained by 2 PCs, of
which PC1 explained 57% of variance while PC2 explained 17% of variance (Figure 2.7C). The PCA
identified two distinct clusters. RNA sequencing analyses of responder BV2 microglia exposed to control
or LPS-treated BV2-derived EVs identified 148 genes that were differently expressed at the FDR<0.10
level (n=71 increased DEG including Ddx54 and Mlitl; n=73 decreased DEGs including Atp6vie2 and
Cd72) (Figure 2.7D, Supplemental data 16). GSEA revealed enrichment of terms such as G-protein coupled
receptor protein signaling and regulation of synaptic plasticity for the down list; whereas, there was
enrichment of GTPase activity for the up list (Figure 2.7E).

We also conducted Fisher’s exact test (FET) analyses to determine whether gene expression
changes induced by transfer of EVs from pro-inflammatory microglia overlap with specific homeostatic,
pro-inflammatory and disease-associated microglial gene signatures previously identified by weighted gene
co-expression network analyses of microglial transcriptomes'®” (Figure 2.7F). We found that genes that

were increased in responder cells following exposure to EVs from LPS-polarized microglia were enriched
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(unadjusted FET p=0.005) in a LPS-induced pro-inflammatory gene module (Red Module), including genes
4932438A13Rik, Dst, Fyb, Gnai, Heatr6, Slc25a22, and Tmem72. These results from EV transfer
experiments demonstrate the ability of EVs to relay the inflammatory state of microglia of origin to

responder microglia.

iv. Discussion

Microglia, the resident immune cell type of the brain, play an essential role in mediating inflammatory
responses in the CNS. Microglia can alter their morphology, molecular profile, and function in response to
immune activators, thus exerting different functions in different diseases'”. Microglia-mediated
neuroinflammation is a key pathological component of several neurodegenerative diseases”®. Compelling
evidence has suggested that EVs can have an indirect role in regulation of inflammatory signals and
propagation of pathogenic cargo'®*2*. Since microglia demonstrate heterogenous states in response to
stimuli and signals from other brain cell types, it is possible that microglia-derived EVs may also exhibit
state-related heterogeneity. However, the characterization of microglia-derived EVs at the proteomic and
transcriptomic level, and how these are impacted by microglial state, have not been well studied. In the
present study, we have characterized the proteomic and transcriptomic signatures of EVs from distinct
microglia states using in vitro models. Our results demonstrate that upon treatment with LPS, TGF-f3, or
IL-10 to elicit distinct microglial states, BV2 cells and their EVs indeed demonstrate unique proteomic and
transcriptomic signatures; indicating polarization of BV2 cells impacts the cargo of EVs. LPS treatment, in
particular, had the most profound impact on transcriptomic compositions of microglia-derived EVs, and
interestingly, these changes in EV mRNA cargo were not apparent at the whole cell level, suggesting unique
effects of LPS on mechanisms that direct mRNA to EVs. Lastly, EVs derived from LPS-activated microglia
were able to induce pro-inflammatory transcriptomic changes in resting responder microglia, confirming
the ability of microglia-derived EVs to relay functionally-relevant inflammatory signals. Collectively, our
results provide a critical resource of microglia-specific EV signatures, many of which are distinct from EVs

from other cell types. State-specific EV signatures at the levels of proteins, mRNA, miRNA as well as other
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non-coding RNA species, will serve as important resources for the fields of EV biology as well as
neuroscience.

The microglial EV proteomes in our study are also deeper than current microglial EV proteomes,
identifying 494 proteins not previously reported. Over 207 proteins in microglia EVs were also identified
that have not been reported in proteomic studies of EVs from other cell types. This increased depth of the
microglia EV proteome was not due to non-EV contamination, because we verified EV enrichment via
several complimentary methods, including TEM, Western blotting, as well as high-level enrichment of
canonical EV surface proteins such as CD9. Our proteomic studies of EVs identified unique functional
groups of proteins as compared to the whole cell proteome of BV2 microglia. We found that BV2 microglia-
derived EVs were enriched in ontologies related to positive regulation of transporter activity, regulation of
RNA splicing, cytosolic large ribosomal subunit, and aminoacyl-tRNA synthetase complex in comparison
to non-microglial EV proteomes. This suggests that proteins contained within microglia-derived EVs could
play a role in mRNA processing as well as protein synthesis in the recipient cell. Furthermore, Oh et al.
2022 reported that Aminoacyl tRNA synthetase (ARS) complex-interacting multifunctional protein 1
(AIMP1), a structural component of the multienzyme ARS complex, can induce microglial activation and
has been associated with several inflammatory diseases**'. Based on this, microglia specific-EV signatures
could be related to protein-synthesis machinery and influence activation of recipient cells.

Another major finding in our study is that microglial state influences EV proteomic composition.
Specifically, we show that EVs derived from BV2 cells treated with IL-10 and TGF-f3 demonstrated a
reduction in cytosolic chaperonin Cct ring complex proteins (e.g., Cct3, Cct4). Given that IL-10 is supposed
to induce a protective response in microglia cells and TGF-P} a homeostatic response, we would expect a
decrease abundance in proteins related to pathogenic pathways. Previous studies have shown that
chaperonins Cct subunits show increased quantities in disease states. For example, studies with
glioblastomas have demonstrated an increase in the Cct subunits in EVs derived from tumor tissues**. Since
Cct proteins (as part of the TRiC complex) also participate in the regulation of protein folding of actin and

tubulin as well as pathological protein aggregation, it is also plausible that CCT changes in microglia-
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derived EVs could impact pathogenic mechanisms of neurodegeneration®?. The results of these studies
align well with the reduction in Cct ring complex proteins following treatment with IL-10 and TGF-.
Furthermore, we found that EVs derived from LPS activated BV2 microglia demonstrated an enrichment
in proteins related to proteasome activity (e.g., PSMB3). Prior work has demonstrated that proteasome
systems are involved in regulating pro-inflammatory pathways**. Thus, EVs derived from LPS-activated
microglia can potentially enhance inflammation through enrichment of proteasomes. These findings
together with our results suggest that microglial EVs from distinct microglia states have unique proteomic
profiles.

Beyond elucidating proteomic features of microglia-derived EVs, we also comprehensively
characterized RNA cargo of microglia-derived EVs and the corresponding RNA content from whole cells
as well. Our RNA sequencing studies (mMRNA and miRNA) showed that microglia-derived EVs had a
relatively larger number of miRNA species relative to mRNA, when compared to whole cell mRNA and
miRNA profiles. This aligns with the general consensus that smaller RNAs are more abundant than mRNAs
in exosomes. Interestingly, following LPS activation of BV2 cells we noticed an increase in mRNA
transcripts in EVs compared to cells. Furthermore, we found that LPS activated BV2 microglia
demonstrated an enrichment in genes related to mRNA transport and RNA binding. Given the accumulating
evidence showing that mRNAs in EVs could serve as templates for novel protein translation in recipient
cells'® 245 it is possible that there is a specific mechanism involved in the shuttling of mRNAs into EVs
that is increased following LPS microglial activation. We also found that a majority of EV transcriptomic
changes induced by LPS activation are not observed in the whole cell transcriptomes. This suggests that
pro-inflammatory activation of microglia not only induces whole cell gene expression changes, but also
likely impacts mechanisms that govern mRNA export into EVs. However, further investigation is necessary
to determine whether these mRNAs in EVs are translated into proteins in responder cells thereby
influencing the phenotype of the cell.

Upon comparing the EV proteome with the EV mRNA transcriptome, we discovered overlapping

molecular pathways between the EV proteome and transcriptome are involved in RNA binding, ribosomal
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subunits, translation, and extracellular region and vesicles. This correlation suggests that BV2-dervied EVs
contain mRNA and protein cargo that may influence translation and downstream regulatory functions in a
recipient cell.

Next, we sought to explore the miRNA contents of microglia-derived EVs given their role in
regulating the expression of specific gene targets®”. In our studies, we observed that LPS-treated BV2
microglia and their EVs bear unique miRNA signatures that may be important in modulating inflammation.
Specifically, mir-320, which was increased in EVs from LPS-treated BV2 cells, has been previously found
to be upregulated in the cortex of human sporadic AD cases?*. Furthermore, we identified several miRNAs
that are contained at very high levels in EVs but not cells (e.g. mir-6240 and mir-6236). Focusing on the
miRNAs that are differentially expressed in EVs from the LPS treated group versus control, we found that
miRNAs in the EVs from LPS treated group target unique mRNAs compared to control, which are involved
in androgen and corticosteroid receptor signaling pathway and the cytoplasmic mRNA processing pathway.
By targeting distinct mRNAs, the miRNA cargo in these EVs could impact gene expression and modulate
inflammation in a recipient cell. However, further mechanistic studies are needed to test this hypothesis.

The complementary multi-omics characterization of microglia-derived EVs and microglial state-
dependent effects on EVs suggest that EVs from distinct microglia states have unique protein and RNA
cargo, which may be able to impact other cells. Therefore, we hypothesized that state-dependent alterations
in EV composition by LPS can relay inflammatory signals to responder cells and impact their transcriptomic
state. To accomplish this, we dosed resting responder BV2 microglia with equal amounts of EVs from
untreated and LPS-treated BV2 microglia and then assessed the transcriptomic alterations induced by EVs
using RNA seq. Our RNA sequencing analyses revealed that responder BV2 microglia exposed to LPS-
treated BV2-derived EVs display upregulation of genes related to GTPase activity and downregulation of
genes related to G-protein coupled receptor protein signaling and regulation of synaptic plasticity. Mukai
et al. reported that LPS stimulation significantly increased Rho-GTPase activity levels in microglia’.
These results from EV transfer experiments demonstrate the ability of EVs to relay the inflammatory state

of microglia of origin to responder microglia. Although these transcriptomic effects were not very large,
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the overall effect of LPS-microglia-derived EVs on responder microglia was consistent with a pro-
inflammatory profile previously reported in mouse microglia. Importantly, we confirmed that the observed
effects of EVs cannot be explained by passive transfer of LPS itself. We attribute the smaller effect size on
responder transcriptomes to dosing of EVs and duration of exposure.

Despite the strengths of our in vitro studies, some limitations of our work should be considered.
For our study we chose to use BV2 microglia cells, a well characterized immortalized murine microglial
cell line**®, because of their ability to capture major cellular phenotypes of microglia, suitability as an

alternative model for primary microglia culture®

, and feasibility with obtaining sufficient EVs for EV
proteomics and transcriptomics analyses. However, it should be noted that BV2 cells represent transformed
cells which could change their phenotype compared to primary microglia cells in the central nervous

system**

. Therefore, further studies will be needed in either human iPSC-induced microglia cells or
primary mouse microglia to confirm that there are similar proteomic and transcriptomic changes as
observed in our BV2 cell studies. While we chose untreated BV2 microglia as responder cells for our EV
dosing studies, other cell types (e.g. neurons and astrocytes) may be considered in future studies to
understand the effects of microglia-derived EVs on non-microglial cellular phenotypes. Another potential
limitation of our study is the sensitivity to detect low quantities of protein, nRNA, and miRNAs from EVs;

however, we employed several steps in our experimental design and data analysis pipeline to account for

low input.

v. Conclusion

To conclude, our findings suggest EVs from distinct microglia states have unique proteomic and
transcriptomic profiles. Furthermore, we have identified novel EV proteins in microglia not seen in other
EVs, thereby increasing the depth of the microglia-derived EV proteome that has not been previously
reported on. Through our transcriptomic analysis, we discovered that LPS activation of BV2 cells has the
strongest impact on EV composition, possibly increasing the amount of mRNAs transported and packaged

into the EVs. Lastly, our data suggests that EVs from LPS-activated microglia can elicit a transcriptomic
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change in resting recipient microglia that mimics that of a pro-inflammatory response. Our study highlights
the value of characterizing the cargo of EVs from distinct cell types. EVs are a promising therapeutic as
well as diagnostic tool for neurodegenerative disease. Given that microglia are highly dynamic cells and
can polarize to multiple phenotypes in response to their environment, it is to be inquired if their EVs might
have distinct functions and contents. Therefore, the uptake of microglia-derived EVs by other cells could
mediate indirect downstream signaling events. More research is needed to understand the mechanisms of
microglia-derived EVs in neurodegenerative disease, specifically whether the presence or absence of certain

cargo can impact disease progression.
vi. Materials and Methodology

Antibodies, buffers, and reagents

A complete table of antibodies & reagents are provided (Tables 1 & 2).

Table 1. Antibodies used and their corresponding dilutions

Antibody Manufacturer Catalog # Dilution/
Duration

Anti-CD9 Antibody System Biosciences | EXOAB-CD9A- | 1:500 / overnight

1

Anti-CD9 Antibody Abcam ab223052 1:500 / overnight

Anti-TSG101 Antibody Abcam ab30871 1:500 / overnight

Anti-Calnexin (AF18) Santa Cruz sc-23954 1:200 / 1 hour

Donkey anti Rabbit 800 Invitrogen A11374 1:10,000 / 1 hour

Goat Anti-Rabbit IgG Abcam ab41498

H&L (6nm Gold)

Table 2. Reagents used and their manufacturer and catalog numbers

Reagent Manufacturer | Catalog #
StartingBlockT20 Thermofisher 37543
HALT protease & phosphatase inhibitor cocktail | Thermofisher 78446
Dulbecco’s Modified Eagle Medium (DMEM) Gibco 11965-092




Penicillin-Streptomycin Gibco 15140-122
Fetal Bovine Serum (FBS) Gibco 26140-079
Lipopolysaccharide (LPS) Sigma-Aldrich | L4391, 1 mg

Recombinant Mouse IL-10 Protein R&D Systems | 417-ML-005, 5 ug
Recombinant Mouse TGF-beta 1 Protein R&D Systems 7666-MB-005, 5 ug
0.05% Trypsin-EDTA Gibco 253000054
Reagent A Thermofisher 23222
Reagent B Thermofisher 23224
Bovine Serum Albumin Standards Thermofisher 23208
gEVoriginal / 35 nm Gen 2 Column Izon ICO-35
Amicon Ultra-2 Centrifugal Filter Units Millipore UFC210024, 100
KDa
Amicon Ultra-15 Centrifugal Filter Units Millipore UFC910024, 100
KDa
Pierce Protein Concentrator PES, 100K MWCO, | Thermofisher 88524
2-6 mL
Lys-C Wako 127-06621
Trypsin Thermofisher 90058
HLB columns Waters 186003908
Carbon Film Grids 400 Mesh-copper-thick Electron CFU400-CU-TH
Microscopy
Sciences
miRNeasy Mini Kit Qiagen 217004

Experimental Procedures

Cell culture studies
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BV2, an immortalized murine microglial cell line, was cultured in filtered Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with high glucose

and L-glutamine

containing

1%

penicillin/streptomycin, and 10% Fetal Bovine Serum (FBS). All media was vacuum-filtered with 0.2 ym

filters. The cells were incubated at 37 degrees Celsius (°C) and 5% CO2 until reaching 80% confluency.
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The splitting regimen took place twice weekly, plating one million cells onto a 100 mm culture plate to a
final volume of 12 mL culture media. In preparation for experiments, one million cells were plated in 100
mm plates with 12 mL of media. 24 hours after plating, existing media was swapped for filtered serum-free
media (DMEM containing 1% penicillin/streptomycin) and BV2 cells were treated with either TGF-f (50
ng/mL), IL-10 (50 ng/mL), and LPS (100 ng/mL) for 72 hours!*-2#-23!_ Control cells were left untreated.
BV2 cells were treated for 72 hours to ensure a sufficient amount of secreted extracellular vesicles. For
dosing resting recipient cells, EVs were isolated from cell culture media following treatment of BV2 as
described above. The concentration of isolated EV's for each sample were determined using NTA. Recipient
BV2 cells (n=3/condition) in a 6 well plate were dosed for 24 hours with 2 million EVs/well from either
TGF-f, IL-10, or LPS treated BV2 cells. Cell culture media in 6 well plates was swapped with serum-free
media prior to dosing recipient cells with EVs. After 72 hours in culture, cell culture medium was collected
from the plates, transferred into 15 mL tubes, and placed on ice. Next, the plates were washed twice with
ice-cold 1x phosphate buffer saline (PBS). Cell pellets were harvested in 500 uL Urea lysis buffer (§ M
Urea, 10 mM Tris, 100 mM NaH2PO4, pH 8.5) with 1x HALT protease & phosphatase inhibitor cocktail
without EDTA. Cell lysates were then sonicated at 30% amplitude thrice in 5-second on-off pulses to
disrupt nucleic acids and cell membrane. All cell lysates were centrifuged at 4°C for 2 minutes at 12,700
rpm. The supernatants were transferred to a fresh 1.5 mL LoBind Eppendorf tube. The protein
concentrations of whole cell lysates were determined by Bicinchoninic acid (BCA) assay reagents using
Bovine Serum Albumin Standards.

EV isolation

EV isolation was conducted as per Izon manufacturer’s protocol®!. Cell culture media underwent several
centrifugation steps to remove cellular debris (10 min at 500xg and 10 min 10,000xg). After each spin, the
supernatant was collected and subjected to the subsequent spin. The final supernatant was collected and
added to an Amicon Ultra-15 Centrifugal Filter (molecular weight cut-off 100 kDa) to concentrate the
sample and then was added to a qEV column resin column for size exclusion chromatography using the

Izon qEV system with a qEVoriginal / 35 nm Gen 2 Column. Sterile PBS was used as the flushing buffer.
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The second fraction containing the most abundant amount of EVs was then concentrated using a Amicon
Ultra-2 Centrifugal Filter (molecular weight cut-off 100 kDa) or Pierce Concentrator 0.5mL, PES
(molecular weight cut-off 100 kDa). The resulting concentrate was used for any downstream analysis
(TEM, immunoblotting, NTA, proteomics, or transcriptomic analyses).

Transmission Electron Microscopy (TEM) of EVs

For electron microscopic analysis, 5 pL. from the EV samples were loaded onto the carbon side of charged
copper/carbon-coated electron microscopic grids. After 5 minutes, sample loaded grids were washed 3
times in distilled water and then stained with 1-3% uranyl acetate for 1 minute in the dark. Once grids were
dry, EVs were observed under TEM at 80 kV. TEM grids were stored in the appropriate grid storage boxes
for future use. Hitachi HT7700 transmission electron microscope operating at 80 kV was used for imaging.
Immunogold labeling of EVs with CD9

For the preparation of samples for immunogold electron microscopy, purified EVs were fixed for 1 hour in
a mixture of 0.1% glutaraldehyde, 2.5% paraformaldehyde, 0.03% picric acid, and 0.03% CaCl2 in 0.01 M
cacodylate buffer at a pH of 7.2. Fixed samples were then adsorbed for 1 hour to freshly glow discharged
copper Formvar-coated grids. For immunogold staining, grids with adsorbed EVs were incubated sample-
side down on drops of blocking buffer for 30 minutes (a mixture of 0.1% BSA and 0.01 M glycine in 0.01
M PBS). They were then transferred to drops containing rabbit polyclonal antibody to CD9 (Abcam
ab223052) diluted in diluent buffer (1% BSA in 0.01 M PBS) at a dilution of 1:20 and incubated for 1 hour
at room temperature and then overnight at 4°C. Next, grids were washed through a series of drops of
blocking buffer and subsequently transferred to drops containing gold-labeled secondary antibodies.
Secondary antibodies were goat polyclonal antibody to rabbit IgG labeled with 6-nm gold particles (Abcam
ab41498), at a dilution of 1:20 in diluent buffer. After EVs were incubated with secondary antibodies for 1
hour at room temperature, they were once again washed by transferring them through a series of drops of
blocking buffer, then through a series of drops of 0.01 M PBS, and finally, through a series of drops of

deionized water. Grids were then fixed for 15 min on drops of 2.5% aqueous glutaraldehyde. EVs were
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subsequently negatively stained with 2% aqueous uranyl acetate and examined in a JEOL JEM 1400
transmission electron microscope operated at 80 kV.

Nano tracking Analysis (NTA) of isolated EVs

The size and total number of EVs were measured by using NanoSight NS300 (Malvern, UK) with the
technology of Nanoparticle Tracking Analysis (NTA). Size distribution and concentration of EVs in an
aqueous buffer was obtained by utilizing Brownian motion and light scattering properties*2. Samples were
diluted with 1X PBS to obtain optimal concentration for detection (10°-10° particles/ml) and injected with
a continuous syringe system for 60 s x 3 times at speed 100 pl/min. Data acquisition was undertaken at
ambient temperature and measured 3 times by NTA. Data were analyzed with NTA 3.2 software (Malvern,
UK) with minimum expected particle size 10 nm.

Immunoblotting studies

In each well, 15 pg of protein from cell lysates and 21 uL. of EV lysate resolved in a 4-12% polyacrylamide
gel and transferred onto iBlot 2 Transfer Stack containing nitrocellulose membrane using the BOLT transfer
system. The membranes incubated for 1 hour at room temperature in StartingBlockT20 before receiving
rabbit anti CD9 primary antibody overnight at 4 °C. After primary antibody incubation, the membranes
underwent three 5-minute washes with 1x TBS-T. The membranes were then further incubated for 1 hour
at room temperature in a secondary antibody cocktail of donkey anti rabbit 800 (1:10,000 dilution). The
membranes were then washed again as previously described before undergoing imaging via the Odyssey
infrared Imaging System (LI-COR Biosciences).

Experimental Design and Statistical Rationale

The sample conditions were prepared as follows: BV2 cells or BV2-derived EVs and treatment (TGF-f3,
IL-10, LPS, or control). For each individual sample condition, there were four biological replicates for
proteomic studies and three biological replicates for transcriptomic studies. For proteomics studies, there
were a total of 16 cell samples and 16 EV samples analyzed and described in the results. For transcriptomic

studies, there were a total of 12 cell samples and 12 EV samples analyzed and described in the results. The
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maximum number of biological replicates was chosen within budgeted allowance; an a priori power
analysis was not performed. Statistical rationale for each analysis is described below in the “Proteomic
studies of BV2 microglia and EVs” and “Transcriptomic studies of BV2 microglia and EVs” sections.
Proteomic studies of BV2 microglia and EVs

Protein digestion

Sample preparation for MS was performed according to our laboratory protocols modified from previous
publications?3:212:253 To prepare enriched samples for mass spectrometry analysis, EV fractions and cells
were lysed in 8M urea containing protease and phosphatase inhibitors. 100 g of protein from the cell
lysates and the entire volume of the EV lysates were then reduced with 1 mM dithiothreitol (DTT) at room
temperature for 30 min and alkylated with 5 mM iodoacetamide (IAA) in the dark for 30 min with rotation.
Proteins were digested overnight with 2 ug of lysyl (Lys-C) endopeptidase (Wako, 127-06621) at RT on
shaker. Samples were then diluted (7-fold) with 50 mM ammonium bicarbonate (ABC) to bring the urea
concentration to 1 M. Samples were then digested overnight with 2 ug of trypsin (Thermo, 90058) at RT
on shaker. The resulting peptide solutions were acidified to a final concentration of 1% formic acid (FA)
and 0.1% triflouroacetic acid (TFA), desalted with a HLB columns (Waters, 186003908), and dried down
in a vacuum centrifuge (SpeedVac Vacuum Concentrator).

Mass spectrometry (MS)

Dried peptides were resuspended in 15 pL of loading buffer (0.1% FA and 0.03% TFA in water), and 7—
8 uL was loaded onto a self-packed 25 cm (100 pm internal diameter packed with 1.7 um Water’s CSH
beads) using an Easy-nLLC 1200 or Dionex 3000 RSLCnano liquid chromatography system. The liquid
chromatography gradient started at 1% buffer B (80% acetonitrile with 0.1% FA) and ramps to 5% in 10 s>,
An Orbitrap Fusion Lumos Tribrid mass spectrometer with a high-field asymmetric waveform ion mobility
spectrometry interface was used to acquire all mass spectra at a compensation voltage of —45V**. The
spectrometer was operated in data dependent mode in top speed mode with a cycle time of 3 s. Survey scans

were collected in the Orbitrap with a 60,000 resolution, 400 to 1600 m/z range, 400,000 automatic gain
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control (AGC), 50 ms max injection time and RF lens at 30%. Higher energy collision dissociation (HCD)
tandem mass spectra were collected in the ion trap with a collision energy of 35%, an isolation width of
1.6 m/z, AGC target of 10000, and a max injection time of 35 ms. Dynamic exclusion was set to 30 s with
a 10 ppm mass tolerance window.

Protein identification and quantification

MS raw files were searched using the search engine Andromeda, integrated into MaxQuant, against 2020
mouse Uniprot database (91,441 target sequences). Methionine oxidation (+15.9949 Da) and protein N-
terminal acetylation (+42.0106 Da) were variable modifications (up to 5 allowed per peptide); cysteine was
assigned as a fixed carbamidomethyl modification (+57.0215Da). Only fully tryptic peptides were
considered with up to 2 missed cleavages in the database search. A precursor mass tolerance of +20 ppm
was applied prior to mass accuracy calibration and +4.5 ppm after internal MaxQuant calibration. Other
search settings included a maximum peptide mass of 4600 Da, a minimum peptide length of 6 residues,
0.05 Da tolerance for orbitrap and 0.6 Da tolerance for ion trap MS/MS scans. The false discovery rate
(FDR) for peptide spectral matches, proteins, and site decoy fraction were all set to 1 percent. Quantification
settings were as follows: re-quantify with a second peak finding attempt after protein identification has
completed; match MS1 peaks between runs; a 0.7 min retention time match window was used after an
alignment function was found with a 20 min RT search space. Quantitation of proteins was performed using
summed peptide intensities given by MaxQuant. The quantitation method only considered razor plus unique
peptides for protein level quantitation.

The MaxQuant output data were uploaded onto Perseus (Version 1.6.15) for analyses. The categorical
variables were removed, and intensity values were log (base 2) transformed. The data were filtered based
on 50% missingness values and missing values were further imputed from normal distribution (width: 0.3,
down shift: 1.8). The MaxQuant output data (LFQ intensities) from the EV samples were first normalized

based on column sum weight (column sum of given sample divided by average sum across all samples) for
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each sample to account for volumetric loading of EV samples. The data was then processed as described
above with Perseus.

Data Analysis related to proteomic studies

Proteomic data analysis involved several approaches including differential expression analysis, gene
ontology (GO) analysis, principal component analysis (PCA), and hierarchical clustering using the average
linkage method with one minus Pearson correlation. To visualize the data, heat maps of the normalized data
were generated using Morpheus from the Broad Institute (https://software.broadinstitute.org/morpheus),
and additional graphical representations were created using R software (version R-4.2.0) and Prism
(GraphPad, version 9) software.

Cell Proteome: Data Normalization, Log Transformation, and Filtering

LFQ intensities and raw intensity values were uploaded onto Perseus (version: 1.6.15) for analyses.
Categorical variables were removed, LFQ intensity values were log-2 transformed, and data were in general
filtered based on 50% missingness across the group of samples that were selected for each analysis. Missing
values were imputed from normal distribution.

Cell Proteome: PCA and Differential Expression Analysis

The inputted data was then preprocessed to remove duplicates. The code used for this preprocessing is
referenced from the Supplemental materials. Post processing, the inputted data file from the cell proteome
contained 1882 proteins. To identify patterns, relationships, and important variables in the dataset and gain
insight into the main sources of variation, we performed principal component analysis (PCA), a widely
used statistical technique for analyzing high-dimensional datasets. To identify significantly differentially
enriched proteins (with an unadjusted p-value < 0.05), we conducted an unpaired t-test comparing the
treatment groups against the control group. Furthermore, to identify proteins of interest that were
differentially expressed, we performed a one-way analysis of variance (ANOVA) on all samples (n = 16),
comparing the control, LPS, IL-10, and TGF-f3 groups (n = 4 each). The code for the one-way ANOVA
analysis was adapted from the "parANOVA" repository on GitHub

(https://github.com/edammer/parANOV A). Based on the one-way ANOVA calculation, we calculated the
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PCA (https://rdrr.io/bioc/M3C/src/R/pca.R) for the differentially expressed gene "cleanDat." To determine
whether a gene was differentially expressed, we used a threshold of a p-value < 0.05 in the one-way
ANOVA analysis. Out of the 1882 proteins in cleanDat, we identified 333 proteins that met this criterion.

Additionally, we generated one-way ANOVA significant proteins and created heatmap (https://nmf.r-
forge .r-project.org/aheatmap.html) and PCA plots to identify patterns in the dataset. Differentially enriched
proteins were presented as volcano plots. Overall, these methods allowed us to analyze the proteomic data,
identify differentially enriched and differentially expressed proteins, and gain insights into the underlying
structure and variation within the dataset.

EV Proteome: Data Normalization, Log Transformation, and Filtering Missingness

Before conducting any analysis, protein abundances in the EV samples were normalized. This involved
calculating the column sum (LFQ intensities) for each sample in the raw file and determining weights by
dividing the column sum of a given sample by the average sum across all samples. The LFQ data was then
normalized to the column sum weight for each sample.

Following normalization, LFQ intensities and raw intensity values were uploaded onto Perseus (version:
1.6.15) for analyses. Categorical variables were removed, LFQ intensity values were log-2 transformed,
and data were in general filtered based on 50% missingness across group of samples that were selected for
each analysis. Missing values were imputed from normal distribution.

EV Proteome: Batch Regression, Differential Expression Analysis, and PCA

The EV analysis involved 533 proteins divided into Control, TGF-f3, IL10, and LPS groups, each with four
samples. For statistical analysis, batch regression was performed using bootstrap regression to minimize
the impact of batch on sample variance. Variance partitioning was employed to generate violin plots
illustrating the contributions of treatment and batch to the observed variance in the data. The primary
objective was to reduce the variance caused by batch and eliminate the batch effect. Volcano plots were
then generated to visualize the differentially enriched or depleted proteins. The regressed data, obtained
after applying batch regression, was used in an unpaired t-test comparing the control group to the treatment

groups. The top proteins identified from the volcano plots were further examined for their ontologies.
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Principal component analysis (PCA) was conducted, incorporating one-way ANOVA (P < 0.05) and batch
regression. Throughout the EV  analysis, the "parANOVA" repository on GitHub
(https://github.com/edammer/parANOV A) was referenced for the one-way ANOVA code. These analyses
allowed for a comprehensive investigation of the proteomic data, encompassing normalization, statistical
tests, visualization, ontological analysis, and enrichment analysis, providing valuable insights into the
characteristics and differential expression patterns of the proteins under study.

Gene Set Enrichment Analysis (GSEA)

Gene set enrichment analysis (GSEA) was conducted using AltAnalyze (http://altanalyze.org) (Version
2.0). Three treatment groups were compared to the Control group. Specific parameters were employed for
the analysis. Additionally, differentially enriched proteins with unadjusted p-values < 0.05 and fold change
= 2 from the differential analyses were included in the input lists. The background gene list consisted of
unique gene symbols for all proteins identified and quantified in the mouse brain.

Transcriptomic studies of BV2 microglia and EVs

RNA extraction, library prep, and RNA sequencing

Total RNA was extracted from BV2 cells and BV2 cell-derived extracellular vesicles using the Qiagen
miRNeasy Mini Kit (Cat. No. 217004). 20 uL. of EV fraction was resuspended in 700 yL of TRIzol lysis
buffer. BV2 cell pellets were harvested in 700 pL of TRIzol lysis buffer. Added 140 pL of chloroform was
added to each sample and shook vigorously. Samples were then centrifuged for 15 min at 12,000 x g at
4°C. After centrifugation, the sample separated into 3 phases: an upper, colorless, aqueous phase containing
RNA; a white interphase; and a lower, red, organic phase. The top aqueous phase was carefully isolated
without disturbing the other phases. The top aqueous phase was transferred to a new collection tube and
1.5 volumes of 100% ethanol was added and mixed by pipetting up and down. 700 uL of the sample was
added to the provided spin column in collection tubes. Samples were spun at =8000 x g for 15 s at room
temperature and the flow-through was discarded. This was repeated for the rest of the sample.

Bound RNA was washed 2 times using the included wash solution (Buffer RPE). Finally, elution solution

(RNase-free water) was used to elute the RNA in 40 uL volume for cells and 20 yL for extracellular
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vesicles. RNA was stored at -80°C and RNA quality was assessed by Bioanalyzer (Agilent 2100
Bioanalyzer, RNA 6000 Nano Kit for cells, RNA 6000 Pico Kit for EVs, Agilent Technologies).

cDNA Libraries were prepared for small RNAs using the SMARTer smRNA-seq kit and for mRNAs using
the SMART-Seq v4 and Nextera XT kit. A total of 18 cycles of PCR were carried out to obtain a good yield
of cDNA from cells and EVs. Final library quality was verified with Qubit and Bioanalyzer. Negative (no
RNA) and positive controls provided the expected results. Next-generation RNA sequencing was performed
using a HiSeq X Illumina 2x150, 40M total reads per sample (20M in each direction) at Admera Health.
Data Analysis related to RNA seq studies of BV2 microglia and EVs: mRNA and non-coding RNA RNA
sequencing analysis was conducted to identify genes exhibiting differential expression. The counts data
provided information on the abundance of reads mapped to the reference genome or the number of
fragments assigned to each gene. The primary objective was to identify systematic changes between the
conditions of interest, specifically Control vs Treatment. The analysis utilized the DESeq2 package,
developed by Michael I. Love, Simon Anders, and Wolfgang Huber (Package Authors). A
DESeq2DataSetFromMatrix object was created, and the design parameter was set to ~Treatment, which
captured the information on how the traits file was structured. For instance, in the case of n=4 Control vs
n=4 LPS, the design matrix reflected these conditions. To ensure data quality, the raw counts data were
aligned to the traits file, following the documentation guidelines. Lowly expressed genes were filtered out
based on the criterion of rowSums(counts(dds)) = 30, meaning that only genes with 30 reads in total across
all samples (5 X 6 samples = 30) were retained. This step was performed to remove genes with insufficient
expression levels. Additionally, if required by the dataset, Ensembl IDs were converted to gene names for
ease of downstream analysis. The control condition was designated as the reference for comparison, and
genes exhibiting differential expression were identified using the criteria of adjusted p-value < 0.05 and
log2 fold change (LFC > 0 for upregulated genes and LFC < O for downregulated genes). It should be noted
that in the comparison of Bulk RNA-seq on responder BV2 cells, the LPS samples were contrasted against
the control (n = 4), deviating from the general protocol. Principal component analysis (PCA)

(https://www .rdocumentation.org/packages/netresponse/versions/1.32.2/topics/plotPCA) was employed as
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an initial analysis step to identify patterns, relationships, and important variables in the high-dimensional
dataset.

The RNA-seq analysis, utilizing the DESeq2 package, allowed for the identification of differentially
expressed genes, subsequent gene enrichment analysis, and visualization of the results through various
plots. This comprehensive approach provided valuable insights into the expression patterns and functional
characteristics of the genes under investigation.

GSEA of transcriptomic data

Gene enrichment analysis was performed on the lists of differentially expressed genes using AltAnalyze,
with specific parameters specified. Volcano plots (https://github.com/kevinblighe/EnhancedVolcano) and
heatmaps (https://cran.r-project.org/web/packages/pheatmap/index.html)based on the top 50 genes with
adjusted p-values were generated to visualize the results of the differential expression analysis. For gene
enrichment analysis of the predicted targets for specific miRNAs, we used miRDB** and MirTarget°.
Input lists were relaxed to an adjusted p-value of 0.10, as opposed to the usual 0.05, in order to enhance the
coverage of genes for Bulk RNA-seq on responder BV?2 cells, and the LPS samples were contrasted against
the control (n=4). To assess the statistical significance between two categorical variables, a Fisher's exact
test was conducted.

Data availability

R code associated with the data analyses for the manuscript are published to GitHub
(https://github.com/adityanatul/proteomic-and-transcriptomic-signatures-of-microglia-derived-
extracellular-vesicles-)

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD04395.

The RNA sequencing data (including raw files) have been deposited to the NCBI Gene Expression Omnibus
(GEO). GEO accession number is GSE240295 (Public as of August 12, 2023).

Supplemental datasets supporting the conclusions of this article are included within the article as

Supplemental data (16).
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ExoCarta®® (http://www .exocarta.org) was used for lists of proteins previously identified in EVs from
different mouse tissues and cell types.
Rangaraju et al. 2018'® was used for WGCNA module membership data used for analyses comparing the

transcriptomes of responder BV2 microglia to known microglial transcriptomic profiles.
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vii. Chapter II Figures
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Figure 2.1: Purification of BV2 microglia-derived extracellular vesicles (EVs). A. Illustration outlining
the process for isolating EVs from cell culture media. This figure was created with BioRender.com. B.
Transmission electron microscopy (TEM) image of isolated EVs from BV2 cells. Scale bar is 100nm. C.
TEM immunogold labeling of EVs (6nm gold particles) shows CD9 protein on the surface of EVs. CD9 is
a canonical EV surface marker. D. Nanoparticle tracking analysis (NTA) shows size and concentration of
isolated EVs from BV2 cell culture media. E. Western blot analyses of EVs and cell lysate, probed with
antibodies to detect EV-enriched and cytosolic markers. CD9 and TSG101 are positive EV markers and

Calnexin is a negative EV marker. Two biologically-independent experimental samples were blotted for
each condition.
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Figure 2.2: Comparison of BV2 whole-cell proteome and BV2-derived EV proteome. A. Enrichment
of EV related proteins in EV proteome compared to BV2 cell proteome. Red labeled circles are in the
Exocarta top 100 list. B. Heatmap representation, based on enrichment Z-scores, of GOSlim for list of
differentially enriched proteins (DEPs) from Figure 2A. C. Comparison of 533 identified proteins from
BV2-derived extracellular vesicles across all conditions to online database Exocarta mouse, all cell types,
protein. D. Heatmap representation, based on enrichment Z-scores, of Gene Ontology for list of 207 proteins
and list of 689 proteins from Figure 2B. E. STRING protein-protein-interaction network highlighting
protein groups related to RNA metabolism and protein translation, that are unique to BV2 microglia-derived
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EVs as compared to other cell type-derived EVs. Edges represent protein-protein associations. Line
thickness represents edge confidence. F. Comparison of 533 identified proteins from BV2 derived
extracellular vesicles across all conditions to online database Exocarta mouse, microglia, protein. G.
Comparison of 533 identified proteins from BV2 derived extracellular vesicles across all conditions to Yang
et al. 2018 BV2-derived EV proteome.

A

C

PC2 (23% variance)

BV2 cells Extracellular .
’ ; Homeostatic o qiclos EV concentration
+TGFE | — mr . —> 0,0 ) 1%107 - .
%o
50ng/mL. 8%105- R
E Pro-inflammatory 4 .
+LPS oo S 6x10° -
) — — %o 3
100ng/mL >LFQ-MS G 4x10% t
Anti-inflammatory RNA-seq t . 4+ 1
S 2x10° *
+IL-10 00 Qo
| —» - —»> 0 © S o
50ng/mL %o 0 °
< e
Untreated | —» - — 2R
N N
— &SN
Cell Proteome EV Proteome
® 101
°
10 \@ ./
g ® R
DEP_Treatment o]
Control 4
0 AT ’
kS =
/e\ | o Tars =l />
_ | \ & P ~I\ \
s/ @ S L Y A
/ | / A\
o/ | ) e M ;) ®
/ | 'Y @ |
-10 o I [ e 7/
| / \ ; -51 - N /
\. p \. N - N : Vi
-10 0 10 -10 0 10

-log10 p value

PC1 (33% variance)

Increased n=3

Decreased n=49

-4 -2

Difference, log2 IL10 vs Control

PC1 (56% variance)

Decreased n=17

Prkde

-2.5

H2afv

Cltc

Increased n=3

25
Difference, log2 LPS vs Control

EV Proteome: DEPs_Overall
CTL TGFB IL-10 LPS

T B

|

i

.‘[-l AN N .-L_IL

DEP_Treatment

Control
® IL10

® LPS
® TGFB

[ | IIHl

Decreased n=75

Tuba1bt”
H2afv-.
Cltc

Dars”

-25

| N |
YF]
3

Increased n=5

Sdcbp

Lgals3bp
Plau,

Sppl
b

25

Difference, log2 TGF-B vs Control

Figure 2.3: BV2 cells of distinct states and their EVs have unique protein signatures. A. Illustration
outlining the experimental setup. This figure was created with BioRender.com. B. Comparison of EV yield
from BV2 cell culture media, across different treatment conditions. One-way ANOVA, p-value is not
significant (p=0.4684). C. Principal component analysis (PCA) plot of BV2 cell proteome — p<0.05, one-
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way ANOVA (n=333 proteins). D. PCA plot of BV2-derived EV proteome — p<0.05, one-way ANOVA
(n=84 proteins). E. Heatmap of DEPs — p<0.05, one-way ANOVA (n=84 proteins). F. Volcano plots
showing DEPs in EV proteome comparing each treatment group to the control group (p<0.05).
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Figure 2.5: BV2 cells of distinct states and their EVs have unique mRNA signatures. A. PCA plot on
mRNA seq data from BV2 cells — p<0.05, one-way ANOVA. B. PCA plot on mRNA seq data from BV2-
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dervied EVs — p<0.05, one-way ANOVA. C. Volcano plot showing differentially expressed genes (DEGs
— mRNA species) in EVs compared to BV2 cells (p <0.05). Upregulated and downregulated numbers
correspond to red dots (p< 0.05 and log2 fold change LFC>1 for upregulated genes and LFC<-1 for
downregulated genes). D. Heatmap representation, based on enrichment Z-scores, of Gene Ontology for
highly enriched mRNAs (>=2-fold change) in EVs or whole cells. (p<0.05). E. Volcano plots showing
DEGs in cell mRNAseq data — LPS vs Control (p<0.05). Upregulated and downregulated numbers
correspond to red dots (p-value < 0.05 and log2 fold change LFC > 1 for upregulated genes and LFC<-1
for downregulated genes). F. Volcano plots showing DEGs in EV mRNAseq data — LPS vs Control
(p<0.05). Upregulated and downregulated numbers correspond to red dots (p<0.05 and log2 fold change
LFC>1 for upregulated genes and LFC<-1 for downregulated genes). G. Comparison of 1,040 upregulated
mRNAs from BV2 cells treated with LPS to 2,949 upregulated mRNAs from LPS treated BV2-derived
EVs. H. Heatmap representation, based on enrichment Z-scores, of Gene Ontology for BV2 cells (p<0.05).
I. Heatmap representation, based on enrichment Z-scores, of Gene Ontology for BV2-dervied EVs
(p<0.05).



71

>
w

C miRNA seq: EV vs. Cell
De

miRNA seq: Cell miRNA seq: EVs ownregulated Upregulated
_ n=12 =58 mmu-mir-6240
® 200 mmu-mir-6236
© () g 10
2 ° Control 2 j
E 2 & ) Control OAd!.p<0.05
cwo § . A Oxipare
20 | eors §, > o ® ® LPS 9
Q 2
= ® TGFB °l e TaFB
N [$) 2
Q-2 I L
. ° g
b .
2’01 63 variancse - 2 > 0 Mg 1983
- 63% . 459
PC1: 43%variance 50 ommu-mir—125b—2
mmu-mir-1896
[ TR
N mm,uiummw%@,wﬂﬁﬂ? ,,,,,, -
i
B3 13 T 7o
Logs okd hange (EV vs. Gel)
D miRNA seq: Cell - LPS vs. CONTROL E miRNA seq: EV - LPS vs. CONTROL
Downregulated n=14 Upregulated n=35 OAdj. p<0.05 Downregulated n=20 Upregulated n=13 OAdj, p<0.05
250~ mmu-mir—146a " "
oy OAdj. p<0.05 OAdj. p<0.05
mmu-mir-146b ¥ 2-fold change + 2-fold change
200- 9
E s
T 150~ ©
Z. z mmu-mir-6240 mmy-mir-2137
5 o 6 . mnu-mir-5126
%) 2 mir—
g g T o4nir-5108,
=4 mmu-mir o
o 100 > =834 mmu2mir-320
g g M-S T25R o510
' ITH’IJOI’\I[Q‘YH?SAA
3 muemir-664
. mmuSmir—222 ir T $yr-5099
50 og M- 320 T mimir=7000 'Tﬂ:ﬂ::fgbngufmwssh
mmu-mir— rmuxlgt,»? —
mmu-rmjr-326 mu-mir-221_ommu_mir-155 Jg 8121, Mm%
mu-mir 240 - 8535 D) Cimu mir-6538
0 fmrmememd Ll =L : 1L Yl L S o
i i
-50 25 00 25 50 75 ] [ 7
Log fold change (LPS vs. CTL) Log2 FC (LPS vs. CTL)

Gene Ontology on
predicted mRNA targets

insulin-like growth factor receptor signaling pathway
positive regulation of Ras protein signal transduction
embryonic digit morphogenesis

phosphorylation

endothelial cell migration

deacetylase activity

fibroblast growth factor receptor signaling pathway
positive regulation of neuron differentiation

RNA polymerase Il transcription factor binding
regulation of glycolysis

RNA polymerase Il carboxy-terminal domain kinase activity
endoplasmic reticulum organization

synaptic transmission

organ induction

myoblast differentiation

mRNA targets of top miRNAs UP with LPS in EVs

mir-664 (n=250)
mir-5126 (n=1)
mir-320 (n=212)

463 predicted
mRNA targets

mRNA targets of top miRNAs DOWN with LPS in EVs
stem cell division

regulation of calcium-mediated signaling
positive regulation of cell proliferation

mir-6240 (n=262)

mir 51 08 (n _55) 484 pred icted n:gatlve regulal;orI\ of endo(lhellal cell proliferation

- - chromatin remodeling complex

mir-5119 (n:70) mRNA targets u h_ydrolase _activ_i(y, acting on carbon-nitrogen (but not peptide) bonds
dicarboxylic acid metabolic process

mir-6345 (n:97) regulation of protein deacetylation

androgen receptor signaling pathway

corticosteroid receptor signaling pathway

integral to mitochondrial outer membrane

frizzled binding

regulation of BMP signaling pathway

negative regulation of phosphatase activity

1-phosphatidylinositol binding

positive regulation of pathway-restricted SMAD protein phosphorylation

Enrichment Z score

-2.00 1.50 5.00 protein phosphatase inhibitor activity
positive regulation of ic mMRNA pr ing body
synapse

glycoprotein binding
regulation of dendrite morphogenesis
regulation of histone acetylation

cytoplasmic mRNA processing body
embryonic skeletal system development

Figure 2.6: BV2 cells of distinct states and their EVs have unique microRNA signatures. A. PCA plot
miRNA seq data from BV2 cells — p<0.05, one-way ANOVA. B. PCA plot miRNA seq data from BV2-
dervied EVs — p<0.05, one-way ANOVA. C. Volcano plot — EV differentially expressed (DEX) miRNAs
vs. Cell DEX miRNAs (p<0.05). Upregulated and downregulated numbers correspond to red dots (p<0.05
and log?2 fold change LFC>1 for upregulated genes and LFC<-1 for downregulated genes). D. Volcano plot
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— Cell miRNAs: LPS vs. CTL (p<0.05). Upregulated and downregulated numbers correspond to red dots
(p<0.05 and log2 fold change LFC>1 for upregulated genes and LFC<-1 for downregulated genes). E.
Volcano plot — EV miRNAs — LPS vs. CTL (p<0.05) Upregulated and downregulated numbers correspond
to red dots (p<0.05 and log2 fold change LFC>1 for upregulated genes and LFC<-1 for downregulated
genes). F. Top DEX miRNAs in EVs comparing LPS vs. CTL (p<0.05 and log2 fold change LFC>2 or
LFC<-2) and the number of mRNA targets (target prediction score > 80 on miRDB) for those miRNAs.
Heatmap representation, based on enrichment Z-scores, of Gene Ontology for mRNA targets.
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Figure 2.7: State specific effects of LPS treated microglia-derived EVs on resting BV2 cells. A.
[llustration outlining experimental setup. This figure was created with BioRender.com. B. The endotoxin
concentrations (ng/mL) of cell culture media (untreated and treated with LPS 100ng/mL) p<0.000001,
significant, EVs from CCM (untreated and treated with LPS) p=0.511, not significant, and cells treated with
EVs from CCM (untreated and treated with LPS) p=0.103, not significant. C. PCA plot on bulk RNA seq
data from responder cells dosed with EVs derived from LPS treated BV2 cells or Control BV2 cells — p
value <0.05, one-way ANOVA.D.Heatmap of DEGs in responder cells (LFC < or >0, p<0.05). E. Heatmap
representation, based on enrichment Z-scores, of Gene Ontology in responder cells (LFC < or >0, p<0.10).
F. FET Analysis demonstrating overlap between Up list (p<0.10) and microglia microarray analysis in
Rangaraju et al. 2018. Bar color indicates microglial module color from referenced paper.
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Supplemental Figure 2.1: BV2 Cell Proteome. A. Volcano plots showing differentially enriched
proteins in EV proteome — IL10-CTL , LPS-CTL, TGF--CTL. B. Heatmap representation, based on
enrichment Z-scores, of Gene Ontology for polarized cells (padj.<0.05).
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Supplemental Figure 2.3: Heatmap representation, based on enrichment Z-scores, of Gene Ontology
from comparison of 2,949 upregulated mRNAs from BV2 cells treated with LPS to 1,040 upregulated
mRNAs from LPS treated BV2-derived EVs (Figure 2.5F).
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III. Chapter 3. Cell-type specific biotin labeling in vivo to
resolve glial-derived extracellular vesicle proteomes in the

mouse brain

*Chapter III contains modified excerpts of findings and methodologies originally published in a coauthored

publication in Nature Communications on May 25", 2022. DOI: https://doi.org/10.1038/s41467-022-

30623-x. Specific co-author contribution: methodology, writing, reviewing, and editing. Full citation
below.

Rayaprolu S, Bitarafan S, Santiago JV, Betarbet R, Sunna S, Cheng L, Xiao H, Nelson RS, Kumar P, Bagchi
P, Duong DM, Goettemoeller AM, Olah VJ, Rowan M, Levey Al, Wood LB, Seyfried NT, Rangaraju S.
Cell type-specific biotin labeling in vivo resolves regional neuronal and astrocyte proteomic differences in

mouse brain. Nat Commun. 2022;13(1):2927. Epub

i. Introduction

Different cell types, including neurons and glia, play distinct roles in brain development and disease
processes. For example, a key causal pathological hallmark of neurodegenerative disease is chronic
neuroinflammation which is primarily mediated by immune cells of the brain called microglia®. In AD, AP
and tau pathologies promote microglia transformation from homeostatic to disease-associated states®’.
Genome-wide association studies have revealed that a large proportion of AD-associated risk genes are
expressed preferentially in microglia compared to other brain cell types®. Disease-associated-microglia
(DAM) play dual roles in AD pathogenesis, involving the production and release of pro-inflammatory
factors including cytokines and toxic factors as well as neuroprotective, anti-inflammatory functions'®. In
addition, microglia depletion has been shown to increase A} plaque size in a mouse model of AD*®. These
findings confirm causal roles for microglia-mediated neuroinflammation in AD pathogenesis. While the
molecular landscape of microglia in the AD brain has been investigated using omics-based tools, it is well

known that transcriptomic data are poorly reflective of protein changes which are ultimately the effectors
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of biological functions®®. Therefore, there is a need to define microglial proteomic changes in AD to
provide insight into microglia-mediated mechanisms of AD pathogenesis.

There is increasing evidence that pro-inflammatory subsets of DAM can mediate synapse loss'®,
release neurotoxic factors, and secrete extracellular vesicles (EVs), including exosomes®. A newly
identified mechanism of microglia-mediated neuroinflammatory responses in AD involves EV secretion
and uptake. EVs contain proteins, mRNA, and microRNA and are secreted by several cell types*. EVs
transport macromolecules between cells to facilitate intercellular communication and influence downstream
signaling events as well as gene expression profiles in distant cells'*. For example, in AD, DAM release
small EVs (exosomes) containing pathologic tau that can be spread between neurons via endocytosis'®.
Furthermore, depleting microglia and inhibiting the synthesis of exosomes significantly suppresses
propagation of pathogenic tau'®. However, the specific proteins within microglia-derived EVs that lead to
the perpetuation of AD pathology remain unknown. Thus, there is a need to identify the proteins that are
transported by microglia-derived EVs in the context of neuroinflammation and neurodegenerative diseases,
such as AD. Previous work conducted by the author of this thesis (Chapter 2), demonstrated that polarized
BV2 microglia derived EVs display unique proteomic and transcriptomic signatures. Furthermore, the study
demonstrated that LPS activated BV2-derived EVs can induce pro-inflammatory transcriptomic changes in
receipt microglia, thus emphasizing the importance of microglia-derived EV cargo (Chapter 2). However,
the proteomic cargo of microglia in vivo, across disease states is yet to be explored. Proteomic studies of
microglia-derived EVs in vivo may yield unique markers of homeostatic microglial and DAM-derived EVs
to guide EV purification from tissues including biofluids as disease biomarkers!'*®.

Microglia-specific proteomic studies have traditionally required isolation of microglia from the
brain. Despite high purity of microglia, the resulting proteomes using these approaches are still
contaminated by proteins from other cell-types. Furthermore, cell enrichment methods result in low yield,
sampling bias, and artefactual cellular activation which lead to proteomes that are poorly-representative of
the native state of microglia in vivo?® 222 Cell-type specific in vivo proteomic labeling approaches,

particularly biotinylation of proteins with a biotin ligase, TurbolD, represent a promising approach to
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overcome these scientific and technical gaps (section 1.4)**. Our laboratory has developed a novel approach
that employs in-vivo TurbolD to achieve Cell type-specific In vivo Biotinylation Of Proteins or CIBOP. In
this chapter, the author discusses in detail how we approached labeling the proteome of microglia in vitro
and in vivo using the CIBOP approach. Furthermore, the author discusses ongoing efforts to label the EVs

from specific cell types in vivo using the CIBOP approach.

ii. Paving the way to in vivo extensions of TurbolD to label microglia and

extracellular vesicles proteomes

Prior to developing an in vivo method of proximity labeling cell-type specific proteomes, our lab
generated murine neuroblastoma (N2A) and microglial (BV2) lines stably expressing cytosolic TurbolD
(TurbolD Nuclear Export Sequence or TurboID NES) to biotinylate the cellular proteome of these cells for
downstream purification and analysis using mass spectrometry (MS)?!°. The purpose of this work was to
establish the effects of global expression of cytosolic TurboID and biotinylation on mammalian cells and
determine the breath of proteomic labeling using this approach. Sunna et al. reported that cytosolic TurbolD
biotinylates >50% of the proteome in microglia and neuronal cells and that these proteomes differ by about
1340 proteins*"®. Among these proteomes, TurboID-NES biotinylated several subcellular compartments
within microglia and neuronal cells including neurodegenerative disease-relevant proteins. Moreover, using
the lipopolysaccharide (LPS) model of acute inflammation, they showed that TurbolID proteomic profiling
captures microglial activation through the enrichment of immune-relevant proteins in microglia. The results
from this study not only demonstrated the efficacy of TurbolD-based proximity labeling to label cytosolic
proteins in vitro, but also showed that TurboID-NES has minimal impacts on cellular proteomic
composition and function which important for future applications*'°.

Following foundational in vitro studies proving the efficacy of TurbolD-based proximity labeling, we
began developing in vivo proximity labeling applications of TurboIlD-NES for cell type—specific
proteomics. Our first application was a stereotaxic injection AAV mediated delivery (AAV-CIBOP) of Cre

recombinase under the human synapsin (hSynl) promoter for pan-neuronal labeling of proteins in the
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hippocampus®!. Following 4 weeks after stereotaxic injection, mice received biotin supplementation in
water (37.5 mg/L) for 2 weeks to induce biotin labeling. Label-free quantitation via mass spectrometry
(LFQ-MS) of enriched biotinylated proteins from the forebrain lysates of Rosa26"*!**//hSynl mice and
control mice (un-injected) revealed robust pan-neuronal labeling of proteins in the hippocampus by
TurbolD in vivo compared to control*'. Furthermore, proteomic analysis of biotinylated proteins confirmed
neuron-specific labeling with enrichment of neuronal and synaptic proteins.

Our second application involved a transgenic approach (Tg-CIBOP) by crossing Rosa26-floxSTOP-
TurboID mice with Camk2a-CreERT2 mice to label neurons and with Aldhill-CreERT2 mice to label
astrocytes®!. The following section validating the neuronal-specific and astrocytic-specific biotinylation of
proteins includes excerpts from our co-authored publication, Rayaprolu et al. 2022?°!. All experimental
studies shown in Figure 3.1 were reported in a prior collaborative publication from our group and these
data have been included here as they were instrumental in establishing feasibility for proceeding
experiments in this thesis*'. Camk2a (Ca2+/calmodulin-activated protein kinase 2A) is an abundant serine-
threonine kinase highly expressed by excitatory neurons, particularly in the synapse, where it regulates
synaptic transmission, excitability, and long-term potentiation®'. Aldhlll (aldehyde dehydrogenase 1
family member L1) converts 10-formyltetrahydrofolate to tetrahydrofolate and CO, together with the

reduction of NADP and is regarded a pan-astrocyte marker®®

. To achieve astrocyte specific and neuronal
specific labeling, we bred Rosa26-floxSTOP-TurbolD mice with well-validated inducible Cre mouse lines,
Aldhl1ll-CreERT2 and Camk2a-CreERT2 mice, to express TurboID in an inducible manner (Figure
3.1A)*" 262 Conditional gene expression with the Rosa26 vector was achieved by insertion of a LoxP
flanked STOP element between the promoter (CAG) and the coding region. We inserted the V5-TurbolD-
NES construct into the Rosa26 locus using restriction enzyme ligation resulting in Rosa26-floxSTOP-
TurboID mice. Rosa26-floxSTOP-TurbolD mice were then crossed with Camk2a-CreERT2 or Aldhlll-

CreERT2 to obtain heterozygous Camk2a-CreERT2, Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2

Aldhlll-CreERT2, and Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2 mice. Littermate Rosa26-
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floxSTOP-TurboID control mice were also used for experiments. When Camk2a-CreERT2 or Aldhlll-
CreERT?2 transgenic mice are bred with the Rosa26-floxSTOP-TurboID mice containing LoxP-flanked
sequences, tamoxifen-inducible Cre-mediated recombination results in deletion of the floxed sequences
allowing the system to turn on so TurbolD is expressed in Camk2a or Aldhlllexpressing cells. Mice were
treated with tamoxifen (i.p. 75mg/kg x 5 days) followed by 3 weeks and then 2 weeks of biotin water. After
2 weeks of biotinylation, brain regions (cortex, hippocampus, striatum/thalamus, pons/medulla, cerebellum,
and spinal cord) were dissected from one hemisphere for proteomic studies, while the other hemisphere
was used for immunohistochemical studies (Figure 3.1A). Western blot analysis of lysates from different
brain regions of Rosa26-floxSTOP-TurbolD;Aldhil1-CreERT2 and Rosa26-floxSTOP-TurbolD;Camk2a-
CreERT?2 mice confirmed biotinylation of proteins with distinct patterns of biotinylation between the two
mouse lines, with few endogenously biotinylated proteins observed in control mice (Figure 3.1B).
Qualitatively, Rosa26-floxSTOP-TurbolD;Camk2a-CreERT?2 brain regions displayed a higher degree of
labeling compared to Rosa26-floxSTOP-TurbolD;Aldh1l1-CreERT2 brain regions. We also confirmed
TurboID protein expression via detection of V5 (Figure 3.1B). Immunofluorescent imaging of brain
sections from these mice demonstrated biotinylation, as detected by Streptavidin-488,in Rosa26-floxSTOP-
TurbolD;Camk2a-CreERT2 and Rosa26-floxSTOP-TurbolD;Aldh1l1-CreERT?2 brains while control brains
lacked any biotinylation (Figure 3.1C). Rosa26-floxSTOP-TurbolD;Aldh111-CreERT?2 brains co-localized
with Gfap- and Ndrg2- positive astrocytes with a preponderance of labeled blood vessels in the
hippocampus (Figure 3.5D) as well as other brain regions, with no evidence of gliosis (Figure 3.5E).
Furthermore, biotinylation was not observed in BIII-tubulin-positive neurons or Ibal-positive microglia,
confirming astrocyte specificity in the Rosa26-floxSTOP-TurbolD;Aldhl1l1-CreERT2 brains (Figure
3.5D). We next compared the proteomes from Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2 and Rosa26-
floxSTOP-TurbolD;Aldh111-CreERT?2 brain regions and identified 1061 proteins with cell type-specific
differences (= 2-fold change and p <0.05, Figure 3.1F), including 925 proteins more highly abundant in

astrocytes and 136 proteins more highly abundant in neurons. We performed cell type enrichment analysis
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of these differentially expressed proteins using protein marker lists derived from existing reference
proteomes of brain cell types®*. We found astrocytic proteins such as Gfap, Fbxo2, and Hepacam enriched
in Rosa26-floxSTOP-TurbolD;Aldh111-CreERT2 proteome (Figure 3.1F, dark red dots) while neuronal
proteins such as Syngapl, Camk2a, and Nptxr] enriched in Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2
proteome (Figure 3.1F, dark blue dots). GSEA of the differentially expressed cell type-specific protein lists
revealed enrichment of metabolic terms, including lipid metabolism, in astrocytes, while receptor
(ionotropic and metabotropic), synaptic and signal transduction terms were enriched in neurons (Figure
3.1G). Finally, we used the adapted Luminex approach to measure biotinylated signaling phosphoproteins
from Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2  and Rosa26-floxSTOP-TurbolD;Aldhl1l1-CreERT?2
brain homogenates. In comparison to Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2 brain, levels of
astrocyte-derived signaling phospho-proteins in the Rosa26-floxSTOP-TurbolD;Aldh1l1-CreERT?2 brains
were significantly lower even after accounting for differences in efficiency of TurbolD labeling across cell
types (Figure 3.1H). This suggests that basal MAPK and Akt/mTOR signaling activity is higher in Camk2a
neurons compared to astrocytes under homeostatic conditions in the mouse brain. To summarize, these
findings demonstrate the ability of CIBOP to resolve proteomic differences between two brain cell types,
neurons and astrocytes, and identify regional molecular differences at the proteomic level in their native
state, without the need for isolation®'.

Given the success of the Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2 and Rosa26-floxSTOP-
TurbolD;Aldhl1l1-CreERT?2 mice to label neurons and astrocytes in an inducible manner, we generated
Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT?2 mice to characterize the proteome of microglia using the
CIBOP approach. Our goal is that when expressed, TurboID biotinylates microglial proteins that can be
affinity captured by streptavidin coated beads for MS experiments. Furthermore, we hypothesized that the
TurbolD proximity labeling approach will not only label the proteomes of microglia but also microglia-

derived EVs, thus allowing them to be traced back to their cell origin in proteomic studies.

ili. Preliminary Results
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TurbolD labels extracellular vesicles derived from TurbolID transduced BV?2 cells

We applied size exclusion chromatography (Izon qEV) based methods to isolate EVs from BV2
microglia culture supernatants. We characterized EV morphology, size, concentration, and classical
markers using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western
blot analyses. NTA verified that BV2-derived EVs are typically within the range of 50-200nm in diameter
(mean particle size = 90nm) (Figure 3.2A). To characterize the morphology of BV2-dervied EVs, isolated
EVs were examined using high resolution TEM following negative staining. TEM revealed vesicles with
consistent round and cup-shaped morphology within ~50-150nm size range, as would be expected for EVs
(Figure 3.2B). Western blot analyses of EV lysates from BV2 TurbolD transduced microglia and BV2
untransduced control microglia found that the canonical EV protein markers CD9 is present (Figure 3.2C).
Furthermore, preliminary data demonstrates robust biotinylation (streptavidin 680) in TurboIlD BV2
cellular and EV lysates (stably transduced to express V5 tagged TurbolD with a nuclear export sequence
or V5-TurbolD-NES) compared to control BV2 cells (Figure 3.2C). The two upper bands on the western
blot represent endogenously biotinylated carboxylases that are enriched in control samples. These
experiments provide the first data to demonstrate that TurboID proximity labeling can label extracellular
vesicles derived from TurboID-NES transduced BV2 cells, as evidenced by streptavidin 680 western blot
probing.

Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT2 mice reveal insufficient biotin labeling of microglia

We used Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 mice to characterize the molecular
composition of microglia by using a Cre/flox approach to express a biotin ligase, TurbolD, in an inducible
manner (Figure 3.3A). For this approach, we inserted a Loxp-STOP-Loxp-V5-TurbolD-NES cassette into
the Rosa26 locus similar to previous CIBOP approaches as described above (Figure 3.3B)*'. These
Rosa26-floxSTOP-TurbolD mice (heterozygous or homozygous) when bred with Cre mice, leads to the
expression of TurbolD causing biotinylation of the proteome outside the nucleus. Tmemli19-CreERT2
knock-in mice (JAX:031820) have the endogenous transmembrane protein 119 (Tmeml19)

promoter/enhancer sequences that direct the expression of tamoxifen-inducible Cre recombinase in
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microglia. To validate the microglial Cre line and confirm that the Rosa26 locus is active in microglia,
Tmeml 19-CreERT?2 mice were crossed with green fluorescent protein (GFP) reporter mice, Rosa26-EGFP/
mice (JAX:004077). Expression of the EGFP gene is blocked by a loxP-flanked STOP fragment placed
between the EGFP sequence and the Gt(ROSA)26Sor promoter. However, once crossed with the Tmem1 19-
CreERT?2 mice, successful Cre excision can occur by EGFP expression in cre-expressing microglia. We
then treated these mice with tamoxifen (i.p. 75mg/kg x 5 days) and euthanized them after 3 weeks of
recombination. IF of fixed brain confirmed cell type specific GFP expression (Figure 3.3C).

Before we processed any brains for EV isolation, we wanted to ensure that our cell type specific
protein labeling technique was successful in labeling microglia. To assess this, we analyzed biotinylated
proteins  from  Rosa26-floxSTOP-TurbolD;,Tmeml19-CreERT2  mice using western  blot,
immunofluorescence (IF), and flow cytometry (Figure 3.4A). For our first cohort, we followed the
traditional CIBOP protocol which includes 1 week of tamoxifen followed by a 3 week period and then 2
weeks of biotin water. In this cohort, we found that Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 mice
(n=5) and control Tmem119-CreERT2 mice (n=2) showed no difference in biotin labeling by western blot
analysis with streptavidin 680 (Figure 3.4B). Overall the level of biotinylation in brain lysates (regardless
of the brain region) from Rosa26-floxSTOP-TurbolD;Tmeml19-CreERT2 mice was underwhelming
compared to control mice. These results vary significantly from the robust biotinylation we observed with
our Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2 (neuronal) and Rosa26-floxSTOP-TurbolD;Aldhlll-
CreERT? (astrocytic) mice (Figure 3.1C).

Given these results, we decided to set up several experimental timelines that differ from our
standard protocol to determine if biotin labeling of microglia can be improved. We extended the time
between tamoxifen (75mg/kg x 5 days) and biotin water (37.5 mg/L) from 3 weeks to 6 weeks. In addition,
we attempted a longer period of biotin water treatment, trying out 4 weeks instead of 2 weeks. And lastly,
we treated mice with LPS (10 pg/dose/day) for the five days prior to the sac to determine if an inflammatory

challenge and microglia activation would increase uptake of biotin and improve biotinylation levels.
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Western blot (probed for streptavidin 680) of regional brain lysates from mice that underwent these different
experimental paradigms, demonstrated that there was no difference in the level of biotinylation between
Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 mice and control Tmeml19-CreERT2 mice (Figure
3.4C). These results were also confirmed by immunofluorescence (IF) in the hippocampal brain region with
DAPI (nuclear marker), Ibal (microglia marker) and streptavidin-488 (biotin detector). IF images
confirmed that there is no observed biotinylation of Rosa26-floxSTOP-TurbolD;Tmeml19-CreERT2
mouse microglia. These IF studies were conducted across all mice and brain regions and the results were
the same.

These negative qualitative results from IF and western blot studies, led us to conduct flow
cytometric based approaches to assess biotinylation levels and confirm that recombination at the Rosa26
locus occurred. For flow cytometry experiments, mononuclear cells isolated from the fresh brains of
Rosa26-floxSTOP-TurbolD,;Tmem119-CreERT2 (n=2) and Tmeml19-CreERT2 control mice (n=2) were
fixed, permeabilized, and stained with Cd11b, Ly6c, and streptavidin to determine the percentage (if any)
of the microglia population that is labeled by biotin. Using Cd11b*and Ly6c™" we gated for our microglia
population among mononuclear cells (Figure 3.5). Next, we used streptavidin-488 to gate for our
biotinylated microglia population. Our results demonstrated that 47% of microglia from Rosa26-floxSTOP-
TurbolID;Tmeml 19-CreERT2 mice are biotinylated compared to 1.5% in Tmeml19-CreERT?2 control mice
(Figure 3.5). These results demonstrating biotinylation in 47% of microglia from Rosa26-floxSTOP-
TurbolID;Tmeml19-CreERT2 mice confirms that recombination at the Rosa26 locus occurred. However,
this labeling is still significantly lower than the labeling we observe by flow cytometry in our other cell
type specific TurboID mouse models (neuronal and astrocyte). Furthermore, although the biotinylation
percentage of microglia from Rosa26-floxSTOP-TurbolD,;Tmeml19-CreERT2 is larger than that of
Tmeml119-CreERT2 control mice as evidenced by flow cytometry, this is still not robust enough to be
detected by IF, western blot analyses, or mass spectrometry. Since Rosa26-floxSTOP-TurbolD;Tmem1 19-
CreERT?2 mice reveal insufficient biotin labeling of microglia, we decided to assess biotin labeling of brain-

derived EVs with the validated Rosa26-floxSTOP-TurbolID;Aldh1l1-CreERT2 mice.
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Rosa26-floxSTOP-TurbolID:Aldhlll-CreERT2 mice reveal sufficient biotin labeling of astrocytes and

brain derived-EVs

Given the success of labeling the astrocytic proteome with the Rosa26-floxSTOP-TurbolD;Aldhl1lI-
CreERT?2 mice®™!, we isolated EVs from the brains of these mice to see if the CIBOP method is successful
in labeling the proteome of EVs as well. We applied enzymatic digestion of tissue and size exclusion
chromatography based methods to isolate EVs from frozen mouse brain. Given the novelty of this approach
to the lab, we once again characterized the EV morphology, size, and concentration using TEM and NTA.
NTA verified that brain-derived EVs are typically within the range of 50-200nm in diameter (mean particle
size =126nm) (Figure 3.6A). TEM revealed vesicles with consistent round and cup-shaped morphology
within ~50-200nm size range, as would be expected for EVs (Figure 3.6B). Using the established CIBOP
protocol from our 1ab®!, we treated Rosa26-floxSTOP-TurboID;Aldh1l1-CreERT2 mice (n=3) and control
Aldhl1ll-CreERT2 mice (n=3) with 1 week of tamoxifen followed by a 3 week period and then 2 weeks of
biotin water (Figure 3.6C). In this cohort, we found that the brain lysates and brain-derived EV lysates
from Rosa26-floxSTOP-TurbolD;Aldhll1-CreERT2 mice demonstrated robust biotin labeling compared to
control Aldhlli-CreERT2 mice, based on western blot analyses probing with streptavidin 680 (Figure
3.6D). It is important to note that biotinylation levels are far more robust in brain lysates compared to EV
lysates due to the larger amount of input protein. These results demonstrate a promising approach to labeling

the EV proteome of specific cell types in vivo.

iv. Preliminary conclusions and study limitations

This study represents the first effort to label the proteome of microglia in vivo by applying the CIBOP
approach to Rosa26-floxSTOP-TurbolD;Tmemli19-CreERT2 mice. Using western blot analysis, IF, and
flow cytometry to visualize biotinylation levels, we determined that Rosa26-floxSTOP-TurbolD;Tmem1 19-
CreERT2 mouse microglia, regardless of experimental timelines, do not robustly label compared to
previous CIBOP models (Rosa26-floxSTOP-TurbolD;Aldhlll-CreERT2 and Rosa26-floxSTOP-

TurbolD;Camk2a-CreERT2) and control mice. Although there was modest biotinylation of microglia
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47%) from Rosa26-floxSTOP-TurbolD;Tmeml119-CreERT2 mice compared to control (1%), this
percentage is not enough for detection via western blot analysis, IF, and LFQ-mass spectrometry. On the
other hand, as previously discussed and demonstrated, BV2 cells transduced with TurboID-NES
demonstrate robust labeling compared to control cells. However, this mechanism of biotin labeling by
TurboID is somehow ineffective in vivo compared to in vitro approaches. These results spark the
conversation regarding why microglia are resistant to TurbolD labeling in vivo. One idea is that small
molecule transporters that transport vitamins including biotin (ex. Slc5a6/SMVT) may be less abundant or
active in microglia in vivo. Studies have shown that the expression of Na(+)-dependent multivitamin
transporter (SLC5A6/SMVT) is critical to transport of biotin, pantothenate, and lipoic acid into the brain
via the blood-brain barrier?**. However, Slc5a6/SMVT levels in microglia compared to other cell types have
not been previously reported. Some ways to address this question would be to delete Slc5a6 globally in our
microglia Cre/TurbolD system to see if biotinylation decreased or to modify the dose of biotin (not the
duration) to see if that improves transporter activity. Limitations to these approaches are that deletion of
Slc5a6 may induce a metabolic disorder and increased biotin dose may cause toxicity. If it is in fact an issue
with less active or less abundant Slc5a6 in microglia, we can attempt to over express Slc5a6 in our mouse
microglia model to see if microglia biotinylation can be achieved. Potentially in vitro BV2 microglia cells
are oversaturated with biotin that there is passive transport, whereas transport of biotin in vivo is transporter
dependent. However, future experiments similar to those outline above will need to be performed to
understand the biological or mechanistic reason behind microglia resistant to TurbolD labeling in vivo.
The CIBOP approach can be a powerful approach to investigate molecular changes occurring at the
proteomic level while retaining the native state of the cell. More importantly, the CIBOP approach may
elucidate cargo proteomic differences of EVs from specific cell types which may be helpful in
understanding disease pathogenesis. To understand the potential of TurbolD-proximity labeling to label the
proteomes of EVs, we first utilized an in vitro approach with BV2 transduced (TurboID NES) cells. Our
results demonstrated that TurboID proximity labeling can label EVs derived from TurboID-NES transduced

BV2 cells, as evidenced by western blot analysis. After validating this in vitro, we decided to utilize the
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well characterized Rosa26-floxSTOP-TurbolD;Aldhlll-CreERT?2 astrocytic mouse model to determine the
efficacy of labeling brain derived-EVs using the CIBOP approach. Following successful isolation of EVs
from frozen mouse brain, we were able to demonstrate that the brain and EV lysates from Rosa26-
floxSTOP-TurbolD;Aldhl1l1-CreERT2 demonstrate robust labeling compared to control mice as seen by
western blot. To further validate this labeling, mass spectrometry based approaches need to be performed.
However, a difficult aspect of the affinity purification of biotinylated proteins using streptavidin beads is
the requirement for a large amount of protein (~1mg), as demonstrated in previous studies in our lab®"-2!%,
Given that EV protein abundance is much smaller than brain protein abundance, there needs to be
adaptations to existing pipelines so that biotin labeled proteins in EVs can be properly enriched. First, the
ratio of magnetic streptavidin coated beats to protein must to be scaled appropriately to reflect the smaller
amount of protein in EVs. Furthermore, samples should be run on more sensitive mass spectrometry
instruments such as the Thermal Ionization Mass Spectrometry (TIMS), which allows for highly sensitive
detection of specific peptides and proteins in complex biological sample®®.

However, it is important to consider that the CIBOP approach using the TurbolD nuclear export
sequence may not be the best way to label the proteomes of extracellular vesicles. This year, Li et al.
published their study on “TurbolD-EV” system?*. They developed the TurboID-EV system with the
TurbolD tethered to the EV membrane, which allowed them to track the footprints of EVs during and after
EV uptake by the proximity-dependent biotinylation of recipient cellular proteins. By combining TurbolD-
EV biotinylation with stable isotope labeling with amino acids in cultured cells (SILAC), fluorescence-
activated cell sorting (FACS), and spintip-based affinity purification of biotinylated proteins, they
successfully identified TurboID-EV proteins themselves and recipient cell proteins proximal to TurbolD-
EVs*¢. This TurboID-EV system applied with cell type specificity, could potentially elucidate various EV
subtypes and recipient cell types, providing a tool to further dissect the role of EVs in cellular

communication and disease processes.
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v. Methodology

Creating a stably transduced TurbolID BV2 cell line

BV2 cells were transduced with a puromycin-resistant lentivirus construct of a V5-TurbolD-NES
containing an NES (V5-TurboID-NES) and a GFP connected via a T2A linker. Constructs were generated
in Emory University’s Viral Vector Core. Given a titer of 1.5 x 109 I.U./ml, we experimented with
multiplicities of infection (MOls) 5 and 10. In biological triplicates, three wells of each cell type received
the lentivirus at either an MOI of 5 or 10 or received no virus (untransduced control). About 48 h following
transduction, half of the media was replaced with fresh media, and the cells were split 1:3 on 72 h following
transduction. Puromycin selection began 96 h after transduction, half of the media were replaced with 2
pg/ml of puromycin for a final concentration of 1 pug/ml. For the following week, half of the media were
replaced every other day with fresh puromycin-containing media to remove nonadherent cells. After this,
the cells were split twice weekly and maintained with media containing 1 pg/ml of puromycin. We validated
the puromycin screening procedure by assessing the percentage of GFP-positive cells with a fluorescent
microscope and flow cytometry. A majority of cells were GFP positive 3 days after addition of puromycin
selection. After >90% of the cells were GFP positive, the cells were maintained in 10 cm dishes in media
containing 1 pg/ml of puromycin. Cells receiving the lentivirus at an MOI of 5 reached confluency sooner,
and we did not observe a difference in transduction efficacy between MOIs 5 and 10. Successfully
transduced BV2 cells were frozen as stocks in the liquid nitrogen tank for future use.

Cell culture studies

Transduced (V5-TurboID-NES) and untransduced (control) BV2 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with high glucose and L-glutamine containing 1%
penicillin/streptomycin, and 10% FBS. All media was vacuum-filtered with 0.2 gm filters. The cells were
incubated at 37 degrees Celsius (°C) and 5% CO?2 until reaching 80% confluency. The splitting regimen
took place twice weekly, plating one million cells onto a 100 mm culture plate to a final volume of 12 mL

culture media. In preparation for experiments, one million cells were plated in 100 mm plates with 12 mL
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of media. 24 hours after plating, existing media was swapped for filtered serum-free media (DMEM
containing 1% penicillin/streptomycin) and transduced (V5-TurbolD-NES) and untransduced BV2 cells
were treated with 200 uM of Biotin. After 72 hours in culture, cell culture medium was collected from the
plates, transferred into 15 mL tubes, and placed on ice. Next, the plates were washed twice with ice-cold
1x phosphate buffer saline (PBS). Cell pellets were harvested in 500 uL Urea lysis buffer (8 M Urea, 10
mM Tris, 100 mM NaH2PO4, pH 8.5) with 1x HALT protease & phosphatase inhibitor cocktail without
EDTA. Cell lysates were then sonicated at 30% amplitude thrice in 5-second on-off pulses to disrupt nucleic
acids and cell membrane. All cell lysates were centrifuged at 4°C for 2 minutes at 12,700 rpm. The
supernatants were transferred to a fresh 1.5 mL LoBind Eppendorf tube.

EYV isolation from cell culture media

EV isolation from cell culture media is the same as described in Chapter 2.6 Methods & Methodology. Cell
culture media underwent several centrifugation steps to remove cellular debris (10 min at 500xg and 10
min 10,000xg). After each spin, the supernatant was collected and subjected to the subsequent spin. The
final supernatant was collected and added to an Amicon Ultra-15 Centrifugal Filter (molecular weight cut-
off 100 kDa) to concentrate the sample and then was added to a qEV column resin column for size exclusion
chromatography using the Izon qEV system with a qEVoriginal / 35 nm Gen 2 Column. Sterile PBS was
used as the flushing buffer. The second fraction containing the most abundant amount of EVs was then
concentrated using a Amicon Ultra-2 Centrifugal Filter (molecular weight cut-off 100 kDa) or Pierce
Concentrator 0.5mL, PES (molecular weight cut-off 100 kDa). The resulting concentrate was used for any
downstream analysis.

Transmission Electron Microscopy (TEM) of EVs

For electron microscopic analysis, 5 pL from the EV samples were loaded onto the carbon side of charged
copper/carbon-coated electron microscopic grids. After 5 minutes, sample loaded grids were washed 3
times in distilled water and then stained with 1-3% uranyl acetate for 1 minute in the dark. Once grids were
dry, EVs were observed under TEM at 80 kV. TEM grids were stored in the appropriate grid storage boxes

for future use. Hitachi HT7700 transmission electron microscope operating at 80 kV was used for imaging.
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Nano tracking Analysis (NTA) of isolated EVs

The size and total number of EVs were measured by using NanoSight NS300 (Malvern, UK) with the
technology of Nanoparticle Tracking Analysis (NTA). Size distribution and concentration of EVs in an
aqueous buffer was obtained by utilizing Brownian motion and light scattering properties. Samples were
diluted with 1X PBS to obtain optimal concentration for detection (10°-10° particles/ml) and injected with
a continuous syringe system for 60 s x 3 times at speed 100 pl/min. Data acquisition was undertaken at
ambient temperature and measured 3 times by NTA. Data were analyzed with NTA 3.2 software (Malvern,
UK) with minimum expected particle size 10 nm.

Confirming protein biotinylation with western blot analysis

Protein concentration was determined by bicinchoninic acid (BCA) assay (Thermo, 23225). To confirm
protein biotinylation, 15 pg of cell lysates or 20 ul of EV lysate were resolved on a 4—12% Bris-Tris gel,
transferred onto a nitrocellulose membrane, and probed with streptavidin-Alexa680 (Thermo, S32358)
diluted 1:10 K in Start Block (Thermo, 37543) for 1 h at room temperature. Subsequently, the membrane
was washed in 1X tris buffered saline containing 0.1% Tween20 (TBS-T) and imaged using Odyssey
Infrared Imaging System (LI-COR Biosciences).

Animal studies

Approval from the Emory University Institutional Animal Care and Use Committee was obtained prior to
all animal-related studies. All mice used in the present study were housed in the Department of Animal
Resources at Emory University under a 12 h light/12 h dark cycle with ad libitum access to food and water.
Animals were housed in the vivarium under standard conditions for mice (temperature 72 F, humidity range
40-50%). All procedures were approved by the Institutional Animal Care and Use Committee of Emory
University and were in strict accordance with the National Institute of Health’s “Guide for the Care and
Use of Laboratory Animals.”

Transgenic approach for microglial Cre recombinase expression in Rosa26-floxSTOP-TurbolID mice
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Rosa26-floxSTOP-TurbolD mice were crossed with Tmemi19-CreERT2 (Jackson Labs, Strain #:031820,
RRID:IMSR_JAX:031820) to generate heterozygous Tmemll9-CreERT2 and Rosa26-floxSTOP-
TurbolD;Tmem119-CreERT?2 littermate mice. For the standard protocol, mice were given tamoxifen
(75 mg/kg) intraperitoneally for 5 days at 6 weeks of age. After 3 weeks, mice were given water
supplemented with biotin (37.5 mg/L) for 2 weeks until euthanasia at 3 months of age. After biotin
supplementation (37.5 mg/L) for 2 weeks (standard protocol), mice were anesthetized with ketamine
(ketamine 87.5 mg/kg, xylazine 12.5 mg/kg) followed by transcardial perfusion with 30 mL of ice-cold
PBS. The brain was immediately removed and hemi-sected along the mid-sagittal line. The left hemisphere
was fixed in 4% paraformaldehyde (PFA) for 24 h and then transferred to 30% sucrose after through washes
in PBS.

Transgenic approach for astrocytic Cre recombinase expression in Rosa26-floxSTOP-TurbolID mice

Rosa26-floxSTOP-TurbolD were crossed with Aldhll1-CreERT2 mice (Jackson Labs, Stock No. 012362)
to generate heterozygous Aldhill-CreERT2 and Rosa26-floxSTOP-TurbolD;Aldhll1-CreERT? littermate
mice. For the standard protocol, mice were given tamoxifen (75 mg/kg) intraperitoneally for 5 days at 6
weeks of age. After 3 weeks, mice were given water supplemented with biotin (37.5 mg/L) for 2 weeks
until euthanasia at 3 months of age. After biotin supplementation (37.5 mg/L) for 2 weeks (standard
protocol), mice were anesthetized with ketamine (ketamine 87.5 mg/kg, xylazine 12.5 mg/kg) followed by
transcardial perfusion with 30 mL of ice-cold PBS. The brain was immediately removed and hemi-sected
along the mid-sagittal line. The left hemisphere was fixed in 4% paraformaldehyde (PFA) for 24 h and then
transferred to 30% sucrose after through washes in PBS. The right hemisphere of the brain was used for
EV isolation (if performed) and downstream western blot analysis.

EYV isolation from mouse brain

Frozen brain tissue samples (~400-500 mg) was enzymatically digested with 75U/ml of collagenase type 3
in Hibernate-E (at a ratio of 800 ul per 100 mg of brain). Tissue was incubated at 37°C for a total of 20

min. After 5 min passed in the incubation, the tube was swirled gently and inverted to mix tissue and
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digestion solution and then returned to the incubator. After 10min passed in incubation, tissue was gently
pipetted twice up and down before incubating for the remaining time. After incubation was complete, tissue
was returned to ice immediately and HALT phosphatase and protease inhibitors were added to a final
concentration 1x. Next, samples underwent a series of centrifugation steps (5 min at 300xg, 30 min at
2,000xg, and 30 min at 10,000xg). Supernatants were collected after every spin and transferred to a fresh
tube before next spin. Steps following centrifugation are the same as EV isolation from cell culture media
(see above).

Confirming protein biotinylation with western blot analysis

Protein concentration was BCA assay (Thermo, 23225). To confirm protein biotinylation, 10 ug of cell
lysates or 20 ul of EV lysate were resolved on a 4-12% Bris-Tris gel, transferred onto a nitrocellulose
membrane, and probed with streptavidin-Alexa680 (Thermo, S32358) diluted 1:10K in Start Block
(Thermo, 37543) for 1 h at room temperature. Subsequently, the membrane was washed in 1X tris buffered
saline containing 0.1% Tween20 (TBS-T) and incubated over-night with mouse anti-V5 (1:250; Thermo,
R960-25) diluted in Start Block. After washes in TBS-T, membranes were incubated with goat anti-mouse
700 (1:10 K) and imaged using Odyssey Infrared Imaging System (LI-COR Biosciences).
Immunofluorescence (IF) studies

Brains were fixed in 4% PFA and cut into 30 m sections. Sections were rinsed in TBS 3 times for 5 minutes.
Then sections were incubated in TBS/ 0.25% Triton TX-100 / 5% serum at room temperature for 1 hour.
Primary antibody Ibal (microglia marker, 1:500 rabbit anti-Ibal, Abcam, ab178846) was diluted in TBS/
0.25% Triton TX-100 /1% serum. Sections were incubated overnight at 4 degrees Celsius with primary.
The following day samples were rinsed in TBS/1% Serum Solution 3 times for 10 minutes. Secondary
antibodies (anti-rabbit Rhodamine-red ThermoFisher, R6394; Streptavidin Alexa flour 488 1:500,
ThermoFisher, S11223) were diluted in TBS/1% serum solution. Sections were incubated in secondary
antibodies for 1 hour at room temperature in the dark. Stained sections were rinsed in TBS 3 times for 10

minutes. sections were mounted on slides with mounting media containing DAPI (Sigma Aldrich, F6057)
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for nuclear staining. Representative images of the same regions across all samples were taken using the
Keyence BZ-X810 and all image processing.

Acute isolation of adult mice CNS cells for flow cytometry

Experimental mice were anesthetized with isoflurane and euthanized by cardiac perfusion with ice-cold
1xPBS. Whole brain was removed and immediately dissociated over a 40uM sterile cell strainer to obtain
single cell suspension in 30mL of 1xPBS. The suspension was centrifuged at 800 x g for 5 min at 4 degrees
Celsius to obtain a cell pellet. Supernatant was discarded and the cell pellet was re-suspended in 6 mL of
fresh 35% Stock Isotonic Percoll (SIP), transferred to a 15mL conical, and 2mL of 70% SIP was carefully
under-laid. SIP was prepared as 90% percoll + 10% 10xHBSS. The established gradient was centrifuged
for 25 min at 800 x g at 15 degrees Celsius with no brakes. Subsequently, 3mL of the layer between the 35-
70% SIP layers were collected, washed with ice-cold 1xPBS, and centrifuged at 800 x g for 5 min at 4
degrees Celsius. The cell pellet containing microglia was resuspended in cold 1xPBS and transferred into
SmL round-bottom tubes for downstream experiments.

Flow cytometry

Acutely isolated cells were stained with surface flow cytometry antibodies along with appropriate negative
and positive controls as previously described*’. Briefly, isolated cells were washed with 1mL of 1xPBS,
centrifuged at 2200 rpm for 2.5 min at 4 degrees Celsius, and re-suspended in 100uL of 1xPBS. The cell
were then fixed with 100uL of fixation buffer (cat# 00-8222-49, 2X) and incubated for 25 minutes on ice.
Following incubation the cells were centrifuged at 2200 rpm for 2.5 min at 4 degrees Celsius and the
supernatant was discarded. Fixed cells were then washed with 100puL at 2200 rpm for 2.5 min at 4 degrees
Celsius. Next, cells were permeabilized by adding 200uL of 1x permeabilization buffer (cat# 00-8333-56;
10X) and incubated for 30 minutes. Each step following this was performed with 1x permeabilization
buffer. 40 pl of sample was taken out as a control. At this point, unstained cells were collected by
centrifuging the cells at 2200 rpm and adding 300uL PBS and left a 4 degrees Celsius until flow experiment.
For the remaining samples, cells were centrifuged the tubes at 2200 rpm for 2.5 minutes; X2 and 90 pl of

permeabilization buffer was added to each tube. Next 10 pl of primary antibody cocktail (for multiple
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antigens) was added into vial and incubated for 30 minutes in the dark on ice. The cells were stained with
the following fluorophore-conjugated flow-cytometric antibodies: CDI11b- APC-Cy7 (1:100,
ThermoFisher), Anti-Ly6c-PE (1:100, ThermoFisher), and Streptavidin 488 (1:500, ThermoFisher).
Subsequently, the cells were washed 3X at 2200 rpm for 2.5 minutes, re-suspended in 100uL. 1xPBS, and
placed at 4 degrees Celsius until flow cytometry. For all experiments, compensation controls were prepared
with OneComp eBeads stained with appropriate fluorophore-conjugated antibodies and unstained beads.
Data were collected on a BD LSR 1I flow cytometer. Flow data were further analyzed using FlowJo v10.
After gating for single mononuclear cells (FSC and SSC), live cells were selected and CNS mononuclear

cells were sub-gated into CD11b+/Ly6c low and then further gated based on streptavidin 488 expression.
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Figure 3.1: CIBOP approach for labeling neuron-specific and astrocyte-specific proteomes. A:
Rosa26-floxSTOP-TurbolD, Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2, Rosa26-floxSTOP-
TurboID;Aldhll1-CreERT2 mice received tamoxifen intraperitoneally for 5 days. After 4 weeks, mice
received biotin water for 2 weeks. B: Representative Western blots from brain region lysates (n = 2
mice/group), probed for biotin (streptavidin Alexa488), V5 and Gapdh are shown. C: Representative
images (n = 2 mice/group) showing biotinylation in the hippocampus. D: Representative
immunofluorescence images (n = 2 mice/group) showing overlap between astrocytic biotinylation
(streptavidin  Alexa488), Gfap, and Ndrg2 in the hippocampus region from Rosa26-floxSTOP-
TurboID;Aldhll1-CreERT2 mice. E: Representative immunofluorescence images (n = 2 mice/group)
showing no overlap between biotinylation, Ibal, and BIII-tubulin in astrocytes and blood vessels in the
hippocampus region from Rosa26-floxSTOP-TurbolD;Aldh1l1-CreERT2 mice. F: Volcano plot showing
differentially enriched proteins comparing Rosa26-floxSTOP-TurbolD;Aldhlll-CreERT2 and Rosa26-
floxSTOP-TurbolD;Camk2a-CreERT?2. For this analysis, all six brain regions were combined for both
groups. Orange symbols (two-tailed T test unadjusted p < 0.05 and = 2-fold change) represent biotinylated
proteins enriched in Camk2a neurons with neuron-specific proteins highlighted. Blue symbols (two-tailed
T test unadjusted p < 0.05 and = 2-fold change) represent biotinylated proteins enriched in Aldhll1
astrocytes and examples of astrocyte-specific proteins are highlighted in dark blue. G: GSEA showing over-
represented ontologies within neuronal-enriched proteins and astrocyte-enriched proteins. Representative
gene ontology terms are highlighted. H: Volcano plot showing enrichment (two-tailed T test unadjusted p
< 0.05) of MAPK and Akt/mTOR phospho-proteins in Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2
compared to Rosa26-floxSTOP-TurbolD;Aldhll1-CreERT?2. *This figure was derived from a coauthored
publication in Nature Communications on May 25th, 2022 (2927). Methods can be found at DOI:
https://doi.org/10.1038/s41467-022-30623-x.
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Figure 3.2. Validation of microglia and microglia-derived EVs TurbolD labeling in vitro. A:
Nanoparticle tracking analysis (NTA) shows size and concentration of isolated EVs from BV2 cell culture
media. B: Transmission electron microscopy (TEM) image of isolated EVs from BV2 cells. Scale bar is
100nm. C: Western blot (left) of EV lysates derived from BV2 cells probed for CD9 (EV marker) and
streptavidin (to detect biotin) confirms increased biotinylation in TurbolD EV lysates compared to control
and EV purity. Western blot (right) confirming robust biotinylation of proteins in TurboID-NES expressing
BV?2 cell lysates as compared to endogenous biotinylation in controls.
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Figure 3.3. TurbolD-mediated proteomic labeling approach. A: Schematic of in-vivo protein proximity
labeling with TurbolD. B: Genetic strategy for targeting TurbolID (V5-TurbolD-NES) to the Rosa26 locus
under the CAG promoter to develop Rosa26-floxSTOP-TurboID. C. Validation of microglial Cre line:
Tmem119-CreERT2 mice were crossed with Rosa26-EGFP' reporter mice, treated with tamoxifen (i.p.

75mg/kg x 5 days), and euthanized after 3 weeks of recombination. IF of fixed brain confirmed cell type
specific GFP expression.
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Figure 3.4. CIBOP approach for labeling microglia-specific proteomes. A: Rosa26-floxSTOP-
TurbolD;Tmeml119-CreERT2 and Tmeml19-CreERT2 mice received tamoxifen intraperitoneally for 5
days. After 3 weeks (standard protocol) or 6 weeks, mice received biotin water for 2 weeks (standard
protocol) or 4 weeks. B: Representative Western blots from brain region lysates of mice that had a 3 week
period following tamoxifen injections which was followed by 2 week biotin water (n=5 Turbo positive, n=2
Turbo negative), probed for biotin (Streptavidin Alexa680). C: Representative Western blots from brain
region lysates from mice that had a 6 week period following tamoxifen injections which was followed by
either 2 weeks of biotin water (n=2), 4 weeks of biotin water (n=2), or 4 weeks of biotin water + 5 days of

Strep488
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LPS (n=1), probed with Streptavidin Alexa680. D: Representative immunofluorescence images (n = 2
mice/group) DAPI (nuclear maker) and Ibal (microglia marker) labeling and no biotinylation (streptavidin
Alexa488) from Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 and Tmeml19-CreERT2 mice that had a
had a 6 week period following tamoxifen injections which was followed by 2 weeks of biotin water.
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Figure 3.5. Flow cytometric analysis of Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 and
Tmeml19-CreERT2 mice. Flow cytometric gating strategy of acutely isolated brain mononuclear cells
from fresh, unfrozen mouse brain. Within live mononuclear cells, there were 18.4% Cdl 1brositeLy6clow
microglia. Further gating of this group was conducted with Streptavidin 488 to compare the percentage of
biotinylation between of Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 and Tmeml 19-CreERT2 mouse
microglia. Forty-seven percent of microglia cells are biotinylated in Rosa26-floxSTOP-TurbolD;Tmem119-
CreERT2 mice compared to 1.35% in Tmeml119-CreERT2 control mice.
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Figure 3.6. CIBOP approach to label Rosa26-floxSTOP-TurbolD;Aldhll1-CreERT2 derived
extracellular vesicles. A: Nanoparticle tracking analysis shows size and concentration of isolated EVs
from mouse brain. B: Transmission electron microscopy image of isolated EVs from mouse brain. Scale
bar is 100nm. C: Experimental outline for biotin labeling astrocyte-derived EVs using Rosa26-floxSTOP-
TurbolD;Aldhl1l1-CreERT2 mice. D: Western blot (left) of EV lysates from Rosa26-floxSTOP-
TurbolD;Aldh1l1-CreERT2 brain probed with streptavidin 680 (to detect biotin) confirms increased
biotinylation in TurbolD EV lysates compared to control. Western blot (right) confirming robust
biotinylation of proteins (streptavidin 680) in TurbolID expressing brain lysates as compared to endogenous
biotinylation in controls.



102

IV. Discussion

i. Integrated summary of findings

Microglia, the resident immune cell type of the brain, play an essential role in mediating inflammatory
responses in the CNS. Microglia can alter their morphology, molecular profile, and function in response to
immune activators, thus exerting different functions in disease states'”. Microglia-mediated
neuroinflammation is a key pathological component of several neurodegenerative diseases”®. Compelling
evidence has suggested that EVs can have an indirect role in regulation of inflammatory signals and
propagation of pathogenic cargo!® 24, However, the characterization of microglia-derived EVs at the
proteomic and transcriptomic level, and how these are impacted by microglial state, have not been well
studied. This thesis includes foundational in vitro studies identifying unique molecular profiles of
microglia-derived EVs that are determined by microglial activation state. By combining proteomic and
transcriptomic methods, we obtained comprehensive molecular profiles of BV2 microglia-derived EVs
under homeostatic and stimulated conditions. Our analyses revealed novel state-specific proteomic and
transcriptomic signatures of microglia-derived EVs. Particularly, lipopolysaccharide (LPS) activation had
the most profound impact on proteomic and transcriptomic compositions of microglia-derived EVs.
Additionally, we found that EVs derived from LPS-activated microglia were able to induce pro-
inflammatory transcriptomic changes in recipient microglia, confirming the ability of microglia-derived
EVs to relay functionally-relevant inflammatory signals. These in vitro experiments were fundamental for
developing a novel method to characterize the proteome of microglia and their EVs in vivo using TurbolD-
based proximity labeling. Our findings reveal that the microglial proteome cannot be labeled in vivo using
TurbolD-based proximity labeling with the Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT2 mice, despite
successful labeling of the cell proteome and EV proteome in BV2 microglia and the astrocytic Rosa26-
JloxSTOP-TurbolD;Aldhll1-CreERT2 mice. This thesis includes foundational experiments along with

newly developed techniques to interrogate the possibility of characterizing cell-type specific EVs in vivo.
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Proteomic signatures of BV2 microglia-derived EVs

For our in vitro studies, we applied size exclusion chromatography (Izon qEV) based methods to
isolate EVs from BV2 microglia culture supernatants. Our transmission electron microscopy, nanoparticle
tracking, and western blot analyses demonstrate successful EV isolation based on morphology, size,
concentration, and presence of classical EV markers. We characterized the proteome of BV2 microglia and
their EVs using LFQ-MS. BV2 microglia were treated with either LPS to polarize to a pro-inflammatory
state, IL-10 to polarize to a protective state, TGF-f3 to polarize to a homeostatic state, or untreated. LFQ-
MS identified 533 proteins in the EV proteome and 1,882 proteins in BV2 cell proteome, across all
conditions. Our results revealed that canonical exosome/EV related proteins expected to be present in all
EVs independent of cell type of origin were significantly enriched in the EV proteome compared to the
whole cell proteome. In contrast, endoplasmic reticulum proteins expected to be present in cell lysates but
not in EV lysates were enriched in the whole cell proteome. When comparing our BV2-derived EV
proteome to the ExoCarta protein list of EV proteins detected across all mouse cell types we observed
modest overlap but also discovered proteins novel to BV2 microglia derived EVs. Proteins unique to BV2
microglia-derived EVs were enriched in ontologies related to positive regulation of transporter activity,
regulation of RNA splicing, cytosolic large ribosomal subunit, and aminoacyl-tRNA synthetase complex.
On the other hand, the proteins not captured in our BV2-derived EV proteome showed enrichment of
proteins related to protein heterodimerization activity, chromosome organization, and protein kinase
activity. This suggests that proteins contained within microglia-derived EVs could play a role in mRNA
processing as well as protein synthesis in the recipient cell. Taken together, these analyses verify the validity
of our EV proteomes by confirming enrichment abundances of canonical EV markers, highlight the
increased depth of our EV proteome as compared to prior studies, and identify novel proteomic
characteristics of microglia-derived EVs that are distinct from non-microglial EVs which may have

functional implications.
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Microglia activation state impacts proteomic and transcriptomic characteristics of BV2 microglia-

derived EVs

After establishing the validity of our EV preparations, we interrogated the impact of microglia
activation state (LPS, IL-10, or TGF-f treated) on the proteome and transcriptome of microglia-derived
EVs. We observed 334 differentially enriched proteins with unique enrichment patterns across polarization
states, as compared to control, in the BV2 cell proteome. This confirmed that our in vitro conditions induced
distinct microglial activation states. Upon examining the BV2-dervied EV proteome, our results revealed
that EVs derived from BV2 cells treated with LPS demonstrated an enrichment in proteins related to
proteasome activity and reduction in proteins related to chromosomal organization and clathrin/receptor
mediated endocytosis. Prior work has shown that proteasome systems are involved in regulating pro-
inflammatory pathways?**. Thus, EVs derived from LPS-activated microglia can potentially enhance
inflammation through enrichment of proteasomes. Conversely, EVs derived from BV2 cells treated with
IL-10 and TGFf demonstrated a reduction in cytosolic chaperonin Cct ring complex proteins. Previous
studies have shown that chaperonin Cct subunits show increased quantities in disease states and participate
in the regulation of protein folding as pathological protein aggregation, therefore it is also possible that
CCT changes in microglia-derived EVs could impact pathogenic mechanisms of neurodegeneration®*. The
results of these studies align well with the reduction in Cct ring complex proteins following treatment with
IL-10 and TGF-f. These proteomic analyses of EVs confirm that microglial activation states can determine
the proteomic compositions of EVs.

Beyond proteins, we also characterized the mRNA composition of BV2 microglia-derived EVs
using mRNA sequencing. Our results revealed that LPS activation elicited the strongest effect on EV
transcriptomic composition. We found that LPS treated BV2 cells showed enrichment in immune response,
RNA binding, and metabolism. In contrast, EV transcriptomes from LPS treated BV2 cells, showed
enrichment in signaling and ion channel activity. Furthermore, we found that the majority of EV
transcriptomic changes induced by LPS are not observed in the whole cell transcriptomes. This suggests

that pro-inflammatory activation of microglia not only induces whole cell gene expression changes, but
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also likely impacts mechanisms that govern mRNA export into EVs, consistent with our observation of
LPS-induced altered expression of genes involved in mRNA transport at the whole cell level. Our studies
also revealed distinct effects of pro-inflammatory activation on EV transcriptomic signatures, confirming
microglial state-dependent effects on EV composition at the mRNA level, many of which do not occur at
the whole-cell level.

Potential role of BV2 microglia-derived EVs in RNA binding and translation

When comparing our BV2-derived EV proteomics dataset to our BV2-derived EV mRNA
transcriptomic dataset, we found that the major overlapping molecular pathways between the EV proteome
and transcriptome are RNA binding, ribosomal large and small subunit binding and biogenesis, extracellular
region part, and translation. These results suggest that BV2-derived EV cargo contains ribosomal proteins
and mRNAs that can encode ribosomal proteins. This correlation further highlights the point EV cargo may
regulate translation in a recipient cell, a hypothesis that needs future investigation. It also suggests that there
is an inter-relationship between the RNA and protein cargo in EVs that may work together to achieve a
regulatory function in a recipient cell.

BV2 microglia-derived EVs exhibit unique microRNA signatures under pro-inflammatory
conditions

Next we sought to characterize the miRNA cargo of BV2-derived EVs using small RNA
sequencing. Similarly to our mRNA studies, LPS activation demonstrated the strongest effect with group-
based clustering primarily based on LPS treatment. When comparing the whole cell and EV miRNA
transcriptomes, we were able to identify very high levels of miRNAs (ex. mmu-mir-6240) that were distinct
to EVs and not cells. Furthermore, we found that miRNAs in EVs from LPS treated BV2 cells have been
previously implicated in modulating inflammatory responses®*® #*’. Focusing on the miRNAs that are
differentially expressed in EVs from the LPS treated group versus control, we found that miRNAs in the
EVs from LPS treated group target unique mRNAs compared to control, which are involved in androgen

and corticosteroid receptor signaling pathway and the cytoplasmic mRNA processing pathway. By targeting
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distinct mRNAs, the miRNA cargo in these EVs could impact gene expression and modulate inflammation
in a recipient cell.

EVs derived from LPS activated BV2 microglia can elicit pro-inflammatory changes in responder

microglia

Our complementary multi-omics characterization of microglia-derived EVs suggest that EVs from
distinct microglia states have unique protein and RNA cargo, which may be able to impact other cells. To
test this hypothesis we dosed resting responder BV2 microglia with equal amounts of EVs from untreated
and LPS-treated BV2 microglia and then assessed the transcriptomic alterations induced by EVs using bulk
RNA sequencing. Our results revealed that responder BV2 microglia exposed to LPS-treated BV2-derived
EVs display upregulation of genes related to GTPase activity and downregulation of genes related to G-
protein coupled receptor protein signaling and regulation of synaptic plasticity. Interestingly, previous work
has shown that increased Rho-GTPase activity levels in microglia is observed following LPS stimulation*’.
In addition, we found that the overall effect of LPS-microglia-derived EVs on responder microglia was
consistent with a pro-inflammatory profile previously reported in mouse microglia'®. These results
demonstrate the ability of EVs to relay the inflammatory state of microglia of origin to responder microglia.

TurbolD proximity labeling as a promising approach to label the proteome of EVs in vivo with cell-

type specificity

Given our in vitro results with BV2-dervied EVs, we sought to explore ways to investigate these
same questions in vivo. We used Rosa26-floxSTOP-TurbolD;Tmem119-CreERT2 mice to characterize the
molecular composition of microglia by using a Cre/flox approach to express a biotin ligase, TurbolD, in an
inducible manner. We found that Rosa26-floxSTOP-TurbolD;Tmeml19-CreERT2 mice and control
TmemlI19-CreERT2 mice showed no difference in biotin labeling by western blot analysis and
immunofluorescence studies. This was observed regardless of LPS stimulation, increased duration for Cre-
recombination to occur, or increased duration of biotin water. Furthermore, flow cytometry experiments
revealed that 47% of microglia from Rosa26-floxSTOP-TurbolD;Tmem119-CreERT?2 are biotinylated

compared to 1.5% in Tmem119-CreERT?2 control mice; however, this level of biotinylation is still not robust
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enough to be detected by immunofluorescence, western blot analyses, or mass spectrometry. Overall, these
results contrast greatly from previous studies in the lab utilizing Rosa26-floxSTOP-TurbolD;Camk2a-
CreERT?2 mice and Rosa26-floxSTOP-TurbolD;Aldhll1-CreERT2 mice.

Since Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT2 mice reveal insufficient biotin labeling of
microglia, we decided to assess biotin labeling of brain-derived EVs with the validated Rosa26-floxSTOP-
TurbolID;Aldhll1-CreERT2 mice. We validated our approach to isolate EVs from frozen mouse brain using
transmission electron microscopy and nano tracking analyses. we found that the brain lysates and brain-
derived EV lysates from Rosa26-floxSTOP-TurbolD;Aldhl1l1-CreERT2 mice demonstrated robust biotin
labeling compared to control AldhllI-CreERT2 mice, based on western blot analyses probing with
streptavidin-680. These results demonstrate a promising approach to labeling the EV proteome of labeling
specific cell types in vivo.

Conclusion

Our in vitro studies described in Chapter 2, suggest that EVs from distinct microglia states have unique
proteomic and transcriptomic profiles. Furthermore, our comprehensive omics data sets have identified
novel EV proteins in microglia not seen in other EVs, thereby increasing the depth of the microglia-derived
EV proteome that has not been previously reported on. Through our transcriptomic analysis, we discovered
that LPS activation of BV2 cells had the strongest impact on EV composition, possibly increasing the
amount of mRNAs transported and packaged into the EVs. Lastly, our data suggests that EVs from LPS-
activated microglia can elicit a transcriptomic change in resting recipient microglia that mimics that of a
pro-inflammatory response. Our study highlights the value of characterizing the cargo of EVs from distinct
cell types. Since microglia are highly dynamic cells and can transform to different phenotypes in response
to their environment, it is to be inquired if their EVs might have distinct functions and contents. Therefore,
the uptake of microglia-derived EVs by other cells could indirectly mediate downstream signaling events
and disease processes. More research is needed to understand the mechanisms of microglia-derived EVs in
neurodegenerative disease, specifically whether the presence or absence of certain cargo can impact disease

progression.
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Given our in vitro results, we sought to explore ways to investigate these same questions in vivo.
Chapter 3 of this thesis describes our approach at characterizing the proteome of specific cell types and
their EVs in vivo using TurbolD proximity labeling. This study represents the first effort to label the
proteome of microglia by applying the CIBOP approach to Rosa26-floxSTOP-TurbolD;Tmeml19-
CreERT2 mice. Using western blot analysis, immunofluorescence, and flow cytometry to detect
biotinylation levels, we determined that Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT2 mouse microglia,
regardless of experimental parameters, are not robustly labeled compared to previous CIBOP models
(Rosa26-floxSTOP-TurbolD;Aldh1l1-CreERT2 and Rosa26-floxSTOP-TurbolD;Camk2a-CreERT2) and
control mice. Although there was modest biotinylation of Rosa26-floxSTOP-TurbolD;Tmeml 19-CreERT2
mouse microglia compared to control, this difference was not sufficient for detection via western blot
analysis, immunofluorescence, and LFQ-mass spectrometry. On the other hand, BV2 microglia transduced
with TurboID-NES demonstrate robust labeling compared to control cells. However, this mechanism of
biotin labeling by TurboID is somehow ineffective in vivo compared to in vitro approaches with BV2 cells.
This may be due to low levels or suppressed activity of biotin transporter molecules in vivo, however further
studies need to be performed to understand the biology behind this inability to be biotin labeled. On the
other hand, EVs isolated from the brains of Rosa26-floxSTOP-TurbolD;Aldhl1ll-CreERT2 mice
demonstrated successful biotin labeling via western blot analyses. These developed protocols and
experimental data provide can be valuable resource for work seeking to define the proteome of microglia
and their EVs in vivo. Overall the work presented in this thesis, highlight the importance of using -omics
approaches to characterize the molecular composition of specific cell types and their EVs to further

understand their role in disease processes.

ii. Future Applications

Investigating the potential of BV2 microglia-derived EVs from pro-inflammatory microglia to

initiate translation of mRNAs in recipient cells
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Data from our in vitro omics studies suggest that the cargo of EVs from pro-inflammatory (LPS
treated) BV2 cells may be involved in transporting mRNA and ribosomal proteins to recipient cells for
translation. However, for this hypotheses to be proven, future studies would have to demonstrate delivery
of functional mRNAs to recipient cells and subsequent translation. A proposed idea to determine if the
mRNA delivered by BV2-dervied EVs could be expressed in recipient cells is to transduce BV2 cells with
a with a lentivirus vector encoding the secreted luciferase Gaussia'*:2%®. Gaussia luciferase or Gluc is a
reporter that is naturally secreted from mammalian cells in an active form and can be used as a marker to
monitor different in vivo biological events?”. By using RT-PCR analysis, we can confirm that the mRNA
for Gluc (555 bp product) is present in the EVs purified from cell culture media. Purified EVs containing
Gluc mRNA can then be added to recipient resting microglia. Gluc activity released into the cell culture
medium by the recipient microglia can then be monitored overtime to see if there is an observed increase,
supporting the idea of ongoing translation of the Gluc mRNA. This method could show that the mRNA
incorporated into the BV2-derived EVs can be delivered into recipient resting cells and generate a
functional protein. If successful, this method could be used to compare the level of translation in recipient
cells treated with EVs from pro-inflammatory BV2 cells to that of EVs from untreated BV2 cells and further
highlight the role of EVs inflammatory processes.

Possible ways to resolve the inability to label microglia in vivo using TurbolD proximity labeling

Our results using the Rosa26-floxSTOP-TurbolD;Tmeml119-CreERT2 floxed mice revealed the
inability to label microglia in vivo using TurboID-NES proximity labeling, despite success with labeling
the proteome of microglia in vitro using BV2 cells. However, the biological reason behind this remains
unknown. One idea is that small molecule transporters that are responsible for the transport of vitamins
including biotin (ex. Slc5a6/SMVT) may be less abundant or active in microglia in vivo. Previous studies
have shown that the expression of Na(+)-dependent multivitamin transporter (SLC5A6/SMVT) is critical

264 However,

to transport of biotin, pantothenate, and lipoic acid into the brain via the blood-brain barrier
Slc5a6/SMVT levels in microglia compared to other cell types has not previously been reported.

Experiments that can be performed to investigate this hypothesis would be to delete Slc5a6 globally in the
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microglia of Rosa26-floxSTOP-TurbolD;Tmem119-CreERT?2 floxed mice to see if biotinylation decreased
or to modify the dose of biotin to see if that improves transporter activity. Limitations to these approaches
are that deletion of Slc5a6 may induce a metabolic disorder and increased biotin dose may cause toxicity.
If the inability of microglia to take up biotin is associated with less active or abundant Slc5a6 in microglia,
future experiments can attempt to over express Slc5a6 in our Rosa26-floxSTOP-TurbolD;Tmeml19-
CreERT?2 floxed mice to see if microglia biotinylation can be achieved. These experiments could help

understand the biological or mechanistic reason behind microglia resistant to TurbolD labeling in vivo.

Future applications of TurboelD proximity labeling to investigate the proteome of EVs from specific

cell types

Despite success with labeling EVs isolated from the brains of Rosa26-floxSTOP-TurbolD;Aldhl1lI-
CreERT?2 mice as determined by western blot, it is essential to further validate this labeling using mass
spectrometry based approaches. However, a difficult aspect of affinity purification of biotinylated proteins
using the streptavidin beads pulldown method is the requirement for a large amount of protein (~1mg), as
demonstrated in previous studies in our lab®*' 2" Future experiments should ensure that the ratio of
magnetic streptavidin coated beats to protein is scaled appropriately to reflect the smaller amount of protein
in EVs. Furthermore, samples should be run on highly sensitive mass spectrometry instruments such as the
Thermal Ionization Mass Spectrometry (TIMS), to allow for maximum detection of peptides in EV samples.
Additional labeling methods such as the newly discovered “TurbolD-EV” method which involves TurbolD
being tethered to the EV membrane instead of targeting the cytosol, should also be considered*®. This
TurboID-EV system applied with cell-type specificity, could potentially elucidate various EV subtypes and
recipient cell types, providing a tool to further dissect the role of EVs in cellular communication and disease

processes and offer novel insights for biomarker development.
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