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ABSTRACT OF THE THESIS

The Role of DNA Methylation in Driving the Microglial Inflammatory Response

by

Keya Trivedi

Master of Science in Bioengineering

University of California San Diego, 2023

Professor Paula Desplats, Chair
Professor Sheng Zhong, Co-Chair

Alzheimer’s Disease (AD) is a severe neurodegenerative disease characterized by cognitive dysfunction
caused by synaptic loss. Its pathogenesis is driven by the development of extracellular plaques due to the
accumulation of misfolded amyloid-beta (AB) protein and the formation of neurofibrillary tangles (NFTSs)
caused by the aggregation of misfolded Tau. Due to protein aggregation and cell loss during
neurodegeneration, microglia, the innate immune cells of the central nervous system (CNS), acquire a
unique activation phenotype that triggers inflammation. My thesis aims to explore the role of DNA

methylation in driving these inflammatory responses using human-immortalized microglial cells. We

Vii



profiled these cells for various inflammatory and disease-associated microglia (DAM) markers following
in-vitro exposure to either lipopolysaccharide to model bacterial infections or to amyloid-beta to model
neuroinflammation in AD. To investigate global methylation mediating these inflammatory changes, we
measured 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) levels at specific time points.
We also explored the potential of TET inhibitors as a therapeutic approach to reduce neuroinflammation by
measuring the changes in 5-mC and 5-hmC levels as well as inflammatory markers in cells treated with the
TET-inhibitor C35. Taken in all, my results suggest that DNA methylation plays an essential role in eliciting
the inflammatory response of microglia to different stimuli, thus implicating this epigenetic mechanism in

the pathology of AD.
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Introduction

Neurodegenerative disorders such as Alzheimer’s disease (AD), Frontotemporal dementia (FTD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and others are among the top 10 leading
causes of death globally [13]. As of a 2021 report, it is estimated that the number of Alzheimer’s cases
worldwide is as high as 24 million. Older people, especially those over the age of 65, are prone to develop
AD, although it can occur in younger populations as well [36]. AD is the most common type of dementia,
a condition widely characterized by a progressive decline in memory, cognition, language, and hand-eye
coordination, as well as behavioral changes in personality and ability to do basic tasks. The clinical
presentation of AD shows a high degree of neuronal loss in the brain, specifically in the hippocampus and
the cerebral cortex [39]. In addition to neuronal loss, two pathological hallmarks drive AD: the
accumulation of amyloid-B (AP) protein that forms extracellular plaques and the formation of
neurofibrillary tangles (NFTs) caused by the aggregation of Tau protein inside neurons [35] (Figure 1). An
accumulation of misfolded AP peptide causes amyloid plaques, and the Tau protein is a microtubule-
associate protein found in neurons of the CNS that becomes prone to aggregation when it is misfolded

because of hyperphosphorylation [29].

There is currently no known cure for AD, although some treatments can temporarily alleviate some of its
mental and physical symptoms. Memory loss is the major symptom of AD. However, motor functions and
daily activities are also compromised, and conditions such as social withdrawal and depression are elevated
[25]. AD not only impacts the patient’s life but also those around them because of the significant burden
on them as caregivers, along with the rising cost of treatment and medical facilities. As the population
grows older, the risk of being affected by AD also rises, creating a critical need to improve our
understanding of what causes neurodegenerative diseases and develop new approaches for treatment and

prevention.
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Figure 1: Alzheimer’s disease pathogenesis, characterized by Amyloid plaques and neurofibrillary tangles

Source: Created by Biorender.com

Molecular Pathology of AD

Amyloid

AD has two main neuropathological features: amyloid plaques and neurofibrillary tangles (NFTSs). In
addition, other changes, such as cerebral atrophy, neuronal loss, and inflammation, are also observed [40].
Genome-wide associated studies (GWAS) have identified AP peptides as linked to the onset of familial
AD, making them a central research focus [46]. Different forms of AB have been identified over the years,
such as fibrillar AB, insoluble protofibrils, and soluble oligomers, each having varying neurotoxicity effects
[17]. Accumulating evidence from the past few decades suggest that AB accumulation in neurons

contributes majorly to AD pathogenesis, and thus many experimental therapies focus on reducing AP



peptide levels in the brain. However, the complete molecular mechanism of AP neurotoxicity remains

unclear [4].

Amyloid protein was first purified and characterized from the vasculature in the brain of AD patients. The
amyloid precursor protein (APP) was subsequently cloned in 1984 at the University of California San Diego
[25]. APP is a type I transmembrane protein that is proteolytically processed by the a-, B-, and y-secretases,
resulting in the disease-associated isoform A 1-42, which constitutes the senile plaques formed during AD
and accounts for 5-10% of the total amount of AP that is produced [25, 34] (Figure 2). Moreover, mutations
in genes encoding for APP and presenilin (PSEN1 and PSENZ2), linked to familial early-onset AD, have
been found to enhance the production of A peptides and promote their aggregation. These genetic findings

have led to A peptide becoming a central area of focus in AD research [18, 22].
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Figure 2: The APP protein and its cleavage by secretases, forming proteolytic fragments of Ap 1-40 and AP 1-42

Source: Created with BioRender.com

The mechanism by which AD progresses has been at the center of research for many years. Initially, it was

believed that AP was produced at the cell's outer membrane, where it formed aggregates of insoluble -



pleated amyloid fibrils and then released into the extracellular environment, leading to neurotoxic effects
[42, 53]. More recently, advances in electron and atomic microscopy have shown that the intermediate
products of AP fibril formation, such as lower molecular weight A oligomers and high molecular weight
protofibrils that form stable structures, have a more significant neurotoxic effect and are more harmful to
synaptic plasticity than Ap fibrils [47, 57]. Overall, it is accepted that three major groups exist among the
various A isoforms- monomers, soluble oligomers, and insoluble fibrils. In addition, it is considered that
soluble oligomers correlate better with cognitive dysfunction in the AD brain [45] and that their toxicity is
dependent on size and diffusion, with smaller units having greater bioreactivity and hence greater
detrimental effects [47]. These soluble oligomers facilitate their effects by interacting with cell surface
receptors, causing membrane disruption and ion dysregulation [47]. They have also been shown to inhibit
long-term potentiation (LTP) and are associated with weakening and loss of synapses as well as oxidative

damage [9], leading to an increase in cognitive impairment in AD patients [18].

Tau

Research on the role of AB in AD has advanced faster than research on tau. Identifying genetic mutations
responsible for autosomal familial AD led to the formulation of the ‘amyloid cascade hypothesis,” which
shifted the research focus towards AP [18]. Research exploring the biochemistry of APP and presenilins
has greatly improved our understanding of molecular mechanisms involved in AP production and their
physiological effects [39]. These developments have subsequently led to more focus on the development
of therapies targeting the AP pathway aimed at slowing disease progression. On the contrary, tau has
received comparatively less attention as a therapeutic target, indicated by fewer clinical trials surrounding
it [39]. However, in recent years, AD research focused on tau has gained significance, with more studies

using mice models exhibiting tau pathology [60].

Tau is encoded by the MAPT gene and alternate splicing of that results in six different tau isomers [30]. It

is a microtubule-associated protein found in axons and in a healthy brain, it is highly soluble and exists in



an unfolded state which allows it to interact with tubulin and regulate its promotion and stabilization [35].
This interaction of tau with microtubules is regulated by post-translational modifications such as
phosphorylation, ubiquitination, oxidation, etc., out of which phosphorylation is the most studied. What
makes tau an exciting focus of research is that besides its involvement in AD, it also plays a vital role in
several other CNS disorders such as Frontotemporal dementia (FTD), Pick's disease (PID), and corticobasal

degeneration (CBD), together known as tauopathies [3].

Tau undergoes phosphorylation on a few sites in a normal brain [16], but during AD, it becomes
hyperphosphorylated due to an imbalance in the activity of tau kinases such as GSK3 [3]. This results in a
reduced affinity of tau for microtubules and increased resistance to degradation and removal via
ubiquitination [1]. Consequently, this leads to an accumulation of hyperphosphorylated tau in neurons

which aggregate into neurofibrillary tangles (NFTs) [35].

However, in this study, we have focused on the effects of Amyloid-beta in triggering microglial activation.

Neuroinflammation in AD

Besides the two pathological hallmarks of AD discussed above, there is ample evidence that AD
pathogenesis is not just restricted to neurons but has substantial implications on immunological mechanisms
as well. Misfolded and aggregated proteins bind to pattern recognition receptors (PRRs) on microglia,
triggering an immune response characterized by the release of inflammatory cytokines, which affect
neuronal function and cause cell death, thus contributing to disease progression and severity [20, 32]. Many
recent studies have shown that genes such as TREM2 and CD33, which regulate immune responses, are
associated with a high risk of developing AD, highlighting the significance of studying neuroinflammation

as a major hallmark of AD [20].



Microglia

Neuroinflammation in the brain is mediated by microglia, the resident immune cells of the CNS. In a healthy
brain, microglia clear pathogens and cellular debris and also provide ions, metabolites, trophic factors, etc.,
that support tissue maintenance [32]. They also contribute to the protection and remodeling of synapses for
proper maintenance and plasticity of neuronal circuits [23]. Injury or pathological triggers such as neuronal
death and protein aggregates cause microglia to extend their processes to the injury site and initiate an
immune response. Microglia also remove unwanted neurons and synapses, thus helping in modeling neural
circuits [46]. In case of pathogenic invasion, they become activated and release pro-inflammatory cytokines
(Figure 3), including tumor necrosis factor-alpha (TNF-o), and interleukins 6 and 1p (IL-6 and IL-1p),

which further induce the release of various secondary inflammatory signals [46].
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Figure 3: Microglia activation and resolution of inflammation in the human brain

Source: Created with BioRender.com

Microglia in AD
Knowing how microglia function in a healthy brain, we shall now look at how microglia react in case of a

pathological trigger such as Amyloid-p (AB). Microglia help to remove AP by two main mechanisms- either



by efflux of the soluble oligomers or via proteolytic cleavage of the soluble oligomers and insoluble fibrils
[29]. Recently, comprehensive transcriptomic analyses, such as single-cell RNA sequencing (sc-RNA-seq)
of microglia in neurodegenerative conditions, have defined Disease-associated microglia (DAM), a subset
of microglia showing a unique transcriptional and functional signature [12, 58] (Figure 4). Importantly,
DAM expresses many genes which were found in genome-wide association studies (GWAS) as linked to
AD and other neurodegenerative conditions, such as Apolipoprotein E (APOE), triggering receptor
expressed on myeloid cells (TREM2), and cluster of differentiation (CD33) among others [12, 58]. DAM
are characterized by a reduced expression of microglial homeostatic genes such as P2RY12, CD33,
CX3CR1, and TMEM119 (Figure 4) and an upregulation of genes involved in phagocytosis and lipid
metabolism, including AD risk genes such as CTSD, LPL, and TREM2 among others [6, 12, 58] (Figure 4).
In addition, DAM differentiation has been shown to be a two-step process- Stage 1 DAM consists of genes
that are activated independent of TREMZ2, and Stage 2 DAM consists of genes that are dependent on the

TREMZ2 signaling cascade (Figure 4) [6].

However, whether this DAM phenotype is beneficial or detrimental to neurodegeneration is still a topic of
debate. Research suggests that activated microglia help to clear AP buildup in an AD brain by forming a
protective barrier around the plaques, converting the toxic soluble Ap oligomers into insoluble fibrils and
blocking them from traveling to nearby cells [10]. However, there is also contrasting evidence showing that
the localization of fewer microglia caused by a deficiency in the C3 complement cascade regulating innate
immunity alleviated the levels of pro-inflammatory cytokines and improved memory and learning in AD
mice models [50]. Further, it is still unclear whether DAM respond differently in early versus late stages of
AD [58]. Thus, studying DAM mechanisms, associated signaling cascades, and their role in disease

pathogenesis is critical for neurodegeneration research.
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Epigenetics in AD

Epigenetic mechanisms such as post-translational histone modifications, chromatin remodeling, DNA
methylation, and non-coding RNA expression are reversible modifications that can regulate gene
expression without changing an organism’s actual DNA sequence [13]. Several studies have demonstrated
the relationship between epigenetic dysregulations and AD [49]. However, their exact contribution to

disease progression and their role in microglial activation remains relatively unknown.

DNA methylation is a dynamic, cyclic process that involves the addition of a methyl group to the C5
position of a cytosine ring in a CpG dinucleotide, by the DNA-methyl transferase (DNMT) enzyme family,
resulting in 5-methyl-cytosine, or 5mC [5, 24] (Figure 5). DNMT1 regulates the maintenance of

methylation patterns by ensuring that the methylome of the parent strand is correctly copied to the new



daughter strand [40]. The other two functional DNMTs- DNMT3a and DNMT 3b carry out what is known
as de novo methylation, which is the process of adding a new methyl group to previously unmodified
cytosine [40]. Several studies have established the connection between changes in 5mC levels and DNA
stability and gene expression [44]. There is also evidence that 5mC plays a role in aging, given that global
5mC levels have been shown to increase during the process [11]. Although DNA methylation is regarded
as a stable feature, 5-methylcytosine (5mC) can be converted to 5-hydroxymethylcytosine (5hmC) by the
Ten-Eleven Translocation (TET) family of enzymes, which share highly similar catalytic domains that bind
DNA [44]. Structurally, the three TET enzymes are similar and share a conserved C-terminal catalytic
domain containing the metal ion ligand-binding residues required for the 5mC to 5hmC oxidation reaction

and a less conserved N-terminal region [2, 28].

5hmC is an intermediate stage of DNA de-methylation and is associated with an increased gene expression
as opposed to 5mC, which suppresses gene expression [11]. 5hmC has been shown to be involved in
important physiological processes such as cell differentiation and neural development [52] and has also
been shown to increase during the process of aging [8]. Thus, over the last few years, evaluating 5hmC
levels in the context of neurodegenerative disorders has gained significant traction [11]. However, the exact
implication of 5mC and 5hmC levels in neurodegeneration, specifically their role in mediating

inflammatory response to disease is unclear.
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Previous work in Desplats lab

10
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Methylation
maintenance

Previous studies in the Desplats lab have highlighted a relationship between DNA methylation and
microglial inflammatory response (Figure 6A). Their research suggests that the inhibition of DNMT
enzymes in a human immortalized microglial cell line (SV40) led to a decrease in levels of 5mC. This
decrease in global methylation levels was shown to trigger a pro-inflammatory response, characterized by
measuring the levels of cytokines TNF-a and IL6. In contrast, overexpression of DNMT1 led to an increase
in 5mC levels and attenuation of the inflammatory response elicited by LPS or amyloid-Beta (Figure 6B).

The findings of this study indicate that global hypermethylation may have a neuroprotective effect in the



context of Alzheimer's disease (AD). However, the mechanism by which these epigenetic changes drive

the inflammatory response in microglia remains unclear.

Given the promising results of DNMT inhibition in reducing Ap-driven response in microglial cells, my
study aimed at evaluating how changes in global methylation levels contribute to driving microglial
response to canonical and AD-associated inflammation, as well as explore the potential of TET inhibitors

as a potential strategy against neuroinflammation and AD pathology.
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Methods

Cell culture and treatment

A human immortalized microglial cell line HMC3 was obtained from American Type Culture Collection
(ATCC). Cells were cultured in EMEM media (ATCC) with 10% fetal bovine serum and 1% penicillin-
streptomycin and incubated in a 5% CO2 environment at 37°C. Cells were dissociated and collected using

Accutase detachment reagent from Innovative Cell Technologies.

AP 1-42 fragments were purchased from rPeptide, dissolved in Ammonium hydroxide (NH.OH), and
cleaned using the ToxinEraser™ Endotoxin Removal Kit from GenScript. The cleaned Ap was then diluted
in culture media to a final concentration of 2.5 uM. LPS (026:B6) was obtained from Sigma Aldrich and

resuspended in PBS, and a final concentration of 100 ng/mL in culture media was used for treatment.

Amyloid-p Peptide and LPS treatments

Human microglial cells were plated at a density of 8.0 x 10° cells per well in a 6-well plate and grown as
described above. Cultured microglial cells were treated with LPS and AP (diluted in media) at 100 ng/mL
and 2.5 uM per well, respectively for 24 hours at 2-hour intervals (Figure 7). After a 24 h treatment,
approximately 1 x10° cells were collected and extracted for DNA (Qiagen DNeasy Blood and Tissue Kit)

and RNA (Qiagen RNeasy Plus).

12



Figure 7: HMC3 cells were stimulated via LPS and A and collected for RNA extraction at 0.5, 1, 2, 4, 6, 8,
12, and 24 hours. Gene expression was quantified by qPCR using Tagman probes and the 2-22¢t method. Data

is presented as mean values +- S.E.M. in biological triplicate.
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Real-time PCR

The RNA was quantified with a nanodrop spectrophotometer (DeNovix) at 260nm, and 1ug was converted
to cDNA using the high-capacity cDNA reverse transcription kit from Thermo Scientific. Real-time PCR
reactions were then conducted using Tagman gPCR probes, Tagman Fast Advanced master mix, and the
StepOne Plus Real-Time PCR system from Applied Biosystems. PCR reactions were performed in
technical duplicates for all three biological triplicates. Relative quantification of gene expression was

calculated using B-actin as an internal control and expressed as a fold change to the threshold cycle (224<).

Measuring 5mC and 5hmC levels using ELISA

The DNA collected from treated cells was assayed using ELISA to measure the levels of 5-mC (Active
Motif Global Methylation Assay- LINE 1) and 5-hmC (Zymo Quest 5-hmC ELISA) as per the
manufacturer’s instructions. A standard curve was obtained, and the samples were analyzed for relative 5-

hmC and 5-mC content using absorbances detected at 405 nm in a plate reader.

C35 Treatment

TET-IN-C35 (Phyllovan) from Aobious was dissolved in DMSO to a stock concentration of 10 mM. HMC3
cells were cultured in 10 cm dishes using the culture conditions described above. The cells were pre-treated
with 5 uM of C35 and collected for RNA and DNA after 2 hours of LPS and AB 1-42 exposure. Controls
were run using equal concentrations and volumes of DMSO and PBS in place of the inhibitor and LPS/AB

respectively.

15



RESULTS

Characterization of the response to LPS and A 1-42 fragments in HMC3 human primary
immortalized microglia in culture

We first validated the human primary microglia HMC3 cells as a proper in vitro model for our study. To
determine the appropriate time course for LPS and A treatments as pro-inflammatory stimuli, we exposed
HMC3 cells for 24 hours and measured the expression of two major pro-inflammatory cytokines: TNF-a
and IL-6 at 2-hour intervals. TNF-a. and IL-6 are pro-inflammatory cytokines that play important roles in
immune regulation and tissue repair, as well as regulate the production of other neuroinflammatory
mediators including reactive oxygen species and nitric oxide [57]. As shown in Figures 8A and 8B, the
expression levels of both TNF and IL-6 peaked at 4 hours after LPS stimulation and returned to basal levels

after around 8 hours of treatment, suggesting the resolution of inflammation.

Next, we evaluated the expression of other pro-inflammatory markers including IL1B and CD40 and DAM
(Stage 1 and Stage 2) markers P2RY12, CD33, TMEM119, Cx3CR1, NOS2, LPL, CTSD, and TREMZ2 in
HMC3 cells in response to LPS treatment in comparison to untreated cells and focusing on two points
representing the peak or decay of the inflammatory response (4 and 8h, as determined above). In agreement
with many research studies and literature [43, 55], exposure of HMC3 cells to LPS resulted in a significant
increase of pro-inflammatory markers IL1B and CD40, DAM markers such as LPL, CTSD, and NOS2 and

a significant decrease in P2ry12 and CX3CR1 (Figure 9A-9J).

16
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We next characterized this system as a potential in vitro model for AD, by measuring the inflammatory
response to amyloid-beta. Exposure of HMC3 cells to 2.5 uM A 1-42 fragments during 24 hours showed
that the peak gene expression for TNF-a and IL-6 was around 2 hours, returning to basal levels by 8 hours
(Figure 10A and 10B), suggesting that HMC3 cells are sensitive to AB exposure and the kinetics of the
inflammatory response are slightly faster than to LPS. Similarly, and as shown in other microglial models,
exposure of HMC3 cells to A induced other molecules associated with inflammation, with a significant
increase of IL1p and CD40 expression, which also reached higher levels (10-fold) in comparison to the
response to LPS. In contrast, the expression levels of P2RY12, a G-coupled receptor necessary for
microglial-directed motility in response to CNS injury decreased, in agreement with previous observations
in postmortem brain samples from AD cases [12, 54]. Furthermore, we observed a significant increase in
the expression of LPL, a Lipoprotein Lipase that is the rate-limiting enzyme in lipoprotein hydrolysis [33],
and a trend for increased levels of TREMZ2, a gene exclusively expressed in microglia that mediates calcium
signaling [56] (Figure 11A-11J). Both genes are strongly linked to a risk of AD and their upregulation

followed trends reported in the literature [33, 54, 56].

These findings indicate that the human immortalized primary microglial cell line HMC3 responds to LPS

and A and can be used as an in-vitro model to study canonical as well as AD-induced inflammation.
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Figure 10: HMC3 cells were stimulated using 2.5 uM AP and collected at 0.5, 1, 2, 4, 6, 8, 12, and 24 hours. Gene

expression for (A) TNF-o and (B) IL-6 was quantified by qPCR using Tagman probes and the 224 method. Data is

presented as mean values +- S.E.M in biological triplicates.
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Figure 11: HMC3 cells were stimulated using 100 ng/mL LPS and collected at 0.5, 1, 2, 4, 6, 8, 12, and 24 hours.

Gene expression for various inflammatory markers such as (A) IL1B and (B) CD40 and DAM markers such as (C)

CX3CR1 (D) P2RY12 (E) TMEM119 (F) CD33 (G) NOS2 (H) LPL (1) CTSD and (J) TREM 2 was quantified by
gPCR using Tagman probes and the 222 method. Data is presented as mean values +- S.E.M. in biological

triplicates.
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Microglial activation is associated with global changes in DNA methylation

We next sought to investigate the role of DNA methylation in mediating the inflammatory response in
microglia. As mentioned in the previous sections, DNA methylation is a dynamic process that modulates
gene expression and involves both, the addition of methyl groups by DNMTSs, and the oxidation and
removal of methylation by TETSs. Therefore, we measured the transcriptional levels of DNMTs and TETs

enzymes in HMC3 cells after exposure to LPS or AB using gPCR.

LPS exposure triggered an increase in the levels of DNMT3a and DNMTL1 in HMC3 after 4 hours of
treatment, with a trend in increased expression for DNMT3b (Figure 12A), supporting that LPS-induced
inflammation elicits changes in the methylation machinery. In addition, LPS exposure induced a significant
increase in the expression of TET enzymes, supporting active remodeling of DNA methylation during

microglia activation (Figure 13).
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Figure 12: HMC3 cells were stimulated using 100 ng/mL LPS and collected at 0, 4 and 8 hours. Gene expression
for (A) DNM3a (B) DNMT3b and (C) DNMT1 was quantified by gPCR using Tagman probes and the 2-44¢t

method. Data is presented as mean values +- S.E.M. in biological triplicates.
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Figure 13: HMC3 cells were stimulated using 100 ng/mL LPS and collected at 0, 4 and 8 hours. Gene expression
for (A) TET1 (B) TET2 and (C) TET3 was quantified by gPCR using Tagman probes and the 224t method. Data is

presented as mean values +- S.E.M. in biological triplicate.

Since our primary goal was studying DNA methylation associated with AD pathology, we next investigated
the expression of methylation enzymes in HMC3 cells after AB-treatment. Similar to what we observed in
the LPS assays, exposure to Ap induced changes in both, DNMTs and TETs. Notably, the transcription of
DNMT1 was largely affected by AP, with increases up to 20-fold (Figure 14C). We also observed a
significant increase in DNMT3b (Figure 14B), which was unaffected by LPS, suggesting that HMC3 are
sensitive to AB exposure and that the mechanisms that mediate epigenetic remodeling in microglia may be

dependent on the specific inflammatory stimulus.

In addition, we also observed increased expression of all TET enzymes following exposure to AB (Figure
15), suggesting that dynamic transitions between methylation and demethylation of DNA may be involved

in the inflammatory response in microglia.
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Figure 14: HMC3 cells were stimulated using 2.5 uM of AP 1-42 and collected at 0, 4 and 8 hours. Gene expression

for (A) DNM3a (B) DNMT3b and (C) DNMT1 was quantified by gPCR using Tagman probes and the 2-44¢t

method. Data is presented as mean values +- S.E.M. in biological triplicates.
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Figure 15: HMC3 cells were stimulated using 2.5 uM of AB 1-42 and collected at 0, 4 and 8 hours. Gene expression

for (A) TET1 (B) TET2 and (C) TET3 was quantified by gPCR using Tagman probes and the 22t method. Data is

presented as mean values +- S.E.M. in biological triplicates.
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Evaluation of Global Methylation changes associated with Inflammation in HMC3

After observing differential expression of methylation enzymes in response to LPS or AB42 exposure, we
next determined whether these changes impacted global levels of DNA methylation in HMC3, using ELISA
assays to quantify the levels of 5mC and 5-hmC. We selected two time points, one that precedes the peak
of inflammatory gene expression (2h), and one that overlaps the decay of the inflammatory expression (8h)
based on our initial characterization assays. LPS induced a significant increase in 5-mC levels and an

elevation in the levels of 5hmC, although this change did not reach significance (Figure 16A and 16B ).
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Figure 16: HMC3 cells were stimulated using 100 ng/mL LPS and collected at 0, 2, and 8 hours. (A) 5-mC and (B)
5-hmC levels were quantified using ELISA assays and their absorbance was measured using a plate reader at 405

nm.

On the other hand, AB42 treatment led a non-significant increase in 5-mC levels but had a more pronounced
effect on the levels of 5ShmC which increased significantly (Figure 17A and 17.B). This data supports a

dynamic shift in DNA methylation involved in microglial activation and aligns with previous observations
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from the Desplats’ lab indicating that reduced methylation increases inflammation. Furthermore, it points

towards inhibition of TET activity as a potential strategy to reduce microglial activation in AD.
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Figure 17: HMC3 cells were stimulated using 2.5 uM of AB 1-42 and collected at 0, 2, and 8 hours. (A) 5-mC and
(B) 5-hmC levels were quantified using ELISA assays and their absorbance was measured using a plate reader at

405 nm.

Effects of TET Inhibitor C35 on Basal Methylation Levels in HMC3 Cells

While previous work of the lab in using DNMT overexpression showed promising results, our new
observations of activation of TET enzymes by AB may cause a continuous removal of 5mc as it gets
converted to 5hmC, reducing the overall levels of 5mC. Therefore, inhibition of TETs may be necessary to
sustain methylation levels and to attenuate inflammation in AD. Previous studies in another
neurodegenerative disorder, Parkinson’s disease (PD), support this concept. A recent study [36], shows that
TET2 inactivation in a neuronal cell line results in cytosine modification changes that are reciprocal to those
observed in PD neurons. Moreover, this study shows that TET2 loss in mice attenuates transcriptional
immune responses to an inflammatory trigger (LPS). Lastly, the authors also observe that postmortem brain

tissue from PD patients exhibits an epigenetic and transcriptional upregulation of TET2. Hence, they
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suggest that decreased Tet2 activity is neuroprotective, in vivo, and may be a novel therapeutic target for

PD.

TET Inhibitors

Only a limited number of TET inhibitors have been developed. A recent study characterized the C35
inhibitor, a small molecule that specifically targets TET catalytic domain and reduces 5hmC load on the
genome in vitro [51]. In this study, the authors screened the activity of C35 using a purified catalytic domain
of human TET2, and also found a similar inhibitory effect of the compound on TET1 and TET3 activities
after a dose course assay showed similar half-maximal inhibitory concentrations (ICso) of C35 against all
three TET enzymes. This suggested that C35 is a general TET inhibitor that targets all members of the TET
family. Treatment of HEK293T cells stably expressing TET2 with 5 uM C35 for 3 days, showed reductions

in global 5hmC levels.

Based on this data, we evaluated the changes in global methylation levels in HMC3 cells when they were
treated with C35. The basal levels of 5mc and 5hmc did not change significantly after 24 hours of treatment
(Figure 18A and 18.B). However, when the cells were treated for 5 days with the inhibitor, we observed a
significant increase in 5mC levels, while 5hmC remained unchanged (Figure 19A and 19B). These results
suggest an accumulation of 5mC as a result of blocking TET activity and further conversion into 5hmC. On
the other hand, the non-significant decrease of 5hmC could be due to an arrest in the oxidative conversion
of 5hmC by TETs, although further assays are needed to determine the differences observed in our studies

in HMC3 with the original report in HEK293 cell overexpressing TET.
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Figure 18: HMC3 cells were pre-treated with (A) DMSO (Vehicle) and (B) C35 for 24 hours and the levels of 5-

mC and 5-hmC were quantified using ELISA assays and their absorbance was measured using a plate reader at 405
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Figure 19: HMC3 cells were pre-treated with DMSO (Vehicle) and C35 for every day for 5 days and the levels of
(A) 5-mC and (B) 5-hmC were quantified using ELISA assays and their absorbance was measured using a plate

reader at 405 nm.
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Effects of C35 treatment on methylation in HMC3 cells in response to LPS

Next, we evaluated the effects of C35 treatment on levels of 5mC and 5hmC in HMC3 cells exposed to
LPS, in order to get an understanding of whether C35 can modulate the changes in methylation we observed
in association with canonical inflammation. Based on our previous observations we tested the effects of
C35 treatment for 24h and 5 days. HMC3 cells treated with vehicle and later exposed to LPS showed the
expected increase in 5mC (Figure 20A). Treatment with C35 for 24 h before exposure to LPS (2h) did not
significantly affect the increase in 5mC (Figure 20A). Furthermore, C35 treatment did not change the levels

of 5hmC after LPS exposure when compared to vehicle-treated cells (Figure 20B).
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Figure 20: HMC3 cells were pre-treated with 5 M C35 for 24 hours and stimulated with LPS. Cells were collected
after 2 hours of LPS stimulation and the levels of (A) 5-mC and (B) 5-hmC were quantified for the vehicle and LPS-

treated groups using ELISA assays and their absorbance was measured using a plate reader at 405 nm.

We then tested the effects of 5-day treatment with C35 on global methylation. Longer treatment with 5 uM

C35 results in a larger increase in 5mC in comparison to cells treated with vehicle (Figure 21A).
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Importantly, 5 days of treatment with C35 significantly decrease the levels of 5hmC in response to LPS,

indicating strong inhibition of TET enzymes (Figure 21B).
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Figure 21: HMC3 cells were pre-treated with 5 uM C35 for 5 days and stimulated with LPS. Cells were collected
after 2 hours of LPS stimulation and the levels of (A) 5-mC and (B) 5-hmC were quantified for the vehicle and the

LPS-treated groups using ELISA assays and their absorbance was measured using a plate reader at 405 nm.

Effects of 24-hour C35 treatment on methylation in HMC3 cells in response to Ap

Next, we evaluated the effects of 24h C35 treatment on levels of 5mC and 5hmC in HMC3 cells exposed
to Ap 1-42 (2h), to get an understanding of whether C35 can modulate the changes in methylation we
observed in association with AD-associated inflammation. HMC3 cells treated with vehicle and later
exposed to AP showed an increasing trend in 5mC levels. Treatment with C35 for 24 h before exposure to
AP (2h) did not significantly affect the increase in 5mC (Figure 22A). Furthermore, C35 treatment did not

change the levels of 5hmC after Ap exposure when compared to vehicle-treated cells (Figure 22B). These
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results suggest that a longer treatment may be necessary for efficient inhibition of TETSs, as observed in
LPS. Itis important to note that, despite insignificant changes in global methylation in these ELISA assays,

gene-specific-methylation changes may still occur.
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Figure 22: HMC3 cells were pre-treated with 5 uM C35 for 24 hours and stimulated with AB. Cells were collected
after 2 hours of AP exposure and the levels of (A) 5-mC and (B) 5-hmC were quantified for the vehicle and the Ap-

treated groups using ELISA assays and their absorbance was measured using a plate reader at 405 nm.

Effects of C35 on the inflammatory response to LPS and AB in HMC3 cells

Finally, we explored whether C35-induced changes in methylation levels can attenuate the inflammatory
response in microglia, both canonical and in the context of AD. LPS exposure of HMC3 cells for 2 hours
saw a clear increase in TNF and IL6 expression levels (Figure 23A and 23B). The 24h C35 pre-treatment

did not show a significant decrease in expression levels between the vehicle group exposed to LPS and the

31



pre-treated group exposed to LPS. This aligns with our observations of the lack of effect of C35 at short

treatment times (24h).
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Figure 23: HMC3 cells were pre-treated with 5 pM C35 for 24 hours and stimulated with LPS. Cells were
collected after 2 hours of LPS exposure and gene expression for (A) TNF-a and (B) IL-6 was quantified by qPCR

using Tagman probes and the 224t method. Data is presented as mean values +- S.E.M. in biological triplicate.

On the other hand, and despite the small changes in global methylation observed, 24h treatment of HMC3
cells with 5uM C35 is sufficient to curtail the increased expression of both, TNFa and IL6 in response to
AB, likely mediated by inhibition of TETs (Figure 24A and 24B), supporting that inhibition of TET activity

may attenuate inflammation by modulation of 5hmC levels.
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Figure 24: HMC3 cells were pre-treated with 5 uM C35 for 24 hours and stimulated with AB. Cells were collected
after 2 hours of AB exposure and gene expression for (A) TNF-a and (B) IL-6 was quantified by gPCR using

Tagman probes and the 224 method. Data is presented as mean values +- S.E.M. in biological duplicates.

Conclusion
Through this study, we show that human microglial cells (HMC3s) respond to inflammatory stimuli like

LPS, but more importantly, they are highly sensitive to Amyloid-beta and can be used to model AD-

associated neuroinflammation.

Further, this HMC3 inflammatory response involves changes in DNA methylation (5mC and 5hmC levels)
as well as changes in the expression of DNA methylation enzymes (DNMTS and TETS). We explored the
role of a TET inhibitor as a strategy to reduce neuroinflammation and observed that the TET inhibitor C35
was effective in modulating levels of 5mc and 5hmc in cell culture. More importantly, we report that C35
specifically attenuates the inflammatory response of HMC3 to Amyloid-beta. Hence, inhibition of TETs

may be a potential approach to reduce neuroinflammation and pathology in AD.
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Future Directions

Time and Dose Response curves for C35

As seen in cells stimulated with LPS and pre-treated with C35, the 5-day window showed a significant
change in 5mc and 5-hmC levels as compared to the 24-hour treatment. Thus, additional studies including
a time-course response are needed to optimize the effects of C35 in this model. In addition, different

concentrations need to be assayed in the future.

Determination of DNMTs and TETSs activities

Our studies only measured the levels of transcription of DNMTs and TETS in response to LPS and Ap.
Future assays measuring the activity of DNMT and TET proteins are needed to establish the role of these

enzymes in inflammation.

Triculture experiments with microglia, astrocytes, and neurons

Nowadays, much research has been focused on co-culture and tri-culture models of microglia with
astrocytes and neurons. The expression of certain inflammatory markers could be compared between the

cell types and the way the interactions between the cell types change methylation levels.

In vivo experiments with AD-mice

So far, the work done on the C35 inhibitor has been in vitro in HEK293 cells, Mouse embryonic feeder
cells (MEFs), and human microglia. Not much is known about the compound’s ability to reach the brain,

but the next step would be to test this inhibitor in vivo using mouse models of AD.

Sequencing for gene-specific methylation

Lastly, as mentioned before, the lack of detection of significant changes in global methylation doesn’t
indicate the lack of methylation in specific genes, which ultimately dictates transcription. Sequencing

technologies such as RRBS (reduced representation bisulfite sequencing), whole-genome bisulfite
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sequencing, or DNA methylation microarrays can be used to analyze the genome-wide methylation profiles

on a single nucleotide level.

Limitations of the study

Differences in microglial behavior in vitro vs. in vivo

Cultured microglia have repeatedly been shown to behave differently than when they reside in the brain.
The HMC3 cells used in this study are immortalized and present a faster replication rate than cells in vivo.
Further, inside the brain, the cells receive multiple signals from the extracellular environment and other
brain cell types, which cannot be modeled in a culture dish. Further, microglia have different gene

expression patterns and histone modifications in vitro [57].
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