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ABSTRACT

Schizophrenia (SCZ) is a complex neuropsychiatric disorder thought to arise
from an interplay of environmental and genetic risk factors. The presentation of disease
symptomology is heterogenous due to the polygenicity of the disorder. The standard
antipsychotic drug treatments lack target specificity, have severe side effects, and do
not alleviate the most disabling negative and cognitive symptoms. This may be due to a
lack of understanding SCZ pathophysiology. Genome-wide association studies (GWAS)
identified candidate alleles, largely involved in regulating synaptic function, which confer
increased risk for SCZ. The host gene MIR137, contains the primary transcript of
microRNA137 (miR137), is strongly implicated in SCZ risk and is associated with more
severe psychiatric symptoms. MiR137 regulates tens to hundreds of target transcripts
involved in neurodevelopment and synaptic function. Since SCZ is a
neurodevelopmental disorder characterized by synaptic dysfunction, miR137 represents
an interesting target to modulate protein expression in the prefrontal cortex (PFC), one
of the most impacted brain regions. Thus, to improve treatments for people with SCZ,
this dissertation investigated the ability of nanoparticles to deliver nucleic acid cargo to
the PFC to alter synaptic protein expression.

Chapter 1 discusses the genetic heritability of SCZ, the dopamine and glutamate
hypotheses of SCZ, and the hallmark pathologies that characterize the disorder. The
biological function of microRNAs and the relationship of miR137 to SCZ will be
discussed. Finally, an overview will be given of the three nanoparticle delivery systems

that are compared in the following studies.



In Chapter 2, extracellular vesicles (EVs), polymeric nanoparticle, and lipid
nanoparticle (LNP) formulations were compared as nucleic acid delivery vehicles in cell
cultures. Particle size, heterogeneity, charge, toxicity, and encapsulation efficiency were
measured to characterize the nanoparticle types. To analyze the function of
nanoparticles in vitro the uptake, endocytosis, and nucleic acid cargo release was
assessed. Based on the investigated determinants, LNPs were the most effective
transportation vector and were used for further in vivo studies.

In Chapter 3, the pharmacokinetics, biodistribution, and cell type targeting of
nucleic acids delivered by LNPs was determined after injection into the mouse PFC.
LNPs injected into the PFC maintained expression for 24h, remained localized to the
PFC injection site, and preferentially expressed cargo in neurons over microglia or
astrocytes. Additionally, the toxicity of LNPs was measured to determine the
immunogenicity in vivo. Single or multiple injections of LNPs did not affect animal
survival, body weight, or tissue integrity. The effect of miR137 loaded LNPs was
examined by target synaptic protein inhibition in vitro and in vivo. In cell culture
experiments, miR137 inhibited synaptic protein expression, some of which were
previously validated and some of which were novel targets. In the mouse PFC, miR137
inhibited a network of glutamatergic synaptic proteins, some of which are GWAS risk
genes for SCZ. The LNPs themselves activated an immune response through cytokine
and complement cascade enrichment.

Chapter 4 presents a general overview of the findings in this dissertation,
including a summary of findings, potential clinical implications, limitations, and future

directions for neuro-nanomedicine.



Together, these experiments support the potential of LNPs as nucleic acid
delivery vehicles to the brain. The results of this research will inform future studies on

non-viral gene therapies for psychiatric and other neurological disorders.
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Chapter 1: Introduction

Schizophrenia

Schizophrenia (SCZ) is a complex neuropsychiatric disorder affecting nearly 1%
of the global population (K. R. Patel et al., 2014a). This serious mental illness is
associated with significant health, social, and economic concerns. SCZ is one of the top
15 leading causes of disability (GBD 2016 Disease and Injury Incidence and Prevalence
Collaborators, 2017). Individuals with SCZ are more likely to die prematurely, have co-
morbid diseases, and commit suicide (Olfson et al., 2015). On a global and economic
scale, the direct costs associated with SCZ include health care, institutionalization, and
medication (Chong et al., 2016). The indirect costs include loss of productivity and
employment, social services, and criminal justice needs (Kadakia et al., 2022).

Individuals with SCZ demonstrate widespread heterogeneity of symptoms which
makes SCZ one of the least understood neuropsychiatric disorders. Symptoms of SCZ
are typically characterized as positive, negative, or cognitive. Positive symptoms
manifest as psychotic symptoms including hallucinations, delusions, or disorganization
of speech and/or behavior. Negative symptoms include loss of motivation, anhedonia,
social withdrawal, or a loss of affect. Cognitive symptoms disrupt mental processing
such as learning, working memory, and attention. The spectrum of patient
symptomology correlates with diverse individual variation in SCZ presentation. As such,
clinical studies of SCZ require large and diverse sample sizes.

However, SCZ is characterized by hallmark changes in brain structure and
function, specifically in the prefrontal and medial temporal lobes (McCutcheon, Reis

Marques, et al., 2020). The prefrontal and temporal brain regions cooperate in the

11



function of several behaviors including working and declarative memory, executive
function, cognitive flexibility, behavioral inhibition, and attention (Barbas & Zikopoulos,
2007). Resting-state functional connectivity in medial prefrontal and temporal brain
networks are linked to cognitive empathy and negative symptoms of SCZ (Abram et al.,
2017). Furthermore, structural changes to the temporal lobe include reduction in gray
matter volume (Shenton et al., 1992) which is correlated to more severe memory
performance, hallucinations, and thought disorders (Kaur et al., 2020).

Within the frontal lobe, SCZ pathology is especially notable in the prefrontal
cortex (PFC). Alterations in the PFC are evident across spatial and temporal resolutions
in SCZ. For example, pyramidal neurons in the PFC of SCZ patients have smaller soma
volumes, shorter dendritic branches, and fewer dendritic spines (Smucny et al., 2022).
On a network level, synaptic inhibition of PFC GABAergic neurons synchronize
oscillations to connecting brain regions (Gonzalez-Burgos & Lewis, 2008). The PFC is
densely interconnected to critical brain regions including the hippocampus, thalamus,
striatum, and cerebellum (Anastasiades & Carter, 2021). Thus, macrocircuit-level
alterations of the PFC influence cognition and goal-directed behavior (N. P. Friedman &
Robbins, 2022); which are hallmarks of SCZ. Thus, the PFC presents an attractive

target to modulate gene and protein expression associated with symptoms of SCZ.

Genetic heritability for schizophrenia
The etiology of SCZ is multifactorial and thought to arise from an interplay of
genetic and environmental factors. Several environmental factors such as abnormal

fetal development, birthing complications, maternal immune activation, winter births,
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and being born in an urban environment, increase the risk of developing SCZ (Stilo &
Murray, 2019). However, the genetic risk factors play a fundamental role in SCZ
pathology with ~80% heritability and a 46% concordance rate in monozygotic twins
(Sullivan et al., 2019; Wahbeh & Avramopoulos, 2021). This significant genetic
component led researchers to search for risk genes that increase the susceptibility of
developing SCZ.

Genome and exome sequences with large population sizes indicate that each
genome is extremely diverse (Mills et al., 2011). Approximately 85% of disease-related
genetic variations are found in the coding region, suggesting exome sequencing will
identify disease-susceptible genes (Singh et al., 2022). Much of the individual variation
in SCZ risk is genetic and includes thousands of common alleles with small effect sizes,
a few rare copy number variants (CNVs) with large effect sizes, and rare coding variants
(RCVs) (Smeland et al., 2020). However, rare CNVs and RCVs have an estimated
heritability around 2% (Weiner et al., 2023). Given the heterogeneity of SCZ, limiting
genetic studies to exome sequencing might not give a comprehensive view of the
genetic basis for disease risk.

Genome-wide association studies (GWAS) are used to scan the genome for
common genetic variants which might confer an increased risk for SCZ. However, an
“evolutionary paradox” exists whereby the effect size of risk alleles is inversely related to
population frequencies. Much of the genetic heritability of SCZ risk genes are common
alleles. Evidence suggests risk alleles are maintained at high frequencies due to strong
purifying selection of loci at mutation hotspots as opposed to positive or balancing

selection (Owen et al., 2023). Single nucleotide polymorphisms (SNPs) are the largest
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GWAS contributors to allele heritability, estimated at 25% (Trubetskoy et al., 2022).
SNPs that occur in the DNA between genes can act as biological regulators of nearby
genes. SNPs within a gene or in a regulatory region of the gene serve a more direct role
in the gene’s function (Shastry, 2009). SNPs associated with SCZ risk include those
linked to genes involved in dopaminergic, serotonergic, and glutamatergic
neurotransmission (Ripke et al., 2014). Some of these genes include the dopamine D2
receptor DRDZ2 and the glutamatergic NMDA and AMPA receptors GRIN2A and GRIA1,
respectively (Trubetskoy et al., 2022). Many of the associated genes encode proteins
that are critical for neurodevelopment, synaptic transmission, and the immune system.
However, designing therapies to combat the wide-spread genetic and biological

perturbations from SCZ neuropathology remains a challenge.

Dopamine and glutamate hypotheses

Antipsychotic drugs are the most common pharmacological treatment for patients
with SCZ (K. R. Patel et al., 2014b). Many of the molecular target G protein-coupled
receptors (GPCRs) for antipsychotic drugs are also GWAS candidate genes (Ripke et
al., 2011). However, these medications have severe limitations. Antipsychotic
medications bind to several GPCRs simultaneously, and this interaction is thought to be
both beneficial and detrimental (Kinon & Lieberman, 1996). To start, only about half of
patients with SCZ find symptom relief from these treatments (Andrade, 2016). Secondly,
antipsychotics mainly ameliorate positive symptoms, and negative and cognitive
symptoms are left untreated (Chokhawala & Stevens, 2023). Lastly, the promiscuous

affinity of antipsychotics to multiple GPCRs — including the dopaminergic, serotonergic,
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muscarinic, histamine, and noradrenergic receptors — can cause severe neurologic,
motor and metabolic side effects (Stepnicki et al., 2018). It is common for SCZ patients
to nonadhere to antipsychotic treatment due to the severity of side effects such as
weight-gain, hyperlipidemia, glucose intolerance, type 2 diabetes, and metabolic
syndromes (Siafis et al., 2018). However, in complex disorders such as SCZ, multi-
target drugs were found to be more effective than single target pharmacotherapies
(Roth et al., 2004; Wong et al., 2010). Unfortunately, since the genesis of antipsychotics
in the 1950’s, effective treatment options for SCZ have not substantially improved.
However, in the last decade, a larger emphasis has been placed on investigating the
genetic basis of SCZ to design personalized therapies for individualized medicine.

The dopamine hypothesis postulates that SCZ results from pathologic alterations
in dopaminergic mesolimbic and mesocortical circuits (McCutcheon, Krystal, et al.,
2020). First, the mesolimbic pathway is hyperactive in SCZ (McCutcheon et al., 2019).
Patients with SCZ show increased presynaptic dopamine synthesis, and the amount of
dopamine release is correlated with more severe psychotic symptoms (Grace, 2016).
Second, the therapeutic effect of antipsychotic drugs depends on their ability to block
dopamine receptors and thereby alleviate psychosis (Maric et al., 2016). The negative
symptoms of SCZ are thought to be caused by mesocortical hypofunction and
potentially worsened by dopamine D2 receptor antagonists (Stepnicki et al., 2018).
Third, stimulants such as amphetamine and L-DOPA induce primary symptoms of SCZ
(Carey et al., 1995). However, in the pathophysiology of SCZ, striatal dopaminergic
hyperactivity could be secondary to alterations in the glutamatergic system (Kokkinou et

al., 2021). Furthermore, the cognitive and negative symptoms of SCZ are unlikely to be
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a consequence of dopamine dysfunction alone and emerging research has turned to
additional neurotransmitter systems such as glutamate circuitry.

The dopamine hypothesis is complemented by the glutamate hypothesis in the
pathophysiology of SCZ. Glutamate is the major excitatory neurotransmitter in the brain
and the glutamatergic N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors are widespread throughout the brain.
NMDA receptor antagonists have psychotomimetic properties - and are
indistinguishable from SCZ psychosis - supporting the glutamate hypothesis (Coyle et
al., 2020; Moghaddam & Javitt, 2012). The glutamate hypothesis proposes that
hypofunction of NMDA receptors on inhibitory GABAergic interneurons predominates,
resulting in a net increase in excitation in pyramidal neurons (Kantrowitz & Javitt, 2012).
The decrease in NMDA neurotransmission initiates a cascade of events including
decreased excitatory postsynaptic currents, decreased interneuron output, reduced
GABA release, and a disinhibition of postsynaptic excitatory neurons (Mei et al., 2018).
This results in excessive glutamate release and increased activation of non-NMDA
glutamate receptors. The dysfunction of glutamatergic neurotransmission in cortical
pyramidal neurons results in aberrant synaptic function (Abbas et al., 2018). Moreover,
poor antipsychotic response is associated with higher levels of glutamate metabolites
(Egerton et al., 2021). However, current treatment options do not directly regulate
glutamate; thus, emerging therapeutics for SCZ might focus on the direct regulation of

glutamatergic synaptic transmission.
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Synaptic disruptions

Synapses are the foundational interstitial spaces in which electrical and chemical
signals are transferred from pre-synaptic to post-synaptic cells. Synaptic strength is
dynamic and dependent on neuronal activity. This synaptic plasticity is essential for
learning and memory. Importantly, synaptic perturbations are a characteristic of SCZ
and include disruptions in synaptogenesis, synaptic pruning, and synaptic protein
quantity or function (OBI-NAGATA et al., 2019). One idea suggests that anatomical
disruptions in cellular spines, dendrites, and outgrowths impede synaptic connectivity
between neurons in SCZ (Glausier & Lewis, 2013). Moreover, GWAS studies identified
hundreds of candidate genes which code for synaptic proteins involved in voltage-gated
calcium channels and postsynaptic density networks (Fromer et al., 2014; D.-M. Yin et
al., 2012). These synaptic proteins are critical for proper long-term potentiation (LTP)
and long-term depression (LTD) during synaptic plasticity. Therefore, disruption of
synaptic structure and composition of key proteins impairs glutamatergic, GABAergic,
dopaminergic, and cholinergic signaling necessary for neurotransmission (Brachya et
al., 2006). Thus, further research is needed on the synaptic pathology of SCZ and

potential treatment options to reverse synaptic dysfunction.

Inflammation in schizophrenia

In association with the glutamate hypothesis, one theory suggests aberrant
neuronal glutamate release leads to microglial activation through the complement
cascade, implicating the immune system in SCZ neuropathology (Parellada & Gasso,

2021). The central nervous system (CNS) immune system includes the cells that
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maintain homeostasis in the brain — astrocytes and microglia. The neuroimmune system
regulates innate and adaptive immune cells to prevent infection and communicate with
the peripheral immune system. Astrocytes interact with pre- and post-synaptic neurons
and regulate neurotransmitter release, maintenance, clearance, and signaling (Y. S. Kim
et al., 2020). Microglia are primary immune cells that regulate brain development,
maintain synaptic neurotransmission and plasticity, modulate circuit-level networks, and
serve as injury repair cells (Cowan & Petri, 2018).

Attempts were made to study the association between the neuroimmune system
and SCZ through post-mortem brain tissue, positron emission tomography ligands to
image microglial activation, and testing anti-inflammatory therapeutics (Birnbaum &
Weinberger, 2020). However, most of this work remains inconclusive given the
limitations in technologies, small sample size, and difficulty controlling for heterogeneity
in patient treatments. However, the largest piece of evidence linking the immune system
to SCZ etiology arises from GWAS studies. Multiple GWAS studies repeatedly indicated
the major histocompatibility locus to be significantly associated with SCZ risk (Sekar et
al., 2016; Trubetskoy et al., 2022). This region encodes for the complement component
C4 which is linked to excessive synaptic pruning in SCZ (Woo et al., 2020; Yilmaz et al.,
2021). Furthermore, gene enrichment analyses suggest genes elevated in immune
pathways including B-lymphocytes, TGF-[} signaling, and T- and B-cell activation
(Network and Pathway Analysis Subgroup of Psychiatric Genomics Consortium, 2015).
Given the mixed evidence for implicating the immune system in SCZ, it is important to

understand whether the association is primary or secondary to the disease pathology.
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MicroRNAs

The regulation of genetic information is a highly complex biological process.
About 1.5% of the human genome accounts for protein-coding sequences and 98.5% of
the genome consists of non-protein-coding sequences (Liao et al., 2023). Non-protein-
coding sequences can code for long non-coding RNAs and short RNA species such as
short interfering RNAs (siRNA), small nucleolar RNAs (snoRNAs), and microRNAs
(miRNAs). MiRNAs are 19 to 25 nucleotide, single-stranded, noncoding RNAs that
modulate developmental processes and cellular function. MiRNAs target specific sets of
messenger RNAs (mMRNAs) and are key transcriptional silencers of gene expression
(Gulyaeva & Kushlinskiy, 2016). Importantly, miRNAs bind to target transcripts in the
cytoplasm, which reduces the need to transport miRNAs across the nuclear barrier to
function (Catalanotto et al., 2016). MiRNAs interact with target transcripts based on their
complementary “seed sequence” which is six to eight nucleotides long (B. P. Lewis et
al., 2005). There are several seed match types which differ by the number of base pair
gaps and matching sequences that align miRNAs to mRNA transcripts. Generally, the
bound mMRNA will be degraded or translationally repressed, ultimately decreasing the
expression of the target protein (Selbach et al., 2008).

Due to the short, and therefore less selective, miRNA seed sequence, an
individual miRNA sequence can regulate tens to hundreds of gene targets
simultaneously. Estimates of up to 80% of human genes are regulated by miRNAs,
making miRNAs powerful regulators of interacting genetic networks (Selbach et al.,
2008). Numerous recent studies quantified changes in miRNA expression profiles in

biological and disease states including cancer, allergies, and neurological disorders (Ho
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et al., 2022). A growing number of reports suggest utility of miRNAs for medical
intervention, as modulators of drug resistance, or biomarkers of pathological conditions

(Hanna et al., 2019). Thus, miRNAs have pleiotropic potential for RNA-based therapies.

MicroRNA137 and synaptic function

MicroRNA137 (miR137) is enriched in the nervous system and has a critical role
in neuronal development and neurogenesis (Mahmoudi & Cairns, 2017). MiR137 levels
increase 100-fold during embryonic neurodevelopment in brain regions important for
cognitive function including the midbrain and the forebrain (J. Yin et al., 2014). MiR137
is located in the synapto-dendritic compartment of cortical, amygdala, hippocampal,
cerebellar, and brain stem regions, where it targets a number of synaptic and
developmental mMRNAs (Willemsen et al., 2011).

Overexpression of miR137 in vitro disrupts synaptic transmission including LTP,
paired pulse facilitation, and excitatory/inhibitory balance (Y. Cheng et al., 2018; Siegert
et al., 2015). Overexpressing miR137 in embryonic neuronal stem cells reduced
proliferation (Sun et al., 2011). Overexpressing miR137 in hippocampal neurons
reduced synaptogenesis and dendritic spine formation, depressed synaptic
transmission and spontaneous action potential release, reduced synaptic active zone
length, and decreased the total number of docking synaptic vesicles (He et al., 2018).
Overexpression of miR137 in vivo impaired sensory gaiting in the prepulse inhibition
test, disrupted social behavior in the social novelty test, and worsened cognition in the

novel objection recognition test (Arakawa et al., 2019).
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Genetic deletion of miR137 in the germline of mice results in postnatal lethality
(Crowley et al., 2015); while miR137 heterozygous mice have disrupted synaptic and
dendritic growth, repetitive behavior, and impaired learning and social behavior (Y.
Cheng et al., 2018). Additionally, inhibiting miR137 with a complementary sponge
sequence decreased the number of AMPA-silent synapses and potentiated synaptic
transmission (Olde Loohuis et al., 2015). Reduction of miR137 in neuroendocrine cells
downregulated gene sets involved in neuronal transmission and synaptogenesis
(Strazisar et al., 2015). Thus, it remains undetermined if decreased or elevated miR137

expression is needed to maintain proper synaptic functioning.

MicroRNA137 and schizophrenia

SCZ risk genes contain significantly more predicted miRNA-binding sites than
protein-coding genes (Hauberg et al., 2016). Additionally, SCZ genomes are more likely
to contain rare CNVs that over-lap with miRNA-encoding genes (Warnica et al., 2015).
Additional non-coding RNAs, such as circularRNAs, act as miRNA sponges and
exacerbate posttranscriptional gene silencing in SCZ (Mahmoudi et al., 2019).

Multiple GWAS studies replicated a significant link between the MIR137 locus
and increased risk for SCZ (Duan et al., 2014; Ripke et al., 2011, 2013, 2014). This
association centers around the intron of the MIR137 host gene and includes SNPs such
as rs1625579, rs11998588, rs2660304, and rs2802535 (Siegert et al., 2015). SCZ
patients homozygous for the T allele variants at MIR137 are linked to SCZ clinical
endophenotypes including earlier age of psychosis onset, more severe negative

symptoms, worse attention and processing speed (Cummings et al., 2013; Kuswanto et
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al., 2015; Lett et al., 2013), and alterations in brain structure and activity (Mahmoudi et
al., 2020; van Erp et al., 2014). Genetic variation in MIR137 is also associated with
dorsolateral PFC hyper-activation (van Erp et al., 2014) and prefrontal-hippocampal
functional connectivity (B. Liu et al., 2014; Ritchie et al., 2015).

The clinical literature is mixed if miR137 overexpression or inhibition is
associated with SCZ risk. Some studies report lower (Duan et al., 2014; Guella et al.,
2013), while others report no change (Santarelli et al., 2020) in miR137 expression in
the dorsolateral PFC of postmortem brain tissue from SCZ patients. Alternatively,
miR137 was increased in peripheral blood in first episode SCZ patients (Khadimallah et
al., 2022; S. Liu et al., 2017; Wu et al., 2016). However, expressing MIR137 variants in
neuron-like SH-SYSY cells reduces miR137 levels (Strazisar et al., 2015), while SNPs in
MIR137 in converted human-derived neurons increase miR137 expression (Siegert et
al., 2015). However, miR137 levels may be altered in patients with advanced stages of
SCZ due to chronic disease states or pharmacological manipulation such as
antipsychotic or other prescription drugs. Thus, measuring the levels of miR137 might
be limited in complex human populations. Overall, there could a narrow window of
optimal miR137 levels that increase SCZ risk.

Disease-associated SNPs in M/IR137 may help to explain dysfunction in synaptic
and neural circuit performance that drives the disease phenotype. Reductions in
synapse number or function impair network level processing resulting in the core
symptoms of SCZ. Since miR137 is enriched during neurodevelopment and is present
in pluripotent stem cells, the two-hit model of SCZ vulnerability suggests miR137 arises

during development and environmental contributions increase disease risk. This

22



“‘Delayed Mechanism” of disrupted miR137 levels during postnatal development could
play a role in the onset of SCZ. For example, miR137 post-transcriptionally regulates
dopamine signaling through the dopamine transporter (Jia et al., 2016), which could
increase SCZ vulnerability during adolescence. Furthermore, there is substantial
overlap of synaptic genes identified in GWAS studies and those that are regulated by
miR137 (Loohuis et al., 2017; Sakamoto & Crowley, 2018; J. Yin et al., 2014). For
example, miR137 regulates downstream proteins in the pathways of SCZ susceptibility
genes neuregulin 1 (NRG1) and brain-derived neurotrophic factor (BDNF) (Thomas et
al., 2017). Hence, changes in miR137 levels in critical brain regions known to be
dysregulated in SCZ could be an important mechanism in the pathophysiology of the
disorder.

In addition to SCZ, the MIR137 disease-associated locus is included in 1p21.3
microdeletions that gives rise to intellectual disability and autism spectrum disorder
(ASD), and these microdeletions are associated with decreased levels of miR137
(Willemsen et al., 2011). In addition to SCZ, the MIR137 locus overlaps with CNVs in
ASD and bipolar disorder patients (Pinto et al., 2014). Together, these findings suggest
miR137 contributes to the pathogenesis of neuropsychiatric disorders.

Hemizygous microdeletions in the 22q11.2 region increase SCZ risk about 25-
fold (Bassett & Chow, 2008). The 22q11.2 region includes CNVs in the DGCRS8 gene
which impair miRNA microprocessor machinery, leading to widespread downregulation
of miRNAs (Thomas & Zakharenko, 2021). However, contrasting reports suggest the
miRNA biogenesis genes DGCR8, DROSHA, and DICER1 are increased in SCZ

patients but not in 22g11.2 mutations (Rey et al., 2020). It is possible that miR137 may
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contribute to SCZ pathophysiology in multiple mechanisms including direct, delayed,
and progressive regulation. Therefore, it's worth investigating if miR137 dysregulation is

a factor in brain disorders associated with synaptic dysfunction.

Nanoparticles

Nanomedicine is an emerging field that combines technological advances from
interdisciplinary fields to design novel therapeutics for previously unmet clinical needs.
At the core of nanotherapeutics are nanoparticles: ultrafine particles that range from 1-
100 nanometers (nm) in diameter (Khan et al., 2019). Nanoparticles encapsulate cargos
for delivery to, or release from, specific tissues and organs. This cargo could include
drugs, small molecules, or biomarkers of disease. The three major classifications of
nanoparticles can be described as endogenous, synthetic, or a hybrid. Within each of
these classifications, further parameters define nanoparticles based on their
characteristics such as size, shape, structure, composition, charge, and chemical
interactions. In addition to encapsulating therapeutic molecules, the surface of
nanoparticles is a critical factor when determining targeting and uptake into specific cell
types.

Synthetic nanoparticles have been widely used for clinical drug delivery since the
1990s. In the last few decades, increasing interest in nanomedicine has included
research on liposomes, DNA-drug complexes, antibody-drug conjugates, polymer-drug
conjugates, polymer nanocapsules, gold nanoparticles, and silver nanoparticles (Astruc,
2015). The most common FDA-approved nanoparticle platforms include polymeric

(29%), liposomal (22%), and lipid-based (21%) nanoparticles (Namiot et al., 2023).
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Today, the use of nanoparticles ranges from bioimaging markers, early detection
screening, drug delivery, and investigations on potential therapeutic use. There is
widespread interest in nanomedicine in multidisciplinary fields ranging from
bioengineering, cancer biology, vaccinology, and neuroscience. However, the clinical
utility of nanoparticles as therapeutic carriers must consider the cost-effectiveness,
scale-up manufacturing, batch consistencies, storage capabilities, and time efficiencies

of production (Witwer & Wolfram, 2021).

Extracellular vesicles

Extracellular vesicles (EVs) are endogenous nanoparticles released by all cells
during intracellular communication (Tetta et al., 2013). The lipid membrane composition
of EVs ensures the transportation stability of the vesicle and protection of internal cargo.
The size of EVs (30-1,000 nm) allows for the passive diffusion of vesicles across the
blood-brain barrier (BBB) to function in the CNS (Saint-Pol et al., 2020). EVs can signal
over long ranges and are detectable in biofluids such as urine, cerebrospinal fluid, and
plasma (Doyle & Wang, 2019). The substantial circulation of EVs in all tissues and
biofluids makes these nanoparticles and their cargo important biomarkers of biological
and pathological processes. EV cargo includes proteins, lipids, mRNA, and miRNA
(Margolis & Sadovsky, 2019). Once EVs reach their target acceptor cells, the vesicles
are endocytosed and release their functional cargo content (McKelvey et al., 2015).

As endogenous nano-delivery vectors, EVs possess properties that reduce
immunogenic responses which might be beneficial in a therapeutic setting. However,

the advancement of nano-scale technology has just begun to understand the internal
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and external properties of EVs as transport carriers. Thus, as a biomolecule delivery
system, caution must be taken when isolating and characterizing EVs due to their

biologically heterogenous nature.

Polymeric nanoparticles

Polymeric nanoparticles are organic nanoparticles that are believed to be more
biocompatible than other nanoparticle formulations. Their assembly depends on 1)
electrostatic interactions (positively charged polymers and negatively charged nucleic
acids), 2) hydrophobic interactions between polymer chains, and 3) van der Waals
forces between polymer, solvent, and nucleic acids (Zielinska et al., 2020). Polymeric
nanoparticles are typically composed of a single polymerized backbone monomer that
serves multiple functions. The polymeric hydrophobic core increases drug solubility, and
the hydrophilic membrane increases the nanoparticle circulation time.

Polymeric nanoparticles have versatile properties as drug delivery platforms due
to their tunable size (10-1000 nm), ability for surface modifications, and high circulation
time (W. Zhang et al., 2021). However, the use of polymeric nanoparticles has been
limited due to toxicity issues (from the cationic polymer), and low biodegradability such
that the encapsulated cargo is unable to be released when the polymeric structure does
not break down (Raman et al., 2020). Nevertheless, the number of clinical trials using

polymeric nanoparticles continues to climb each year (Namiot et al., 2023).

26



Lipid nanoparticles

Lipid nanoparticles (LNPs) are the most widely used non-viral delivery vectors for
gene therapies. When encapsulating negatively charged nucleic acids in the LNP core,
through rapid mixing during microfluidics, LNPs self-assemble by hydrophobic and
electrostatic interactions with positively charged lipids.

LNPs are composed of many lipid-based components each with their own
function and purpose (J. Kim et al., 2021). Cationic lipids are positively charged at or
below physiological pH and interact ionically with negatively charged nucleic acids,
forming a lipid complex. However, the permanent positive charge of cationic lipids
rendered these formulations cytotoxic in vivo (Granot & Peer, 2017). Hence, ionizable
lipids were generated as pH dependent lipids. lonizable lipids are neutral at
physiological pH but become positively charged at acidic pH. The acid dissociation
constant (pKa) of the ionizable lipid headgroup influences critical physiochemical
properties such as surface charge, stability, potency and toxicity (P. Patel et al., 2021).
In addition to cationic or ionizable lipids, LNPs typically include structural lipids (such as
phospholipids or cholesterols) and polyethylene glycol (PEG) lipids which provide
particle stability, increase circulation time and are more biocompatible.

Once released in the body, LNPs are trafficked and intracellularly endocytosed
via low-density lipoprotein receptors (LDLRs) in an apolipoprotein E (ApoE)-dependent
manner (Akinc et al., 2010; Rungta et al., 2013). The majority of LDLRs line epithelial
hepatocytes (Dilliard et al., 2021). Thus, delivering LNPs to neurons without off-target
expression in the liver has remained a challenge. The majority of brain-derived ApoE is

synthesized by astrocytes (H. Wang & Eckel, 2014). However, astrocytes and neurons
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cooperate in the regulation and metabolism of lipoproteins and both contain LDLRs (Li

et al., 2021; Pfrieger & Ungerer, 2011).

Dissertation Goals

The overarching goal of the work described in this dissertation is to deliver
nucleic acids to the brain via nanoparticles, with a focus on miR137 and the regulation
of its target proteins. | hypothesized that overexpressing miR137 would decrease the
expression of synaptic proteins related to SCZ risk genes. Using neuroblastoma cell
cultures, | characterized EVs, polymeric nanoparticles, and LNPs as miR137 delivery
vectors (Chapter 2). To test the structure of nanoparticles, | measured particle size,
shape, heterogeneity, charge, and encapsulation efficiency. To test the function of
nanoparticles, | measured the uptake, toxicity, and release of miRNA cargo in vitro.
These studies confirmed that LNPs were the most effective delivery vectors in vitro, and
| continued further work with in vivo mouse models. | next investigated the
pharmacokinetics, biodistribution, toxicity, and cell type targeting of LNPs in the mouse
PFC (Chapter 3). Finally, | used quantitative proteomics to understand the effect of
miR137 loaded LNPs on protein expression in the mouse PFC (Chapter 4). Using gene
ontology and biological pathway databases, | determined the subcellular location and
function of enriched proteins following miR137 or blank LNP treatment. The dissertation
concludes with a general discussion (Chapter 5) of the larger implications of LNPs as
nucleic acid delivery vehicles as neuroscience tools to modulate gene and protein

expression in the brain.
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Chapter 2: Nanoparticle formulation and characterization

This chapter contains data that are unpublished.

Introduction

Recent advancements in nanotechnology utilize nano-sized particles to improve
disease diagnosis, image tissues with precision scale, and specify treatment to targeted
regions (Mitchell et al., 2021). Interest in nanoparticle research has spread to fields
such as immunology, cancer biology, and to a lesser extent, neuroscience. However,
despite increasing interest, deciding which nanomaterial to use for specific applications
remains a challenge.

Extracellular vesicles (EVs) are endogenous nanoparticles released from every
cell type in the body and carry proteins, lipids, and nucleic acids. Synthetic
nanoparticles, such as polymeric or lipid nanoparticles (LNPs), offer the ability to
encapsulate any cargo of choice, but may be more immunogenic than EVs (Mohamed
et al., 2019). Polymers are comprised of organic monomers, while LNPs are composed
of cholesterol, polyethylene glycol (PEG), cationic, and ionizable lipids. The differences
in nanoparticle composition can affect biophysiological properties such as particle size,
charge, heterogeneity, encapsulation efficiency, and release properties. In the following
experiments, we chose to compare and characterize EVs, polymeric nanoparticles, and
LNPs as nucleic acid delivery vehicles.

We overexpressed microRNA137 (miR137) in a mouse neuroblastoma Neuro2A

(N2A) cell line and isolated released EVs by size exclusion chromatography. We
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detected EV markers in eluted EV fractions and found an incorporation of miR137 in
N2A EVs. However, the protocol for EV isolation and overexpression in a biological cell
line rendered this nanoparticle type too heterogenous, inconsistent, and low throughput
for in vivo applications. Next, we characterized the size, heterogeneity, and charge of
miR137-loaded polymeric nanoparticles and visualized the cellular uptake in N2A cells.
Due to toxicity and inconsistent cargo release, we determined polymeric nanoparticles
were not effective delivery vectors. Finally, using miR137-loaded LNPs we characterized
the nanoparticle size, heterogeneity, charge, encapsulation efficiency and visualized
intracellular endocytosis and miR137 cargo release. LNPs displayed minimal
cytotoxicity, homogenous batch results, and effective cargo release, establishing LNPs
as the most effective delivery vector. These studies support the use of LNPs as nucleic

acid carriers in neuroblastoma cell culture systems.

Materials and Methods

Materials

Mmu-miR137-3p mimic (Assay ID MC10513) and miR mimic negative control #1
(4464058) were purchased from Thermo Fisher Scientific (Waltham, MA). Generation 4
poly(propyleneimine) dendrimer (PPIG4) was obtained from SyMO-Chem (SyMO-
Chem; Eindhoven, Netherlands). a-Maleimide-w-N-hydroxysuccinimide ester
poly(ethylene glycol) (MAL-PEG-NHS 5 kDa) was acquired from NOF Corporation (NOF
Corporation; White Plains, NY). lonizable lipid Dlin-MC3-DMA (MC3) was purchased
from BioFine International Inc, (BC, Canada). Cationic lipid 1,2-dioleoyl-3-

trimethylammoniumpropane (DOTAP; chloride salt) and 2-distearoyl-sn-glycero-3-
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phosphocholine (18:0 PC, DSPC) were acquired from Avanti Polar Lipids (Alabaster,
AL). Cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000

(DMG-PEG2k) were purchased from Sigma Aldrich (St Louis, MO).

Nanoparticle Formulation and Characterization

Synthesis of polymeric particles was adapted from previously published protocols
(Schumann et al., 2018). Preparation of the nanoplatform was initiated by mixing 10
mg/uL of cyanine7.5 (Thermo Fisher Scientific; Waltham, MA) in 1 mL of Milli-Q water
with the PPI G4 dendrimer at a nitrogen to phosphate (N/P) ratio of 0.5 and vortexing
the reaction mixture for 30 min at room temperature. 10 mM of mmu-miR137-3p
(MC10513, Thermo Fisher Scientific; Waltham, MA) was incorporated into the
nanoplatform by mixing into the solution for 30 min at room temperature. The final
concentrations of mMiRNA and PPl G4 dendrimer in the solution were 50 uM and 131.25
MM, respectively. Afterward, MAL-PEG-NHS was added to the reaction mixture (5
mg/mL) and the solution was vortexed during 1 h at room temperature. The prepared
nanoparticles were purified by dialysis. Polymeric nanoparticle solutions were stored at

4 °C until used.

Synthesis of LNPs were formulated via microfluidic mixing of one-part ethanol phase
(containing the lipids) and three parts aqueous phase (containing the nucleic acid
cargo). The ethanol phase contains the MC3:DOTAP:DSPC:Cholesterol:DMG-PEG2k at
a molar ratio of 25:50:5:19:1.0 and a mass percentage of 24.8:53.9:6.1:11.3:3.9,

respectively (Kinsey et al., 2022; Mousli et al., 2022; X. Yu et al., 2023). The N/P ratio of

31



lipid to nucleic acid was 5.67. The aqueous phase consists of the nucleic acid cargo in
50 mM citrate buffer at pH 4. Following microfluidic mixing in the NanoAssmblr™
Benchtop (Precision NanoSystem; Product code: NIT0055, BC, Canada) at a 1:3
(ethanol to aqueous) flow ratio, the LNPs were subjected to dialysis for 4 hours at room
temperature with PBS (pH 7.2) using a 10 KDa Slide-A-Lyzer (Thermo Fisher Scientific;
Waltham, MA) dialysis bag before being transferred to fresh PBS solution overnight at 4
°C. LNPs were then concentrated using pre-washed Amicon Ultra-15 100k MWCO
(EMD Millipore) centrifugal filter tubes (Burlington, MA). The nanoparticles were stored
at 4°C until used. The LNPs were characterized for hydrodynamic radius and
polydispersity index (PDI) using dynamic light scattering (DLS) (Zetasizer Nano ZSP
(Malvern Instruments; Malvern, UK). Nucleic acid encapsulation efficiency was
determined using a modified Quant-iT RiboGreen RNA kit (Life Technologies; Carlsbad,

CA).

Cell Culture

Neuro2A cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FetalClone serum (Thermo Fisher Scientific; Waltham, MA) and maintained in a
humidified incubator with 10% CO.. Two days before the treatment, cells were plated in
12-well plates with 1 x 10° cells/well. For EV experiments, cells were treated with a final
concentration of 200nM of miR137-3p (MiR Mimic MirVana, 4464067, Invitrogen,
Waltham, MA), anti-miR137-3p (MiR Inhibititor MirVana, 4464085, Invitrogen, Waltham,
MA), or miR mimic scramble (MiR negative control #1 MirVana, 4464059, Invitrogen,

Waltham, MA) with equal volume of lipofectamine 2000 (Thermo Fisher Scientific;
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Waltham, MA) in Opti-Mem media (Thermo Fisher Scientific; Waltham, MA). When cells
were treated with polymeric nanoparticles and LNPs, miR137-3p mimic was loaded into
the nanoparticles and applied to cells to a final concentration of 200 nM. In all

conditions, after 24h the media was replaced with complete DMEM media, and the cells

were harvested 24, 48, 72, or 96h after treatment.

Transient Transfection

48h before transfection 1 x 108 Neuro2A cells were plated in 10 cm? plates. On the day
of treatment, cells were starved with plain DMEM and incubated for 24h with plasmids
containing miR137, anti-miR137, or miRNA-scramble and a red florescent protein (Cat.
# CS921MR-1, SO# 103431, Systems Biosciences, Palo Alto, CA) at 1 mg/mL and
polyethyleneimine at 2 mg/mL. The next day, transfected media was replaced with
complete media. To create a stable cell line, RFP expressing single colony clones were

isolated and selected by puromycin antibiotic selection at 30 mg/mL.

Extracellular Vesicle Isolation by Size Exclusion Chromatography

For EV isolation experiments, cell media was replaced with EV-depleted serum (System
Biosciences; Palo Alto, CA) for 24 hours prior to conditioned media collection. EVs were
isolated based on previously published methods (Sandau et al., 2020). Conditioned
media was centrifuged at 300 x g at 4°C for 10 min, filtered in 30 kDa centrifugal filters
(MRCFORO030, Millipore Sigma, Burlington, MA), centrifuged again at 10,000 x g at 4°C
for 20 min, concentrated on Amicon Ultra 100K filters (Sigma-Aldrich, St. Louis, MO)

and centrifuged at 4,000 x g at 4°C for 25 min, filtered through 0.1 mm Spin-X filters
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(Sigma-Aldrich, St. Louis, MO), and finally centrifuged at 12,000 x g at 4°C for 3 min.
500 mL of concentrated conditioned media was loaded onto size exclusion
chromatography columns (gEV original/35 nm, lzon Science, Medford, CA) according to
the manufacturer’s recommendations. Twelve 500 uL fractions were collected, stored on

ice, and used for RT-gPCR and immunoblot experiments.

RNA Isolation, cDNA, RT-gPCR

Treated and untreated Neuro2A cells were homogenized mechanically using a pellet
pestle motor (DWK Life Sciences; Millville, NJ). Total RNA was extracted from whole
N2A cells or EVs following manufacturers protocol using the MagMax mirVana miRNA
Isolation Kit (ThermoFisher Scientific; Waltham, MA). Total RNA concentration and
quality was measured on a NanoDrop spectrophotometer, and 10 ng of RNA was
transcribed to cDNA using specific mmu-miR137-3p and Sno202 RNA (endogenous
control) primers with MultiScribe Reverse Transcriptase (Applied Biosystems; Waltham,
MA). Samples were run in duplicate with universal TagMan real-time quantitative PCR
(StepOnePlus, Applied Biosystems; Waltham, MA) and fold change levels of miR137
were analyzed using the delta-delta Ct calculation procedure (Applied Biosystems;
Waltham, MA). Statistical comparisons were made using a one-way ANOVA followed by
Dunnett’'s multiple comparisons post-hoc test in GraphPad Prism 10.0.2. A p-value <

0.05 was considered significant.

Immunoblotting
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Neuro2A whole cell and EV samples were lysed and homogenized in 1X RIPA Buffer
containing 1X protease inhibitor (Roche; Branchburg, NJ), then centrifuged at 14,500
g for 10 minutes at 4°C. Supernatants were collected for use in the BCA Protein Assay
Kit (Thermo Fisher Scientific; Waltham, MA). 10 mg of protein for each sample was
subjected to SDS-PAGE through a 12% Bis-Tris precast gel (Bio-Rad; Hercules, CA)
against Precision Plus Protein Dual Color Standards and run at 180V for 1 hour with XT
MOPS (BioRad) running buffer. The gel was transferred onto a PVDF membrane with
transfer buffer containing 10% methanol at 30mV overnight at 4°C then washed 3 x 5
min with Tris Buffered Saline with 0.05% Tween (TBST). Membranes were blocked with
5% nonfat dry milk in TBST at room temperature for 30 minutes. The blots were
incubated overnight at 4°C with primary antibodies diluted in TBST: rabbit anti-syntenin
(1:1000, ab19903, Abcam; Cambridge, UK), anti-heat shock protein 70 (HSC70)
(1:1000, ab51052, Abcam; Cambridge, UK), and anti-endoplasmic reticulum protein 72
(ERP72) (1:1000, ab82587, Abcam; Cambridge, UK). The next day, after washing 3 x
10 min with TBST, the blots were incubated with donkey anti-mouse or anti-rabbit HRP
secondary antibody (1:10,000 Jackson ImmunoResearch; West Grove, PA) in 5% milk
in TBST solution for 1 hour at room temperature. After antibody incubation, the blots
were washed again for 3 x 5 min with TBST and visualized using Clarity Western ECL
Substrate (Bio-Rad; Hercules, CA) and the ChemiDoc MP Imaging detection system
(Bio-Rad). Bands were analyzed by densitometry using Image J (National Institutes of
Health, USA). The proteins of interest were normalized to B-actin. Statistical analysis

comparing relative protein expression from each treatment group was performed using
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a two-way ANOVA in GraphPad Prism 9.5.0. A p-value < 0.05 was considered

significant.

Nanoparticle Tracking Analysis for Extracellular Vesicles

Relative EV quantification and size distribution was determined using the ZetaView
PMX 110 (version 8.05.12 SP1, Particle Metrix; Ammersee, Germany). EV void fractions
(pooled 1-6) and EV sample fractions (pooled 7-10) are diluted 1:20 in 0.22 mm filtered
0.1X phosphate buffered solution (PBS) and calibrated against 100 nm polystyrene
particles (ThermoFisher Scientific; Waltham, MA). Matching capture and analysis
settings were maintained for all readings: camera level 14, detection threshold 3,
automatic blur size and automatic (8.1-15.9 pix) maximum jump distance. The void
volume and each fraction were measured three times with 30 s acquisitions, then

averaged to generate sample size (nm) and concentration (particles/ml).

Dynamic Light Scattering for Polymeric and Lipid Nanoparticles
The hydrodynamic diameter, polydispersity index, and zeta potential of the polymeric
nanoparticles and LNPs were evaluated by dynamic light scattering (Malvern ZetaSizer

NanoSeries, Malvern, U.K.) in PBS buffer (pH 7.4) at 25 °C.

Image Analysis
For in vitro live cell imaging, cells were treated with Cy7.5-labeled polymeric
nanoparticles then imaged at 2h, 4h, 6h, 24h, and 48h post treatment on a Keyence BZ-

X800 fluorescent microscope (Itasca, IL) at 37°C with 10% humidity and 5% CO2. The
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number of Cy7.5 positive cells were counted, and the florescent intensity of those cells
was quantified using the BZ-X800 Analyzer (1.1.1.8) using relative fluorescent units

(RFU).

Toxicity
In vitro cell toxicity after polymeric or LNP treatment was normalized to untreated N2A
cells and determined by MTT cell proliferation kit and processed according to

manufacturer’s protocol (AB211091, Abcam; Cambridge, UK).

Results

Mouse neuroblastoma Neuro2A (N2A) parent cell lines were transfected with a
plasmid containing the mouse mature miR137 or antisense sequence (anti-miR137)
designed to block endogenous miR137. Single colony clones were selected for the
expression of miR137, measured by RT-gPCR, and normalized against a small
endogenous RNA (SNO202). A one-way ANOVA determined a significant effect of
treatment (F (3, 8) = 284, p < 0.0001) (Fig. 1a). Using Dunnett’s multiple comparisons
post-hoc test we determined a significant overexpression of miR137 in the cells that had
been transfected with the miR137 sequence compared to untreated cells (F (3, 8) =
284, p < 0.0001), and a significant reduction in miR137 in the cells transfected with the
anti-sense sequence (F (3, 8) = 284, p < 0.0152). Importantly, we found no effect of
miR137 levels with treatment of a miR scramble control (F (3, 8) = 284, p < 0.9595).

Following stable cell line generation, EVs were isolated by applying EV depleted

media to the cells 24h before collecting the conditioned cell culture media. The following
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day, the concentrated media was loaded onto size exclusion chromatography columns
to separate the suspended particles by size and molecular weight. The levels of miR137
in EVs were measured by RT-qPCR and compared against miR137 transfected and
untreated N2A cells. An unpaired t-test showed a significant incorporation of miR137 in
EVs released from miR137 transfected N2A cells compared to untreated N2A EVs (t(4)
= 3.401, p = .0272) (Fig. 1b). Overall, this data suggests that N2A cells can overexpress
miR137 and miR137 can be packaged into released EVs.

Immunoblotting for the expression known EV protein markers (alix, syntenin, and
HSC70) determined fractions 7-10 contained EVs, while the media only samples and
the void fraction 6 did not (Fig. 2). Subsequent studies will combine pooled fractions 7-
10 for higher EV concentrations. Additionally, there was no presence of the endoplasmic
reticulum marker ERP72 in any EV fractions since this subcellular compartment should

not be enriched in vesicles released from cells.
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Figure 1 MicroRNA-137 overexpression in N2A cells and released extracellular
vesicles

(a) RT-gPCR fold change of Neuro2A (N2A) cells were transfected with a plasmid
containing miR-137, anti-miR137, or a miR-scramble control. b) miR137 expression in
EVs collected from untreated or miR137 transfected N2A cells. All treatments are
compared against sno202RNA in untreated N2A cells. n = 3 with triplicate
determinations, mean £ SEM. ns, not significant: p > 0.05; *p < 0.05 and ****p < 0.0001.
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Figure 2 Extracellular vesicle markers in size exclusion chromatography fractions

EVs were collected from conditioned cell culture media from Neuro2A (N2A) cells and
size exclusion chromatography fractions (fxn) 6-10 were measured. Immunoblots of
known EV markers alix, syntenin, heat shock protein 71 (HSC70), and endoplasmic
reticulum protein 72 (ERP72) were measured in media, N2A cell lysate, and EV fxn
samples.

Lastly, we performed nanoparticle tracking analysis (NTA) to characterize the
distribution of particle size (nm) in EV depleted media, PBS eluent, EV void fractions 1-
6, and combined EV fractions 7-10 (N2A EVs) (Table 1). As expected, the EV depleted
media samples had the smallest particle size with a mean of 175 nm and the lowest
particle concentration at 3.2E+5 particles/mL. This value can be considered the
“pbackground noise” of particulates in the media (which might include salts, proteins, or
cellular debris) that could be detected by the NTA but are not true EVs released by cells.
EV fractions were eluted in PBS, so PBS was measured as a control sample in the NTA.
We detected larger particle sizes (mean diameter = 356 nm) with a much higher particle
concentration at 1.5E+8 particles/mL. We measured similar particle size, standard
deviation (STD), standard error of mean (SEM), and concentration in replicate samples

of the EV void fraction 6. As determined by immunoblots (Fig. 2), the EV void fraction
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should not contain EVs, but could contain other biological artifacts with similar
characteristics. Lastly, although cellular conditions were identical, replicates 1-5 of N2A
EVs were variable in terms of particle size, STD, SEM, and concentration. Some EV
samples (EV replicates 1-3) had lower final vesicle concentrations than the EV void
fraction or PBS eluent control samples. This data suggests high heterogeneity and
variability in EV sample preparation even when basic conditions of preparation are

standardized.

Table 1 Extracellular vesicle size characterization

Nanoparticle tracking analysis measured the mean, median, standard deviation (STD),
and standard error of mean (SEM) of particle size (nm) and final vesicle concentration in
EV depleted media, PBS eluent, EV void fractions, and N2A EV samples.

. Mean Median Final
I?‘lepllcate Sample Diameter Diameter STD SEM Concentration
umber !
(nm) (nm) (particles/mL)
1 EV Depleted Media 175 165 104 47 3.2E+5
1 PBS Eluent 356 152 191 85 1.5E+8
1 EV Void Fraction 194 150 70 31 4.5E+8
2 EV Void Fraction 192 167 86 43 9.4E+8
1 N2A EVs 232 150 125 72 3.9E+7
2 N2A EVs 243 162 139 70 2.2E+7
3 N2A EVs 112 112 0 0 4 8E+7
4 N2A EVs 102 102 0 0 5.1E+9
5 N2A EVs 168 159 122 71 3.1E+9

Next, we encapsulated miR137 into polymeric nanoparticles. Using dynamic light
scattering (DLS) analysis, we measured the particle diameter (nm), size heterogeneity

by polydispersity index (PDI), and charge by ZetaPotential (mV). We found the
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polymeric nanoparticles ranged in size from 120-175 nm (Fig. 3a), had a PDI between
0.2-0.4 (Fig. 3b), and a charge between -10 to -15 mV (Fig. 3¢). The moderate PDI
suggests potential aggregation of polymeric nanoparticles which is reflected in the
variable size distribution. Overall, this data demonstrates polymeric nanoparticles can
be synthesized with more consistent and reproduceable properties compared to EVs,
but still lack some homogenous production properties.

After characterizing the polymeric nanoparticles, we treated N2A cells with
polymeric nanoparticles containing an external Cy7.5 fluorophore and loaded with
miR137. We used live cell imaging to measure the nanoparticle uptake by counting the
number of cells that were Cy7.5+ (Fig. 4a) and measuring the Cy7.5 florescent intensity
(Fig. 4b). A One-way ANOVA revealed a significant effect of treatment in the number of
cells that took up the florescent polymers with increasing concentrations (F (2, 9) = 58.4,
p < 0.0001). This data suggests the incorporation and uptake of polymeric nanoparticles
can be visualized in live cells and is dose dependent.

Subsequently, we measured the release of miR137 from polymeric nanoparticles
after treating N2A cells with increasing concentrations (Fig. 5). Unexpectedly, we found
a decrease in release of miR137 with increasing polymer doses up to 500 nM, then a
large increase at 1000 nM, suggesting the polymeric nanoparticles may have difficulty

biodegrading the polymer and releasing the miR137 cargo.
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Figure 3 Polymeric nanoparticle characterization

Dynamic light scattering analysis measured the average a) diameter (nm), b) size
heterogeneity (polydispersity index), ¢) and charge (zeta potential (mV)) of polymeric
nanoparticles loaded with miR137. n = 3-6 with triplicate determinations, mean + SEM.
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Figure 4 Cy7.5 polymeric nanoparticle uptake

N2A cells were treated with increasing concentrations of Cy7.5 tagged polymeric
nanoparticles loaded with miR137 and the uptake was measured by a) percentage (%)
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of cells Cy7.5+ and b) Cy7.5 florescent intensity by relative florescent units (RFU). n = 4
with triplicate determinations, mean + SEM. *p < 0.01, **p < 0.001 and ****p < 0.0001

determined by Tukey’s multiple comparisons post-hoc test.
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Figure 5 MiR137 release from polymeric nanoparticles

N2A cells were treated with increasing concentrations of polymeric nanoparticles loaded
with miR137 and the release of miR137 was measured by RT-gPCR fold change of
miR137 expression compared to sno202RNA in untreated cells. Values represent mean

determinations with n = 2 in triplicate.
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Figure 6 MiR137-loaded polymeric nanoparticle cytotoxicity

N2A cells were treated with increasing concentrations of polymeric nanoparticles loaded
with miR137 and percent of cell survival was measured by MTT assay. n = 2
with triplicate determinations, mean + SEM.

Next, we measured the toxicity of polymeric nanoparticles following treatment
with increasing particle concentrations (Fig 6) and found mild cytotoxicity with ~ 80% of
cell survival relative to untreated, but no effect of dose. Overall, these data suggest
miR137 polymeric nanoparticles can encapsulate miR137, endocytose into cell cultures,
and vesicle batches are more consistent and reproduceable. However, we determined
miR137 polymeric nanoparticles have difficulty releasing cargo with increasing doses
and are slightly toxic to N2A cells.

The last nanoparticle type we assessed were miR37-loaded lipid nanoparticles
(miR137-LNP). We encapsulated miR137 into LNPs through microfluidics mixing and
using DLS we measured the particle diameter (nm), size heterogeneity (PDI), charge
(mV), and encapsulation efficiency (%). We found the miR137-LNPs produced
consistent batches that were around ~65 nm in diameter (Fig 7a), PDI < 0.2 (Fig 7b),
charge ~2 mV (Fig 7c¢), and high encapsulation efficiencies > 98% (Fig 7d). Importantly,
miR137-LNP replicates exhibit much lower variability compared to EVs or polymeric
nanoparticles, suggesting high reproducibility and consistency with miR137-LNP

batches.
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Figure 7 MiR137-loaded lipid nanoparticle characterization

Dynamic light scattering analysis measured the average a) diameter (nm), b) size
heterogeneity (polydispersity index), ¢) charge (zeta potential (mV)) and d)
encapsulation efficiency of lipid nanoparticles loaded with miR137. n = 3 with triplicate

determinations, mean + SEM.

After characterizing the properties miR137-LNPs, we measured the release of
nucleic acids in N2A cells by loading miR137 or anti-miR137 into LNPs. We determined
the fold change of miR137 expression compared to sno202RNA by RT-gPCR. A One-
way ANOVA found a significant dose effect of miR137 levels in cells treated with

miR137-LNPs (F (2, 3) = 91.36, p = 0.0021) (Fig 8a), and inhibition of endogenous
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miR137 levels with cells treated with anti-miR137-LNPs (Fig 8b). These data suggest
LNPs released nucleic acid cargo in a dose dependent manner.

Cytotoxicity was measured by treating N2A cells with increasing concentrations
of miR137-loaded LNPs and measuring the percent of cell survival (Fig. 9). We found
increasing doses of miR137-loaded LNPs were minimally toxic and cells maintained
high cell survival rates >95%. Overall, this data demonstrates LNPs offer a delivery
vector that can be synthesized with consistent and homogenous batch results, can

release functional nucleic acids, and have a minimal cytotoxic effect.
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Figure 8 Release of miR137 and anti-miR137 from lipid nanoparticles

N2A cells were treated with increasing concentrations of lipid nanoparticles loaded with
a) miR137 or b) anti-miR137 and the fold change of miR137 expression was measured
by RT-gPCR and compared to sno202RNA. n = 1-2 with triplicate determinations, mean

+ SEM. **p < 0.01 determined by Tukey’s multiple comparisons post-hoc test.
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Figure 9 MiR137-loaded lipid nanoparticle cytotoxicity

N2A cells were treated with increasing concentrations of lipid nanoparticles loaded with
miR137 and percent (%) cell survival was measured by the MTT assay. n = 6, mean *
SEM.

Discussion

As the burden of neurological diseases continues to increase globally (“Global,
Regional, and National Burden of Neurological Disorders, 1990-2016,” 2019), the
number of effective treatments for heterogenous human populations is severely lacking.
Furthermore, the CNS remains the most challenging system to target due to several
biological barriers including the BBB, endogenous phagocytosis and immune clearance,
and the interconnectivity of deep neural networks made up of many different cell types.
Developing a delivery system to improve the stability of encapsulated cargoes as they
are transported to the brain, while reducing the off-target side effects, and improving
safety profiles, will be extremely valuable.

The use of nanomedicine has pioneered a new wave of research on drug

delivery with endogenous and synthetic materials to improve drug solubility, increase
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circulation time, and improve precision therapies. Here, we compared the properties of
three nanoparticle types to encapsulate and deliver miR137 cargo to neuroblastoma cell
cultures. Each nanoparticle material has advantages and disadvantages, some of which
are discussed here, and will require careful consideration based on the target tissue
application.

To start, nanoparticle size can influence distribution, bioavailability, clearance
rates, and uptake in target or off-target organs (De Jong & Borm, 2008). Smaller
vesicles (<100 nm) have lower off-target liver uptake and larger vesicles (200-300 nm)
are cleared more rapidly by phagocytosis (Seki et al., 2004). We found LNPs had the
smallest particle size (~65nm), about half the diameter of EVs or polymeric
nanoparticles (100-300 nm). The inconsistency in EV size could be due to the presence
of multiple EV populations, including exosomes (30-100 nm) and macrovesicles (0.1-1
mm), which vary in size and biogenesis mechanism (Stahl et al., 2019). Furthermore,
the large size range of polymeric nanoparticles could be due to vesicle aggregation or
improper cargo loading. Our polymeric nanoparticles had poor apparent cargo release;
however, solely detecting the expression of a delivered cargo could be misrepresenting
the efficiency of the delivery system. Although cargo validation is an important step in
evaluating an effective vector, future studies will need to measure the downstream
functional effects of miR137 delivery by detecting the inhibition of target protein
expression. It is possible that LNP delivery in vitro will not predict in vivo results
(Paunovska et al., 2018), so future studies will need to optimize LNP vectors for delivery

to the brain.
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Another consideration includes nanoparticle charge which can affect uptake by
negatively charged cell membranes and cytotoxicity (Rasmussen et al., 2020). Our
studies showed polymeric nanoparticles were negatively charged at -10 to -15 mV,
LNPs were neutral to slightly positive at 2 mV, and studies show EVs are charged at -30
to -50 mV depending on buffer concentrations (Midekessa et al., 2020). It's possible that
polymeric nanoparticle cytotoxicity could be due to the negative vesicle charge but lack
endogenous recognition properties that EVs possess. Therefore, synthetic
nanoparticles may be less toxic with a neutral or slightly positive charge (Syama et al.,
2022).

Synthetic nanoparticles attempt to mimic the inherent properties of EVs including
cell or tissue targeting, circulation in bodily fluids, and avoidance of immune activation.
However, the most common FDA-approved nanoparticles include lipid-based (21%),
polymeric (29%), and liposomal (22%) drugs (Namiot et al., 2023). The lack of EV
approved therapeutics could be due to issues with scale-up capabilities, laborious and
costly production, and the complexity and heterogeneity of biologically produced
vesicles. EVs contain a multitude of lipids, proteins, carbohydrates, cargo, and surface
molecules, which may play a role in the complexity of these nano-sized particles.
Furthermore, EV isolation methods are highly debated and can vary with cell type (De
Sousa et al., 2023). Thus, the field lacks a basic understanding of the role of each EV
component and how EVs function as biological delivery vehicles. Alternatives to
overloading a biological cell system with a therapeutic cargo (as we have done with
miR137 in N2A cells), include retroactively loading EVs with therapeutic agents (Walker

et al., 2019). However, without the ability to control for the additional EV surface and
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cargo components - some of which remain unknown - we currently do not see a clear
path to using EVs as a controlled drug delivery mechanism.

On the other hand, a major advantage of using EVs as delivery vehicles, which
synthetic nanoparticles have yet to match, is the endogenous nature of biological
vesicles that do not activate the immune response. Our studies showed LNPs are less
cytotoxic than polymeric nanoparticles, but EVs are the most compatible with the host-
immune system compared other nanocarriers (C. Liu et al., 2017). Additionally, cell
survival rates may not fully capture cellular stress states, so further studies will need to
investigate the immunogenicity of LNPs in brain tissue. However, the spectrum of
individual immune responses to the COVID-19 mRNA vaccine demonstrated the
immunogenicity of LNPs may come at a tradeoff of scale-up, shelf-life stability, and
therapeutic need.

Overall, the data in this study suggest LNPs are advantageous over polymeric
nanoparticles and EVs in terms of scale-up properties, homogenous batch
consistencies, and contain critical characteristics for effective nucleic acid delivery.
Future studies should determine the in vivo applications of LNP biodistribution, cell-type
targeting, and immunogenicity in a mouse model. LNPs have the potential to deliver

cargos to the brain and improve the therapeutic possibility for neuro-nanomedicine.

51



Chapter 3: microRNA137-loaded lipid nanoparticles regulate synaptic protein

expression in the prefrontal cortex

This chapter is adapted from the following publication:

Palumbo, M.C., Gautam, M., Sonneborn, A., Kim, K., Wilmarth, P.A., Reddy, A.P., Shi,
X., Marks, D.L., Sahay, G., Abbas, A.l., Janowsky, A. (2023) MicroRNA-137 loaded lipid
nanoparticles regulate synaptic proteins in the prefrontal cortex. Molecular Therapy.

2023; S1525-0016(23)00448-3. PMID: 37644723 PMCID: PMC10556225.

Introduction

MicroRNAs (miRNAs) are ~22 nucleotide, single-stranded, noncoding RNAs that
modulate developmental processes and cellular function. MiRNAs target specific sets of
messenger RNAs (mMRNAs) and are key translational silencers of gene expression
(Catalanotto et al., 2016). Up to 80% of human genes are regulated by miRNAs, and
individual miRNA sequences can regulate complex networks of tens to hundreds of
gene targets (R. C. Friedman et al., 2009; Selbach et al., 2008). MicroRNA137
(miR137) is enriched in the embryonic midbrain and forebrain across neurodevelopment
(Hollins et al., 2014). In adulthood, miR137 is located in the synapto-dendritic
compartment of cortical, subcortical, and hippocampal areas (Kuswanto et al., 2015;
Willemsen et al., 2011), where it targets a number of synaptic and developmental
mMRNAs. Accordingly, over-expression of miR137 in adult mice alters synaptogenesis,

synaptic ultrastructure, and synaptic function (He et al., 2018). Genetic deletion of

52



miR137 results in postnatal lethality; while miR137 heterozygous mice have disrupted
synaptic and dendritic growth, repetitive behavior, and impaired learning and social
behavior (Y. Cheng et al., 2018). Thus, miR137 dysregulation may be a factor in brain
disorders associated with synaptic dysfunction (Arakawa et al., 2019; Cao & Zhen,
2018).

Schizophrenia (SCZ) is a highly heritable (Hilker et al., 2018), polygenic
neuropsychiatric disorder characterized by impaired cognition (Abbas et al., 2018),
deficits in sensory processing (Javitt et al., 2020), negative symptoms, and episodic
psychosis (American Psychiatric Association & American Psychiatric Association, 2013).
These symptoms result from synaptic pathology (OBI-NAGATA et al., 2019), and there
is substantial overlap of synaptic genes that increase the risk of SCZ and those that are
regulated by miR137 (Loohuis et al., 2017; Maury et al., 2023; Sakamoto & Crowley,
2018; Siegert et al., 2015; J. Yin et al., 2014). Furthermore, single nucleotide
polymorphisms (SNPs) in the MIR137 gene are also associated with an increased risk
of SCZ (Ripke et al., 2011, 2013). MIR137 allele variants are linked to SCZ clinical
endophenotypes including earlier age of onset, more severe psychotic symptoms,
decreased cognitive function (Cummings et al., 2013; Kuswanto et al., 2015; Lett et al.,
2013), and alterations in brain structure and activity (Kuswanto et al., 2015; van Erp et
al., 2014). Importantly, SNPs in the noncoding region of MIR137 reduce the expression
of miR137 (Guella et al., 2013). Since miR137 expression is decreased in some
individuals with SCZ, exogenous replacement of miR137 represents an attractive
therapeutic target. However, free floating miRNAs are subject to degradation so a

delivery vehicle to protect and target the miRNA is needed.
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The lipid nanoparticles (LNPs) encapsulating the COVID-19 mRNA vaccine
demonstrated that nanocarriers can be used to traffic nucleic acids for previously unmet
therapeutic needs. LNP delivery vectors exhibit the following desirable properties: (1)
protection of nucleic acids from nucleases, (2) customization for tissue and cell
selectivity, (3) high payload delivery, (4) low toxicity, and (5) feasibility for large scale
production (J. Kim et al., 2021). LNP-delivered small nucleic acid therapeutics, including
small interfering RNAs, are approved for clinical trials (Rizk & Tuzmen, 2017). Previous
studies delivering miRNAs by LNPs to the brain were limited to therapeutic agents for
gliomas (Jiménez-Morales et al., 2022). However, the therapeutic effect of LNP-
delivered miRNA on synaptic protein networks remains a large gap in neuro-
nanomedicine.

As a result, we developed an LNP-based platform to deliver miR137 to neurons,
thereby modulating synaptic proteins. Our in vitro studies demonstrated that LNPs were
effective nucleic acid delivery vehicles and confirmed the release of miR137 cargo and
subsequent inhibition of target transcripts. Mouse in vivo studies showed that LNPs
remained localized to the prefrontal cortex injection site and preferentially expressed
tdTomato in Ai9 mice following cre-recombination in neurons relative to other cell types.
Delivery of miR137 to the mouse prefrontal cortex significantly modulated a diverse
network of pre-and post-synaptic glutamatergic proteins. This work demonstrates that
LNPs offer a unique delivery mechanism for nucleic acid transportation to the brain to

modulate key synaptic proteins.
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Materials and Methods

Materials

Mature mmu-miR137-3p mimic (Assay ID MC10513) and miRNA scramble control
(4464059) were purchased from Thermo Fisher Scientific (Waltham, MA). Cy5-mmu-

miR137-3p was purchased from Creative Biogene (Shirley, NY) and Cy7.5-PEG-LNP

Avanti Polar Lipids (Alabaster, AL). lonizable lipid Dlin-MC3-DMA (MC3) was purchased

from BioFine International Inc, (BC, Canada). Cationic lipid 1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP; chloride salt) and 2-distearoyl-sn-glycero-3-
phosphocholine (18:0 PC, DSPC) were acquired from Avanti Polar Lipids (Alabaster,
AL). Cholesterol and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000

(DMG-PEG2k) were purchased from Sigma Aldrich (St Louis, MO).

Nanopatrticle Formulation and Characterization

To encapsulate cargo into LNPs, CleanCap Cre mRNA (5-methoxyuridine; 5-
moU) - (L-7211), and CleanCap firefly luciferase (Fluc) mRNA (Fluc-L-7602) were
purchased from Trilink Biotechnologies (San Diego, CA). LNPs were formulated via
microfluidic mixing of one-part ethanol phase (containing the lipids) and three parts
aqueous phase (containing the nucleic acid cargo). The ethanol phase contains the
MC3:DOTAP:DSPC:Cholesterol:DMG-PEG2k at a molar ratio of 25:50:5:19:1.0,
respectively(Kinsey et al., 2022; Mousli et al., 2022; X. Yu et al., 2023). The aqueous
phase consists of the nucleic acid cargo in 50 mM citrate buffer at pH 4. Following
microfluidic mixing in the NanoAssmblr™ Benchtop (Precision NanoSystem; Product

code: NITO055, BC, Canada) at a 1:3 (ethanol to aqueous) flow ratio, the LNPs were
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subjected to dialysis for 4 hours at room temperature with PBS (pH 7.2) using a 10 KDa
Slide-A-Lyzer (Thermo Fisher Scientific; Waltham, MA) dialysis bag before being
transferred to fresh PBS solution overnight at 4 °C. LNPs were then concentrated using
pre-washed Amicon Ultra-15 100k MWCO (EMD Millipore) centrifugal filter tubes
(Burlington, MA). The nanoparticles were stored at 4°C and used for in vitro and in vivo
studies. The LNPs were characterized for hydrodynamic radius and polydispersity index
(PDI) using dynamic light scattering (DLS) (Zetasizer Nano ZSP (Malvern Instruments;
Malvern, UK). The cholesterol content of the LNPs was determined using Amplex® Red
Cholesterol Assay Kit (Cat. # A12216, Thermo Fisher Scientific; Waltham MA) (Lima et
al., 2020; Schultz et al., 2019) according to manufacturer’s protocol. This assay is
based on an enzyme-coupled reaction that detects the free cholesterol. For each
sample, background fluorescence was corrected by subtracting the values derived from
the no-cholesterol control. The plate was analyzed using Infinite® 200 PRO plate reader
(TECAN; Mannedorf, Switzerland) using an excitation of 560 nm and emission of 590
nm. The calculated total amount of cholesterol in LNPs was 0.45 pg/uL. Therefore,
within the lipid blend, we determined the following lipid amounts in the final LNP
solution: 0.99 pg/uL of MC3, 2.15 ug/pL of DOTAP, 0.24 pg/uL of DSPC, and 0.15 pg/uL

of DMG-PEG-2k.

Nucleic acid encapsulation efficiency (EE) was determined by ribogreen assay
using a modified Quant-iT RiboGreen RNA reagent (Life Technologies; Carlsbad, CA),
which can be used to quantify both mRNA and miRNA. For the quantification process,
nucleic acid and LNP stock solutions were appropriately prepared in two distinct buffers:

1x TE buffer and 2% Triton X-100 in TE buffer with RNAse-free water. The assay was
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performed according to the manufacturer's protocol in a black clear bottom 96-well plate
and analyzed using Infinite® 200 PRO plate reader (TECAN; Mannedorf, Switzerland)
at an excitation of 480 nm and emission of 520 nm. The background fluorescence was
subtracted from each sample using PBS control during analysis. The nucleic acid
concentration was determined by fitting our LNP sample data to the nucleic acid
standard curve. The percent EE for each sample was calculated using the following

equation:

YEE (1 Total nucleic acid;y rricon e pusfer — Nucleic acid outside LNPy, rg buffer>
0 = -

Total nucleic acidiy rriton TE buffer

* 100

Cryo-Transmission Electron Microscopy

Cryo-TEM images were captured using Falcon Ill and K3 Summit cameras (Gatan;
Pleasanton, CA) with DED at 300 kV. A copper lacey carbon film-coated Cryo-EM grid
(Quantifoil, R1.2/1.3 300 Cu mesh) was plunge-frozen using the Vitrobot Mark IV
system (FEI; Waltham, MA). To freeze the samples, 2 pL of LNPs were dispensed onto
the glow discharged grids in the Vitrobot chamber, which was maintained at 23 °C and
100% relative humidity. After 30 sec, the samples were blotted with filter paper for 3 sec
before being immersed in liquid ethane cooled by liquid nitrogen. The frozen grids were
carefully examined for flaws then clipped and assembled into cassettes. The images
were captured at a nominal magnification of 45,000 at an electron dose of 15-20 e—/A2
then processed and analyzed using Fiji (ImagedJ 1.53t; National Institute of Health,

USA).
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Cell Culture

Neuro2A (N2A) cells (ATCC, CCL-131) are neuroblasts with neuronal and amoeboid
stem cell morphology isolated from mouse brain tissue. N2A cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FetalClone serum
(Thermo Fisher Scientific; Waltham, MA) and maintained in a humidified incubator with
10% CO2. Two days before the treatment, cells were plated in 12-well plates with 1 x
108 cells/well. Cells were treated with a final concentration of 200 nM miR137-3p mimic
or 200 nM miRNA scramble control with equal volume of lipofectamine 2000 (Thermo
Fisher Scientific; Waltham, MA) in 0.5 yL Opti-Mem media (Thermo Fisher Scientific;
Waltham, MA). When cells were treated with LNPs, miR137-3p mimic was loaded into
the LNPs and applied to cells to a final concentration of 200 nM. In all conditions, after
24h the media was replaced with complete DMEM media, and the cells were harvested

24,48, 72, or 96h after treatment.

Toxicity

In vitro cell toxicity after LNP treatment was determined by MTT cell proliferation kit and
processed according to manufacturer’s protocol (AB211091, Abcam; Cambridge, UK).
In vivo LNP toxicity was determined by weighing animals pre- and post-LNP injection as

well as by total animal survival rate.

RNA Isolation, cDNA, RT-gPCR
Live Neuro2A cells or flash frozen brain tissue was cut at 300 um on a cryostat and 1

mm bilateral prefrontal cortex or cerebellar biopsy punches (Ted Pella; Redding, CA,
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USA) were homogenized mechanically using a pellet pestle motor (DWK Life Sciences;
Millville, NJ). Total RNA was extracted following manufacturers protocol using the
MagMax mirVana miRNA Isolation Kit (ThermoFisher Scientific; Waltham, MA). Total
RNA concentration and quality was measured on a NanoDrop spectrophotometer, and
10 ng of RNA was transcribed to cDNA using specific mmu-miR137-3p and Sno202
RNA (endogenous control) primers with MultiScribe Reverse Transcriptase (Applied
Biosystems; Waltham, MA). Samples were run in duplicated with universal TagMan real-
time quantitative PCR (StepOnePlus, Applied Biosystems; Waltham, MA) and fold
change levels of miR137 were analyzed using the delta-delta Ct calculation procedure
(Applied Biosystems; Waltham, MA). Statistical comparisons were made using a two-
way ANOVA followed by Sidak’s multiple comparisons post-hoc test in GraphPad Prism

9.5.0. A p-value < 0.05 was considered significant.

Immunoblotting

Neuro2A cell samples were lysed and homogenized in 1X RIPA Buffer containing 1X
protease inhibitor (Roche; Branchburg, NJ), and then centrifuged at 14,5009 for 10
minutes at 4°C. Supernatants were collected for use in the BCA Protein Assay Kit
(Thermo Fisher Scientific; Waltham, MA). 10 mg of protein for each sample was
subjected to SDS-PAGE through a 12% Bis-Tris precast gel (Bio-Rad; Hercules, CA)
against Precision Plus Protein Dual Color Standards and run at 180V for 1 hour with XT
MOPS (BioRad) running buffer. The gel was transferred onto a PVDF membrane with
transfer buffer containing 10% methanol at 30mV overnight at 4°C then washed 3 x 5

min with Tris Buffered Saline with 0.05% Tween (TBST). Membranes were blocked with
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5% nonfat dry milk in TBST at room temperature for 30 minutes. The blots were
incubated overnight at 4°C with primary antibodies diluted in TBST: rabbit anti-GluA1
(1:250, AB1504, Millipore Sigma; Burlington, MA), rabbit anti-B-actin (1:1000, AB6276,
Abcam; Cambridge, UK), rabbit anti-PSD95 (1:1000, AB238135, Abcam; Cambridge,
UK), rabbit anti-TCF4 (1:1000, 185736, Abcam; Cambridge, UK), mouse anti-SYT1
(1:1000, 105011, Synaptic Systems; Gottingen, Germany), mouse anti-CACNA1C
(1:1000, AC84814, Abcam; Cambridge, UK), rabbit anti-CPLX1 (1:1000, 10246-2-AP,
ProteinTech; Rosemont, IL), and rabbit anti-FMRP (1:1000, AB17722, Abcam,;
Cambridge, UK). The next day, after washing 3 x 10 min with TBST, the blots were
incubated with donkey anti-mouse or anti-rabbit HRP secondary antibody (1:10,000
Jackson ImmunoResearch; West Grove, PA) in 5% milk in TBST solution for 1 hour at
room temperature. After antibody incubation, the blots were washed again for 3 x 5 min
with TBST and visualized using Clarity Western ECL Substrate (Bio-Rad; Hercules, CA)
and the ChemiDoc MP Imaging detection system (Bio-Rad). Bands were analyzed by
densitometry using Image J (National Institutes of Health, USA). The proteins of interest
were normalized to B-actin as an internal control. Statistical analysis comparing relative
protein expression from each treatment group was performed using a two-way ANOVA

in GraphPad Prism 9.5.0. A p-value < 0.05 was considered significant.

Animals
Male and female C57BL/6J or Ai9 mice (strain #007909) (Jackson Labs; Bar Harbor,
ME) were maintained on a 12-hour light/12-hour dark cycle with lights on at 7 am. Food

and water were available ad libitum. All experimental procedures followed the protocols
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approved by the Institutional Animal Care and Use Committee at Oregon Health &
Science University and the Veterans Affairs Portland Health Care System Institutional
Animal Care and Use Committee. Mice were deeply anesthetized with 3% vaporized
isoflurane in oxygen (1L/min) until sedated and sacrificed using rapid cervical
dislocation and brains were rapidly extracted, flash frozen with liquid nitrogen, and

stored at —80°C for further processing.

Injections

Mice were deeply anesthetized with 3% vaporized isoflurane in oxygen (1L/min) until
sedated and placed in a stereotaxic apparatus. For the duration of the surgery,
isoflurane was maintained at 1%, and mice were kept warm on a heating pad.
Carprofen (0.11mL/25g body weight) and dexium (0.01mL/1g body weight) were
injected subcutaneously before the surgery. Lidoject (0.2mL/incision) was administered
at the surgery site before making an incision. Mice were injected with LNPs containing
Firefly luciferase mRNA (0.0023 mg/kg, L-7602, Trilink Biotechnologies), mmu-miR137-
3p (0.0018 mg/kg, Life Technologies; Carlsbad, CA), or Cre mRNA (0.0014 mg/kg, L-
7211, Trilink Biotechnologies; San Diego, CA) at three locations within the mPFC
bilaterally (+/-0.4 medial/lateral, +1.94 anterior/posterior, 1.0, 1.6 and 2.6 depth below

brain surface; 0.5 yL nanoparticle per injection site), at a rate of 100 nL per minute.

In vivo Bioluminescent Imaging and Quantification
Mice were injected intraperitoneally with 150 mg Pierce D-Luciferin/kg (Thermo Fisher

Scientific; Waltham, MA) body weight according to manufacturer’s protocol.
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Bioluminescent imaging was conducted on the same animals at 1h, 3h, 5h, 7h, 9h, 24h,
48h, and 96h post LNP injection on the IVIS Spectrum In Vivo Imaging System
(PerkinElmer; Waltham, MA). The mouse skull was shaved prior to surgery, but no other
parts of the animal required shaving. Image analysis for region of interest (ROI)
measurement was performed on Living Image Software (PerkinElmer; Waltham, MA))
and was reported as average radiance (the sum of the radiance from each pixel inside
the ROI/number of pixels or super pixels; photons/sec/cm2/sr). Statistical analysis
comparing average radiance of fLuc in the brain and the liver at each time point was
performed using a two-way ANOVA in GraphPad Prism 9.5.0. A p-value < 0.05 was

considered significant.

Immunohistochemistry

Brains were extracted and immediately post fixed overnight in 4% paraformaldehyde in
1X PBS then cryoprotected in 30% sucrose in 1X PBS until the tissue sank. 40 ym
sections were cut on a cryostat and free-floating sections were stored in 1X PBS at 4°C
until used for immunohistochemistry experiments. Sections were incubated with Tris-
EDTA for 20 min at room temperature, then permeabilized for 3 x 5 min with 1X PBS
and 0.3% Triton-X. Tissue was then blocked in 1X PBS, 0.3% Trixon-X, and 5% Normal
Goat Serum for 1 hr at room temperature. Primary antibodies (mouse anti-NeuN
(1:1000, AB104224, Abcam; Cambridge, UK) and rabbit anti-Iba1 (1:1000, AB178846,
Abcam; Cambridge, UK) were added to 1X PBS and 0.3% Trixton-X and incubated
overnight at 4°C. The next day, tissue was washed in 1X PBS and 0.3% Trixton-X for 3

x 5 min and secondary antibodies (1:1000, Alexa 488 goat anti-rabbit, AB150077,
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Abcam; Cambridge, UK) and Alexa 647 goat anti-mouse (1:1000, AB150115, Abcam;
Cambridge, UK) were added for 2 hours at room temperature. Sections were washed
with 1X PBS, mounted, coverslipped, and dried overnight before imaging. Negative

control samples were run with no primary antibodies.

Neuronal Cell Measurements

Mice (n = 2/treatment) were treated every day for five days with PBS or miR137-LNPs.
On day 8, brains were extracted and immediately post fixed in 4% paraformaldehyde
then cryoprotected in 30% sucrose. 40 um sections were cut on a cryostat and free-
floating sections were processed based on manufacturer’s protocol using a Hematoxylin
and Eosin staining kit (Vector Laboratories; Newark, CA) (Garman, 2011). Prefrontal
cortex tissues sections were imaged on a Keyence BZ-X800 fluorescent microscope.
Three sections per animal were analyzed for neuronal cell density based on the
prominent nucleus and pale cytoplasm staining. An unpaired t-test was performed using

mean neuronal cell densities in PBS or miR137-LNP animals by area field of view

(um?).

Image Analysis

For in vitro live cell imaging, cells were washed with PBS and imaged on a Keyence BZ-
X800 fluorescent microscope (Itasca, IL) at 37°C with 10% humidity and 5% CO2 and
imaged at 2h, 4h, 6h, 24h, and 48h post treatment. For immunohistochemistry imaging,
slides were imaged on a Zeiss ApoTome.2 Axio Imager (Oberkochen, Germany) with

standardized exposure levels for each fluorescent channel. The ApoTome imaging
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system generates three fluorescent images in one optical section, which helps maintain
higher homogenous resolution across the field-of-view compared to a laser scanning
confocal microscope (Weigel et al., 2009). Four animals with six images per animal
were analyzed for each condition. All images were quantified at 20x magnification. Due
to the potential microglial or astrocyte recruitment to the needle tract injection site, the
brain tissue directly adjacent (100-200 ym) (Rungta et al., 2013) to the injection site was
quantified so overlapping cell type expression would not be skewed. The expression of
NeuN (a neuron-specific nuclear marker), Iba1 (a microglia-specific protein marker),
GFAP (an astrocyte-specific cell body and extension marker), and tdTomato (a
cytoplasmic reporter protein specific to cells where cre-mRNA is translated) was
determined as overlapping if the same cell labeled one or more indicated cellular
markers. Co-expression was determined by separating each channel and counting
fluorescence that overlapped for each cell. Using GraphPad Prism 9.5.0, an ordinary
one-way ANOVA with a post-hoc Tukey’s multiple comparisons test was used to

compare conditions. A p-value < 0.05 was considered significant.

Quantitative proteomics sample preparation

Mass spectrometric analysis was performed by the OHSU Proteomics Shared
Resource. Whole brain mouse tissue samples were flash frozen 72h after treatment
(PBS n =6, blank LNP n = 6, miR137-LNP n = 6; 3 males/3 females/group). Blank LNPs
include all the same lipid components as the miR137-LNPs, but do not contain any
nucleic acid. The brain tissue was cut at 300 ym on a cryostat and 1 mm bilateral

prefrontal cortex (Ted Pella; Redding, CA) samples were homogenized in 200ul of 5%
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SDS, 50mM triethyl ammonium bicarbonate buffer using Bioruptor Pico and heated to
95C for 5min. Samples were cooled and centrifuged for 5min at 16,000g and
supernatant transferred to an Eppendorf lobind tube. Protein concentrations were
determined using the Pierce BCA assay. 50ug/sample was digested using trypsin (1:16,
trypsin: protein) overnight using S-Trap micro cartridge (Protifi Inc; Farmingdale, NY),
after reduction with dithiothreitol, and alkylation with iodoacetamide. Peptides were
eluted from the S-Trap using 40ul each of 50mM TEAB, 0.2% aqueous formic acid, and
50% Acetonitrile containing 0.2% formic acid, pooled, and dried in a speedvac. Each
sample was suspended in 100ul of HPLC water and a peptide assay was done using
Pierce Quantitative Colorimetric Peptide Assay Kit (Thermo Fisher Scientific; Waltham,

MA).

TMT labeling and mass spectrometric analysis

In preparation for tandem mass tag (TMT) labeling, 18 dried unfractionated peptide
samples (15ug/sample) were dissolved in 20 puL of 100 mM triethylammonium
bicarbonate buffer, and TMT 18-plex reagents (Thermo Fisher Scientific; Waltham, MA)
were dissolved at a concentration of 9.6ug/uL in anhydrous ACN. Each of the samples
was then labeled by adding 12 pyL (115 pg) of an individual TMT reagent, followed by
shaking at room temperature for 1 hr. Two uL of each labeled sample in each group
were then pooled, 2 uL of 5% hydroxylamine added, the samples incubated for 15 min,
dried by vacuum centrifugation, dissolved in 33.8 uL of 5% formic acid, and 2ug
peptides analyzed by a single 40-min LC-MS/MS method using an Orbitrap Fusion as

described below. This run was performed to normalize the total reporter ion intensity of
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each multiplexed sample and to check labeling efficiency. After the normalization and
efficiency run, the remaining unmixed samples were then combined in adjusted volumes
to yield equal summed reporter ion intensities during the subsequent two-dimensional
liquid chromatography/mass spectrometry analysis (2DLC/MS). Following volume-
based normalization, the combined samples (45.6ug) were dried by vacuum
centrifugation, TMT-labeled samples were reconstituted in 40pL of 10mM ammonium
formate, pH 9 and separated by two-dimensional nano reverse-phase liquid
chromatography/mass spectrometry (2D-LC/MS) using a Dionex NCS-3500RS UltiMate
RSLCnano UPLC and Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific;
Waltham, MA). TMT labeled peptides were eluted from the first dimension high pH
column using sequential injections of 20 pL volumes of 17%, 20%, 21%, 22%, 23%,
24%, 25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 40%, 50%, and
90% ACN in 10 mM ammonium formate (pH 9) at a 3 ul/min flow rate. Eluted peptides
were diluted at a tee with a mobile phase containing 0.1% formic acid at a 24 ul/min flow
rate. Peptides were delivered to an Acclaim PepMap 100 um x 2 cm NanoViper C18, 5
Mm trap on a switching valve. After 10 min of loading, the trap column was switched on-
line to a PepMap RSLC C18, 2 ym, 75 pm x 25 cm EasySpray column (Thermo
Scientific; Waltham, MA). Peptides were then separated at low pH in the 2" dimension
using a 5-25% ACN gradient over 100 min in mobile phase containing 0.1% formic acid
at a 300 nl/min flow rate. Tandem mass spectrometry data was collected using an
Orbitrap Fusion Tribrid instrument (Thermo Scientific; Waltham, MA). Peptides were
separated using the instrument’s EasySpray NanoSource, survey scans performed in

the Orbitrap mass analyzer, and data-dependent MS2 scans performed in the linear ion
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trap using collision-induced dissociation following isolation with the instrument’s
quadrupole. Reporter ion detection was performed in the Orbitrap mass analyzer using
MS3 scans following synchronous precursor isolation in the linear ion trap, and higher-

energy collisional dissociation in the instrument’s ion-routing multipole.

Proteomic data analysis

The protein sequences searched were canonical mouse reference FASTA
sequences (21,968 proteins) downloaded December 26, 2022 from www.UniProt.org.
Common contaminants (175 sequences) were added, and sequence-reversed entries
were concatenated for a final protein FASTA file of 44,286 sequences.

The 20-fraction TMT 18-plex sample produced 20 instrument files that were
processed with the PAW pipeline (Wilmarth et al., 2009)

(https://github.com/pwilmart/PAW_pipeline). Binary files were converted to text files

using MSConvert (Chambers et al., 2012). Python scripts extracted TMTpro reporter ion
peak heights and fragment ion spectra in MS2 format (McDonald et al., 2004). There
were 334,353 linked MS2/MS3 scans acquired. The Comet search engine (version
2016.03) (Eng et al., 2013) was used: 1.25 Da monoisotopic peptide mass tolerance,
1.0005 Da monoisotopic fragment ion tolerance, fully tryptic cleavage with up to two
missed cleavages, variable oxidation of methionine residues, static alkylation of
cysteines, and static modifications for TMTpro labels (at peptide N-termini and at lysine
residues).

Top-scoring peptide spectrum matches (PSMs) were filtered to a 1% false
discovery rate (FDR) using an interactive GUI application to set thresholds in delta-

mass histograms and conditional Peptide-prophet-like linear discriminant function
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(Keller et al., 2002) score histograms where incorrect delta-mass and score histogram
distributions were estimated using the target/decoy method (Elias & Gygi, 2007). The
115,725 filtered PSMs were assembled into protein lists using basic and extended
parsimony principles and required two distinct peptides per protein per plex. The final
list of identified proteins, protein groups (indistinguishable peptide sets), and protein
families (highly homologous peptide sets) were used to define unique and shared
peptides for quantitative use. Total (summed) reporter ion intensities were computed
from the PSMs associated with all unique peptides (final grouped protein context) for
each protein.

The protein intensity values for each biological sample in each biological
condition were compared for differential protein expression using the Bioconductor
package edgeR (Robinson et al., 2010) within Jupyter notebooks. Result tables
contained typical proteomics summaries, reporter ion intensities, and statistical testing
results. Further investigation of comparing proteomic distributions across biological
groups determined two outlier samples (PBS, miR137-LNP). A Grubb’s test was used to
determine putative sample outliers based on the relative protein abundance levels of
house-keeping genes (Beta tubulin, GAPDH, DJ-1, actin) (Wisniewski & Mann, 2016).
Subsequent data was interpreted with the removal of these two samples from further
analysis. A two-sample t-test was used to compare abundance differences of individual
a priori proteins of interest between biological conditions.

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.orqg) via the
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PRIDE partner repository (Perez-Riverol et al., 2022) with the dataset identifier

PXD041648.

Biological Network Analysis

Following Tandem TMT mass spectrometry analysis of samples treated with miR137-
LNP, blank LNPs, or PBS (n = 5-6/group) public databases were used to determine
differentially expressed protein cellular location and biological process enrichment. The
STRING 11.5 (Szklarczyk et al., 2023) database creates networks of known and
predicted protein-protein interactions from over 24.5 million proteins. Following input of
differentially expressed proteins, we sought to determine network scale protein
enrichment in functional classifications defined by Gene Ontology including biological

process (https://www.informatics.jax.org/vocab/gene ontology/G0:0008150),

subcellular components

(https://www.informatics.jax.org/vocab/gene ontology/G0O:0005575), and molecular

function (https://www.informatics.jax.org/vocab/gene ontology/G0O:0003674). Similarly,

SynGO (Koopmans et al., 2019) was used to investigate subcellular
compartmentalization of differentially expressed proteins and where genes of interest
are translated, either in the neuropil or the soma (Glock et al., 2021). Finally, when
comparing differentially expressed proteins after miR137 treatment to GWAS hits for

SCZ risk, the FUMA 1.5.3 GENE2FUNC was cross referenced (Watanabe et al., 2017).

Data Availability
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All data associated with this study are available in the main text or the supplemental
material. All quantitative proteomics data have been submitted to the ProteomeXchange
Consortium via the PRIDE partner repository (Perez-Riverol et al., 2022) with the

dataset identifier PXD041648.

Results

We first synthesized and characterized LNPs to modulate synapses in the brain.
Initial testing of LNP formulations compared LNPs composed of MC3 (ionizable) only,
SM102 (ionizable cationic) only, SM102 and DOTAP (cationic), or MC3 and DOTAP
lipids. We found LNP formulations combining MC3 and DOTAP lipids were the most
efficient at cargo release (data not shown). Subsequent formulations used MC3 and
DOTARP lipids to self-assemble into LNPs with nucleic acid cargo via intermolecular
interactions using microfluidics along with structural lipids (DSPC), sterols (cholesterol),
and PEG-lipids (DMG-PEG2k) (Fig. 10A). LNPs with three nucleic acid cargos were
tested with consistent batch results: firefly luciferase mRNA (fLuc-mRNA-LNP), Cre
MRNA (cre-mRNA-LNP), and microRNA137 (miR137-LNP). Dynamic light scattering
analysis of LNP formulations demonstrated homogenous particle sizes (~70 nm) with
low polydispersity index (<0.2) (Fig. 10B), slightly positive charge (~2 mV) (Fig. 10C),
and high encapsulation efficiencies (>98%) (Fig. 10D). One-way ANOVA determined no
significant variation in LNP zeta potential (F (2, 6) = 1.024, p = 0.4142). Cryo-
transmission electron microscopy images of miR137-LNPs showed concentric
multilamellar “onion-like” structures with internal aqueous space (Fig. 10E). Overall,

reliable LNP batch consistencies suggest this preparation method is suitable for various
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nucleic acid cargos.
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Figure 10 Lipid nanoparticle characterization

A) Schematic of an LNP comprised of lipid components and an encapsulated nucleic
acid. Dynamic light scattering analysis characterizing LNPs with B) hydrodynamic size
(nm) and particle heterogeneity (polydispersity index), C) zeta potential (mV), and D)
nucleic acid encapsulation efficiency (%). E) Cryo-TEM image of miR137-LNP scale
bars: 50 um. n = 3 with triplicate determinations, mean + SEM. Firefly luciferase mRNA

(fLuc-mRNA-LNP), Cre mRNA (cre-mRNA-LNP), and microRNA137 (miR137-LNP)

By using a fluorophore tagged to PEG-lipids or the mature miR137 sequence, we
visualized LNP uptake, intracellular trafficking, and endosomal escape of miR137 in live

cells (Fig. 11A). Mouse neuroblastoma Neuro2A (N2A) cells endocytosed Cy7.5
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tagged-LNPs (Cy7.5-LNP, magenta), which did not sequester to the lysosomal
compartment (LysoTracker, blue) at 6h. Importantly, miR137 cargo (Cy5-miR137,
magenta) was visualized in the cytosol and perhaps was released in the cytoplasm
through endosomal escape (nuclear stain, DAPI, blue) (Fig. 11B). Treating N2A cells
with increasing concentrations of miR137-LNPs was non-toxic with high cell survival
(Fig. 9). At 24h, a one-way ANOVA determined that adding 200nMscramble miRNA in
lipofectamine to N2A cells did not change the expression of miR137 levels compared to
untreated cells (p > 0.999). Adding miR137 loaded in LNPs significantly increased
miR137 levels (F (3, 61) = 11.18, p < 0.0001) and improved the transfection efficiency
compared to adding the miR137 mimics in lipofectamine (F (3, 61) = 11.18, p < 0.0001)
(Fig. 11C). A two-way ANOVA demonstrated an effect of treatment that miR137
expression persisted for 96h post treatment (F (3, 39) = 6.011, p = 0.0018) (Fig. 16
A1A) and was dose dependent (Fig. 16 A1B).

Compared to N2A untreated cells, a two-way ANOVA with Dunnett’s multiple
comparisons test determined treatment with miR137 mimics in lipofectamine
significantly inhibited translation of several miR137 synaptic protein targets:
transcription factor 4 (TCF4) (F (3, 62) = 45.35, p = 0.0177), synaptotagmin 1 (SYT1) (F
(3, 62) = 45.35, p <0.0001), and the voltage-gated calcium channel a1C (CACNa1C) (F
(3, 62) =45.35, p = 0.0003) (Fig. 11D) (Fig. 17 A3), in addition to other synaptic protein
targets such as the glutamate receptor 1 (GluA1) (F (1, 48) = 87.33, p = 0.0141),
synaptophysin (Syn) (F (1, 48) = 87.33, p = 0.0245), complexin 1 (CPLX1) (F (1, 48) =
87.33, p < 0.0001), and the Fragile X mental retardation protein (FMRP) (F (1, 48) =

87.33, p = 0.0008) (Fig. 17 A3A, A3B). Treatment with miR137-LNPs showed an even
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larger inhibition of TCF4 (F (3, 62) = 45.35, p < 0.0001), SYT1 (F (3, 62) =45.35,p <
0.0001), and CACNa1C (F (3, 62) = 45.35, p < 0.0001), while miRNA scramble had no
effect on TCF4 (F (3, 62) =45.35, p = 0.9171), SYT1 (F (3, 62) = 45.35, p = 0.9971), or
CACNa1C (F (3, 62) = 45.35, p = 0.9953) (Fig. 11D). Importantly, expression of a
protein that is not a target of miR137, post synaptic density 95 (PSD95), was unaffected
(F (1, 48) = 87.33, p > 0.9999) by miR137 mimic or miR137-LNPs, demonstrating the
specificity of miR137 to target specific transcripts. From this, we concluded that LNPs
endocytosed into neuroblastoma cell cultures and released functional miR137 cargo

capable of targeting downstream transcripts.
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Figure 11 Lipid nanoparticle delivery and miR137 release in cell culture

a) Schematic of fluorophore tagging of LNPs (Cy7.5-LNP) or miR-137 cargo (Cy5-
miR137) in Neuro2A cells. b) Live cell imaging of LNP uptake (Cy7.5-LNP, magenta) at
6h without lysosomal compartment sequestering (LysoTracker, blue) and cytoplasmic
release of miR137 (Cy5-miR137, magenta) cargo (nuclear stain, DAPI, blue). ¢) RT-
gPCR fold change miR137 expression compared to sno202RNA in N2A cells at 24h
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after treatment with 200nM of miRNA scramble, miR137 mimic, or miR137-LNPs. d)
Translational inhibition of target synaptic proteins transcription factor 4 (TCF4),
synaptotagmin 1 (SYT1), and voltage gated calcium channel a1c (CACNA1C) after
treatment with 200nM miR137 mimic, miR137-LNPs or miRNA scramble compared to
untreated N2A cells. n = 3-8 with triplicate determinations, mean + SEM. ns, not
significant: p > 0.05; *p < 0.05; ***p < 0.001 and ****p < 0.0001.

To study the in vivo biodistribution and pharmacokinetics of LNPs in the brain, we
bilaterally injected firefly luciferase mMRNA encapsulated in LNPs (fLuc-mRNA-LNP) into
the mouse prefrontal cortex (PFC). A two-way ANOVA revealed robust luminescent
radiance near the injection site with no detectable expression in the liver (F (1, 26) =
89.99, p < 0.0001) or other off-target organs (Fig. 12A, 12B). The same experimental
animals were repeatedly measured, and radiance peaked between 9h and 24h (F (7,
26) = 10.77, p < 0.0001) post injection, and returned to baseline by 96h (Fig. 12C).
Thus, LNP nucleic acid cargo is bilaterally and locally expressed at the direct PFC
injection site without detectable off-target expression. We did not detect any overt
toxicity as all experimental animals survived until the experimental endpoint, two weeks
following LNP injection (Fig. 12D) and did not lose more than 5% of their original body
weight (g) (Fig. 12E). In separate experiments, we found that delivery of miR137-LNPs
every day for five days did not result in weight loss (g) (Fig. 12F) or cellular anatomical
disruptions determined by neural cell density counts (S. Liu et al., 2014) (unpaired t-
test, t(12) = 1.175, p = 0.2629) (Fig. 18 A3), demonstrating the potential use of repeated

LNP treatments in the brain.
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Figure 12 Lipid nanoparticle mediated transfection and toxicity in vivo

Representative a) dorsal and b) ventral images of luciferase bioluminescence in
mouse brain and other tissues 24h post a single injection in the prefrontal cortex with
firefly luciferase mMRNA LNPs. ¢) Time curve (hours post injection) of luciferase radiance
(photons/second) in the brain and the liver. n = 3, mean £ SEM; **p < 0.01 and ****p <
0.0001. d) Percent animal survival after a single bilateral intracerebral injection with
LNPs. n = 6, mean + SEM e) Percent change in animal body weight after single bilateral
intracerebral injection with PBS, cre-mRNA-LNP, blank LNP, or miR137-LNPs. n = 3-10,
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mean + SEM. In separate experiments, animals received five consecutive bilateral
intracerebral injections with miR137-LNPs (Day 1-5) f) and the percent change in
animal body weight was measured up to 8 days. n = 2, mean £+ SEM

Using immunohistochemistry to multiplex neuron (NeuN+), microglia (Iba1+),
and astrocyte (GFAP+) markers in sectioned PFC tissue, we determined LNP cargo
expression in specific cell types. We delivered cre-mRNA-LNPs to Ai9 mice, a Cre
reporter strain with a loxP-flanked STOP cassette preventing transcription of a CAG
promoter within the ubiquitously expressed ROSA26 locus. Ai9 mice express robust
tdTomato fluorescence following cre-mediated recombination. In this case, there is no
fluorophore tagging of the LNP itself, thus there is no way to visualize the uptake of
LNPs. Instead, we rely on visualizing the expression of the cre-mRNA as it is translated
to the tdTomato reporter protein. To focus our analysis on LNP-induced effects, rather
than tissue damage and microglial recruitment to the needle tract, we quantified
tdTomato expression in the adjacent 100-200 um from the injection site (Fig. 19 A4A,
A4B) (Rungta et al., 2013). Low magnification fluorescent microscopy images showed
robust bilateral tdTomato+ (red) cells at the PFC injection site (Fig. 13A). 81.11% of
tdTomato+ cells were NeuN+, 15.64% of tdTomato+ cells were Iba1+, and 3.25% of
tdTomato+ cells were GFAP+. One-way ANOVA indicated a significant effect of cell
marker (NeuN/Iba1/GFAP) on tdTomato+ expression (F (2, 66) = 427.4, p < 0.0001)
(Fig. 13B-13D). Post-hoc analysis using Tukey’s multiple comparisons test indicated
that tdTomato expression differed significantly by cell marker (NeuN vs Iba1, p <
0.0001); (NeuN vs GFAP, p < 0.0001); (GFAP vs Iba1, p < 0.0001). These data suggest

LNP nucleic acid cargo is preferentially expressed in neurons in the mouse PFC.
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Figure 13 Lipid nanoparticle cell type expression in the brain

Mice received bilateral intracerebral injections in the prefrontal cortex with cre-mRNA-
LNPs which express tdTomato (red) following cre-recombination. a) High (top) and low
(bottom) magnification of tdTomato florescence and injection placements in the
prefrontal cortex. scale bars: 500 ym b) Quantification of tdTomato+ cells preferentially
co-expressed with neuronal (NeuN+, blue) over microglial (Iba1+, yellow) or astrocyte
(GFAP+, green) markers (nuclear stain, DAPI, blue). ¢) TdTomato+ cells overlap slightly
with Iba1+ cells (green arrows), but mostly co-express with NeuN+ cells (white arrows).
d) TdTomato+ cells do not co-label with GFAP+ cells. scale bars: 5 ym; n =4, mean +
SEM; ****p < 0.0001.
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Following confirmation that LNPs can effectively deliver nucleic acids to PFC
neurons in vivo, we sought to determine if miR137-LNPs can alter synaptic protein
expression. Mice received bilateral injections of miR137-LNPs or PBS into the PFC.
After 24h, a two-way ANOVA with Tukey’s test for post-hoc comparisons determined
miR137 levels were significantly upregulated in the PFC compared to small nucleolar
RNA 202 (sno202) with no detectable changes in cerebellar tissue (F (1, 25) = 2.865, p
= 0.0391) (Fig. 14A). Unbiased isobaric-labeling quantitative proteomics of PFC biopsy
punches was used to compare 4,807 proteins after 72h from three experimental groups
(n = 5-6/group): PBS, blank LNPs, or miR137-LNPs. This experimental design allowed
us to determine the proteomic effects of the LNPs alone (PBS vs. blank LNP) and of the
miR137 alone (blank LNP vs. miR137-LNP). Comparing differentially expressed
proteins (DEPs) from blank LNP and miR137-LNP treatments indicated that 224
proteins were altered with 105 upregulated (red) and 119 downregulated (blue) (Fig.
14B). The STRING (Szklarczyk et al., 2023), Gene Ontology, SynGo (Koopmans et al.,
2019), and FUMA GENE2FUNC (Watanabe et al., 2017) databases generated
functional and structural classifications of known protein-protein network interactions
based on the DEPs from miR137-LNP compared to blank LNP treatments. The
databases confirmed that 52% of the total DEP from miR137-LNPs were involved in
neuronal development (GO:0032502) including neurogenesis and neuron differentiation
(Fig. 20 A6) although the experimental animals were adults, where we might expect the
majority of neuronal development to have already occurred (Semple et al., 2013).
Additionally, 23% DEP from miR137-LNPs were in neuronal synapses (GOCC:0045202)

(Fig. 21 A7A). MiR137-LNPs affected both pre-and post-synaptic proteins (Fig. 14C)
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with the majority of the DEPs translated in the neuropil (dendrites and axons) compared

to the soma (Fig. 21 A7B) (Glock et al., 2021), suggesting local translation of synaptic

proteins. Further investigation determined 67% of synaptic DEPs from miR137-LNP

were glutamatergic (GOCC:0098978). Our findings support previous work

demonstrating that miR137 modulates genes and proteins involved in neuronal

development (Loohuis et al., 2017) and glutamatergic synaptic function (Olde Loohuis et

al., 2015).
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prefrontal cortex biopsies of animals who received miR137-LNP or blank LNPs at 72h.
b) Volcano plot of differentially expressed proteins between blank LNP and miR137-LNP
(Log2Fold Change and adjusted p values < 0.05). ¢) Pre- and post-synaptic location of
differentially expressed proteins by count following miR137-LNP treatment. Treatment
with miR137-LNPs disrupts glutamatergic synaptic proteins compared to blank LNPs
including d) receptor-type tyrosine-protein phosphatase F (PTPRF), e) Ras-specific
guanine nucleotide-releasing factor 1 (RGrf1), f) calcium/calmodulin dependent protein
kinase Il beta (CAMKIIB), g) voltage-dependent calcium channel gamma-3 (CACNG3),
h) solute carrier family 7 member 11 (SLC7A11), i) nitric oxide synthase 1 (NOS1), j) Abl
interactor 1 (ABI1), k) synaptotagmin 1 (SYT1), I) N-terminal EF-hand calcium-binding
protein 2 (NECAB2), m) amyloid beta A4 precursor protein (APBA1), n) glutamate
receptor, ionotropic kainate 3 (GRIK3), and o) SH3 (SHANK1). n = 5-6/group, mean +
SEM *p < 0.05, **p < 0.01, ***p < 0.001.

A two-sample t-test found specific glutamatergic synaptic proteins were
significantly inhibited in miR137-LNP treatments compared to blank LNPs (Fig. 14D-
140) including receptor-type tyrosine-protein phosphatase F (PTPRF) (1(9) = 3.778, p =
.0044) (Fig. 14D), Ras-specific guanine nucleotide-releasing factor 1 (RGrf1) (1(9) =
2.877, p = .0183) (Fig. 14E), calcium/calmodulin dependent protein kinase |l beta
(CAMKIIB ) (1(9) = 2.937, p = .0166) (Fig. 14F), solute carrier family 7 member 11
(SLC7A11) (t(9) = 2.5, p = .0338) (Fig. 14H), nitric oxide synthase 1 (NOS1) (t(9) =
2.487, p = .0346) (Fig. 14l), Abl interactor 1 (ABI1) ((9) = 3.123, p = .0123) (Fig. 14J),
N-terminal EF-hand calcium-binding protein 2 (NECAB2) (1(9) = 4.241, p = .0022) (Fig.
14L), amyloid beta A4 precursor protein (APBA1) (1(9) = 4.303, p = .0020) (Fig. 14M),
and the glutamate receptor ionotropic kainate 3 (GRIK3) (1(9) = 3.356, p = .0084) (Fig.
14N). Three glutamatergic synaptic proteins were upregulated in miR137-LNP
treatments compared to blank LNPs including the voltage-dependent calcium channel
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gamma-3 (CACNG3) (1(9) = 3.611, p = .0056) (Fig. 14G), synaptotagmin 1 (SYT1) (t(9)
= 3.606, p = .0057) (Fig. 14K), and SH3 (SHANK1) (t(9) = 3.027, p = .0143) (Fig. 140).
Many of the altered glutamatergic proteins effected by miR137-LNPs are in the
postsynaptic density including CACNG3 (G0:0099061), PTPRF (GO:0099061), NOS1
(G0:0099092), CAMKIIB (GO:0014069), ABI1 (GO:0014069), and SHANK1
(GO:0014069). This data suggests miR137 delivered to neurons using LNPs modulates
the expression of proteins involved in synaptic glutamate neurotransmission.

Lastly, we investigated the effect of blank LNPs on the proteome. Compared to
PBS, we found blank LNPs induced differential expression of 1,536 proteins (923
upregulated (red) and 613 downregulated (blue)) (Fig. 15A). Based on the FUMA
GENEZ2FUNC (Watanabe et al., 2017) database, the top GO molecular functions from
DEPs following blank LNP treatment included binding of cell adhesion molecules,
protein complexes, RNA, and lipids (Fig. 15B). Additionally, the SynGo database
confirmed the cellular function of DEPs from blank LNPs include synaptic organization,
cellular signaling, metabolism, and transport (Fig. 15C). This finding was validated
though the biological pathway analysis which determined an upregulation of proteins
involved in lipid metabolism (GO:0006629, G0O:0044255, GO:0006644), response to
lipids (GO:0033993), and lipid transport (GO:0006869) (Table 2 A1). The Reactome
pathways indicated activation of 44% of the complement (MMU-166658) (Fig. 15D) and
16.54% of the cytokine (MMU-1280215) cascades (Fig. 15E) (Table 3 A2). It appears
the cytokine and complement activation are driven by the LNP itself, as the blank LNP
and miR137-LNP treatments show similar trends in protein activation compared to PBS.

However, the DEPs involved in these immune pathways only made up 1.45% and
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4.14% of the total DEPs in blank LNPs, respectively. To determine if LNPs activate
microglia, we quantified five proteins known to be upregulated in activated microglia
(Jurga et al., 2020; Rayaprolu et al., 2020). A two-way ANOVA with Sidak’s multiple
comparisons found enrichment of activated microglia proteins: cluster of differentiation
44 (CD44) (F (4, 45) = 3.224, p = 0.0004), moesin (MSN) (F (4, 45) =3.224,p =
0.0036), profilin 1 (PFN1) (F (4, 45) = 3.224, p = 0.6957), myosin heavy chain 9 (MYH9)
(F (4, 45) = 3.224, p = 0.0011), and cluster of differentiation 11 (CD11) (F (4, 45) =
3.224, p < 0.0001) after blank LNP treatment compared to PBS (Fig. 19 A4C). Of note,
this analysis does not differentiate between microglia recruited to sites of damaged
tissue due to the injection and cells specifically affected by LNPs. Finally, in agreement
with previous proteomic analysis using the cationic DOTAP lipid in the LNP formulation
(Dilliard et al., 2021), our proteomics data showed elevation of vitronectin, fibrinogen
gamma chain, fibrinogen beta chain, clusterin, and alpha-s1-casein. Our mass
spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner

repository (Perez-Riverol et al., 2022) with the dataset identifier PXD041648.
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Figure 15 Proteomic analysis of blank LNPs in the brain

Quantitative proteomics comparing prefrontal cortex biopsies of animals who received
PBS or blank LNPs. a) Volcano plot of differentially expressed proteins between PBS
and blank LNPs (Log2Fold Change and adjusted p values < 0.05). b) Gene Ontology
(GO) molecular functions of enriched proteins by count from blank LNPs. ¢) Functional
enrichment of differentially expressed proteins from blank LNPs. Heat map of activated
protein expression in PBS, blank LNP, and miR137-LNP groups involved in d)

complement and e) cytokine cascade pathways normalized to PBS. n = 5-6/group.

Discussion

The risk for developing schizophrenia (SCZ) is linked to single nucleotide
polymorphisms in MIRNA 137, which decreases miR137 expression, causing
dysregulation of target synaptic proteins (Guella et al., 2013; van Erp et al., 2014). Many
miR137 target transcripts are implicated in GWAS studies and linked to an increased
risk of SCZ (Coyle et al., 2020). Polygenic disorders such as SCZ may benefit from the
therapeutic application of miRNAs as broad-spectrum genetic regulators. Delivering
replacement miRNA, or miRNA cocktails designed to tune synaptic function, is a path
towards treatment of SCZ. Development of a transportation vehicle is required to protect
and deliver therapeutic nucleic acid cargo to the appropriate location and cell type. Lipid
nanoparticles (LNPs) are attractive delivery vectors due to their customizable size,
charge, cargo loading, high bioavailability, and targeting capability (Herrera-Barrera,
Ryals, et al., 2023; S. Patel et al., 2019).

Here we evaluated LNP delivery of nucleic acids to the prefrontal cortex (PFC)
and the effects of miR137 on protein expression in the mouse brain. After confirming

that LNP nanocarriers could successfully deliver miR137 to neuroblastoma cells in vitro,
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we showed that miR137 modulated downstream synaptic proteins. In follow-up studies
in vivo, we administered several types of nucleic acid cargo to the brain including small
molecules (miR137) and large gene constructs (firefly luciferase mRNA and Cre-
mRNA). We injected LNPs containing firefly luciferase mRNA into the PFC and found
that the LNPs remained in the brain. Additional studies found Cre-mRNA delivered by
LNPs predominantly expressed their cargo in neurons and to a lesser extent in
microglia. Lastly, quantitative proteomic analysis of PFC tissues indicated that LNPs
containing miR137 modulated glutamatergic synaptic proteins.

One key aspect of SCZ pathology is glutamatergic synaptic dysfunction in
cortical neurons (Parellada & Gass6, 2021; Uno & Coyle, 2019). Disrupted excitatory
neurotransmission due to aberrant expression of miR137 could impact synaptic function
and result in behavioral abnormalities found in SCZ (Forsyth & Lewis, 2017). However,
no tool currently exists to restore the synaptic glutamatergic circuits to normal levels.
Our proteomic analysis determined miR137 delivered by LNPs altered pre-and post-
synaptic glutamatergic proteins involved in neurotransmitter and receptor gating,
binding, release, trafficking, and glutamate-dependent synaptic plasticity. Interestingly, a
subset of the glutamatergic synaptic proteins, whose expression was modulated by
miR137, are identified in GWAS studies that increase the risk for SCZ including PTPRF,
SHANK1, CAMKIIB, C4, GRIK3, and CACNAa1C (Coyle et al., 2020; Fromer et al.,
2014; Singh et al., 2020; Trubetskoy et al., 2022). Unexpectedly, some known targets of
miR137 did not respond in vivo as they did in vitro (including TCF4, GluA1, Syn,
CPLX1, and FMRP), suggesting that the pattern of synaptic protein modulation in vivo

may be different than in vitro. One possibility is that the timing of protein homeostasis in
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vivo could be driven by exogenously inflating the miRNA machinery (Cursons et al.,
2018). Future studies varying the dose or timing of miRNA treatments will be required to

establish long-term neural network or behavioral effects.

A complementary hypothesis in SCZ pathology suggests aberrant neuronal
glutamate release leads to microglial activation through the complement cascade,
implicating the immune system (Parellada & Gasso, 2021). In some individuals,
modulation of complement genes may be therapeutic, as mutations in complement C4
genes have been linked to excessive synaptic pruning in SCZ (Woo et al., 2020; Yilmaz
et al., 2021). We found that ~15% of the mRNA cargo delivered by LNPs was expressed
in microglia, which play a role in synaptic pruning. It is possible the mRNA cargo
expressed in microglia may be due to LNP phagocytosis at the injection site. To
determine if LNPs are recruiting and activating microglia, future experiments could
isolate cells expressing LNP cargo and measure 1) if the acceptor cells express
activated microglial proteins and 2) if activated microglia are pro- or anti-inflammatory.
Additionally, further studies could analyze microglial morphological changes (e.g.
ramified, bushy, amoeboid microglia) due to LNP exposure. We found stimulation of
cytokine and complement proteins was driven by the LNP itself, although these proteins
accounted for less than 5% of all differentially expressed proteins. Our findings warrant
further studies on the long-term biological consequences of the LNP immunogenicity
(Mohamed et al., 2019) in the brain. Current genetic modulators, such as adeno-
associated viruses (AAVs), significantly activate the innate immune response (Muhuri et
al., 2021), but additional studies are required to directly compare LNP immune

activation to AAVs. Nonetheless, future research directed at reducing immunogenic
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responses — for example, by decorating the particle surface with anti-inflammatory
agents or endogenous cell membranes from neuronal tissue — would be valuable (Y.

Han et al., 2021).

Gene therapies in lipid based nanoplatforms are FDA approved to treat
hereditary transthyretin-mediated amyloidosis with siRNA (J. Yang, 2019) and SARS-
CoV-2 with mRNA vaccines (Schoenmaker et al., 2021). However, only a few studies
have evaluated the safety and efficiency of LNP-based RNA therapies for central
nervous system disorders. Previous studies have systemically injected selective organ
targeting (SORT) LNPs and showed targeted lung, spleen, and liver tropism (Q. Cheng
et al., 2020). Improving on first-generation SORT LNPs, we formulated LNPs with a
mixture of DOTAP and DIlin-MC3 ionizable lipids and selectively showed high brain
expression for ~ 24h with no detectable clearance to systemic organs (Brown et al.,
2018; Campani et al., 2020; Hald Albertsen et al., 2022; Rungta et al., 2013). Our LNPs
have distinct "onion-like" morphologies possibly due to the cationic lipids, which could
be highly solvated and promote the formation of aqueous internal domains. Another
possible reason is the arrangement of concentric phospholipid bilayers enclosing an
aqueous core can form an onion-like multilayer structure. Maintaining exogenous long-
term RNA expression in the brain could require multiple weekly treatments with potential
risk for inflammation or cytotoxicity (Verbeke et al., 2022). However, our studies with
single or multiple doses of miR137-LNP administrations found no toxicity in terms of
body weight loss or change in tissue integrity. To design the next generation of
noninvasive gene therapies, future studies will investigate the systemic delivery of

targeted LNPs to cross the BBB. However, traversing the BBB will require careful
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evaluation of the cost that off-target tissues could be affected. To target specific cell-
types, LNPs could be coated with ligands, antibodies, or peptides (L. Han & Jiang,
2021), which would significantly improve drug delivery systems and therapies for brain
disorders.

Overall, the evidence presented here encourages further research of miRNAs in
pathological conditions. Using delivery of miR137 by LNPs, we have modulated
neuronal glutamatergic synaptic protein networks connected to SCZ risk. These studies
provide promising support for using LNPs as customizable tools for gene and protein

therapies in the brain.
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Chapter 4: General Discussion

Overview

This chapter concludes the findings of this dissertation comparing three
nanoparticle nucleic acid delivery vehicles and the effects of miR137-LNPs in the
mouse brain. This discussion will begin with a summary of findings followed by the
potential clinical implications for psychiatric and other neurological disorders. The
limitations of the provided studies will be discussed, as well as the direction for future
studies given what this work has added to the understanding of nanoparticles in the
brain. Finally, this chapter will conclude with closing remarks about the utility of LNPs in

neuroscience and beyond.

Summary of Findings

The goal of Chapter 2 was to characterize three nanoparticle formulations that
most effectively encapsulate and transport nucleic acids to N2A cells. These studies
compared endogenous EVs, polymeric nanoparticles, and LNPs. After measuring
particle characteristics, batch consistencies, toxicity, and miR137 cargo release, we
found LNPs are the most reproduceable and effective delivery vehicles. Based on the
findings in Chapter 2, all subsequent in vivo studies were conducted with LNPs. The
goal of Chapter 3 was to determine the biodistribution, cell-type specific cargo
expression, and proteomic effect of miR137-loaded LNPs in the PFC. We found LNPs
are localized to the PFC injection site for about 24h without detectable expression in off-
target organs. Furthermore, LNPs preferentially express nucleic acid cargo in neurons

in the PFC compared to microglia or astrocytes. We found significant proteomic
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changes in synaptic and developmental proteins after miR137-LNP treatment in the
PFC. Interestingly, we found an overlap in the altered glutamatergic synaptic proteins
after miR137-LNP treatment with SCZ risk genes. Finally, we found blank LNPs activate
RNA, drug, and lipid binding mechanisms and initiate a neuroimmune response with
enrichment of cytokine and complement cascade pathways. This discussion will
address the findings of the aforementioned studies and the direction neuro-

nanomedicine should take for future research.

Clinical Implications

There are over 600 CNS disorders ranging from developmental to degenerative,
from infections to traumatic brain injury, and from cancer to psychiatric conditions
(National Library of Medicine, 2014). A diagnosis of a brain disorder is a severe and
often fatal sentence. Thus, there is a need for innovative research on therapeutics for
CNS diseases.

The field of nanotherapeutics offers promising new avenues to develop drugs
and technologies for previously unmet clinical needs. Currently, there are four
nanocrystal treatments used for SCZ in the clinic. Nanocrystals are not newly
synthesized drugs, but instead are known drug compounds thought to have therapeutic
effects yet exhibit low aqueous solubility. However, these drug nanocrystals still lack
receptor specificity, and have actions on serotonin, dopaminergic, and glutamatergic
neurotransmitter systems. Thus, “third-generation antipsychotics” are not devoid of
severe side effects. Aripiprazole lauroxil is a long-acting intramuscular injectable

nanocrystal. However, because it is a prodrug with slow release, treatment regimens
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require oral supplementation for the first 21 days (Krogmann et al., 2019). Non-
adherence, weight gain, akathisia, and motor issues are still common side effects for
patients (Preda & Shapiro, 2020). The hydrophilicity of the nanocrystal paliperidone
palmitate - a metabolite of risperidone - alters mitochondrial function, synaptic plasticity
and neuronal firing (Corena-McLeod, 2015). Thus, it appears nanocrystal technology is
not an improvement on current antipsychotic drugs and is associated with unique issues
and challenges.

Long-acting injectable antipsychotics are concentrated drug formulations which
are injected intramuscularly and slowly released over time. The first generation of long-
acting injectable antipsychotics, such as haloperidol and risperidone, are encased in
degradable polymer microspheres dissolved in an oily delivery vehicle. However, the
oily polymeric substance is associated with high rates of pain and injection site
reactions (Zolezzi et al., 2021). Due to non-adherence of daily oral medications in
patients with SCZ, new studies are inventing novel methods to deliver polymeric long-
acting injectable drugs such as solid implants, inserts, transdermal patches, and wafers
(Abdelkader et al., 2021).

A potential therapy for CNS disorders includes introducing foreign genetic
material to target cells against a pathological gene of interest, or to augment a genetic
deficiency. Viruses evolved to incorporate and change the genome of the infected host
cells. Viral vector-based gene therapies are functionally like nano-vehicles and are
commonly investigated delivery systems. Currently, three viral vector strategies are
approved for clinical use and include adeno-associated viruses, adenoviruses, and

lentiviruses (Zhao et al., 2021). Almost all viral gene therapy products are marketed as
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cancer treatments, with very few therapies targeting the brain. This could be due to
several challenges that limit using viral delivery systems such as: high immunotoxicity,
high cost, impractical production strategies, inefficient transduction, and high off-target
tissue effects (Li et al., 2023). Thus, to combat these viral-vector limitations, scientific
investigation has turned to non-viral approaches for therapeutic delivery to the brain.

Three current gene therapies in lipid-based nanoplatforms are FDA approved. In
2018, Onpattro was the first LNP nucleic acid delivery vehicle used to treat hereditary
transthyretin-mediated amyloidosis with siRNA (Akinc et al., 2019; J. Yang, 2019). The
ionizable lipid used in the Onpattro formulation is the same MC3 lipid used in these
dissertation studies. From a regulatory standpoint, using lipid components that are
currently FDA approved for a new application, such as a CNS delivery vehicle, would be
advantageous. However, Onpattro patients must be repeatedly dosed every three
weeks; thus, successive generations could improve the half-life of the therapeutic
siRNA.

The next sequential FDA approved LNP platforms were designed to treat SARS-
CoV-2 with mRNA vaccines (Schoenmaker et al., 2021). The global use of COVID-19
MRNA vaccines delivered by LNPs sparked widespread interest using LNPs for a
variety of previously unmet clinical needs. However, to remain protected from the
infectious virus, multiple booster vaccines are needed and could inhibit the long-term
adaptive immune response (Qin et al., 2022). The initial reported side effects after
vaccine administration were thought to generate from the patients’ adaptive immune

response against the SARS-CoV-2 virus. However, further work suggests that the
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ionizable and PEG lipid components of the LNP are responsible for the inflammatory
effect (Mohamed et al., 2019; Ndeupen et al., 2021).

The COVID-19 vaccines were delivered intramuscularly, which would likely only
affect the peripheral immune system. Depending on the delivery route, transporting
cargo to the brain presents additional central immune system challenges that must be
considered and tested in clinical populations. The studies in this dissertation focus
solely on CNS immune factors as LNPs were directly injected into the mouse brain.
However, intranasal and intrathecal methods are being investigated as possible LNP
delivery routes (Correia et al., 2022). If the risks and side effects of systemic LNP
delivery outweigh the rewards, future studies should investigate combining intracerebral
LNP delivery with current treatment strategies. Some disorders, such as focal pediatric
epilepsy, require surgery and placement of electrodes or subdural grids to monitor and
treat frequent seizures that cannot be managed by diet and medication (Rugg-Gunn et
al., 2020). During surgical procedures, LNPs loaded with therapeutic cargo could be
delivered into the affected brain parenchyma for localized and long-term relief of seizure
symptoms. Overall, there are many unanswered questions about the clinical utility of

LNPs in the CNS which warrant further research.

Limitations

The findings in these dissertation studies have limitations which highlight the
need for future studies to investigate the effects of nanoparticles as nucleic acid delivery
vehicles in the brain. In Chapter 2, due to the difficulty in EV production, our studies

were unable to compare the cytotoxicity, uptake and miR137 cargo release of EVs, as
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was done for polymeric nanoparticles and LNPs. Following EV release and collection,
previous studies have genetically and chemically modified EV membranes with
aptamers, antibodies, or fluorophores (Mohammadi et al., 2023). However, conjugating
fluorophores to nanoparticle lipids and visualizing florescence may give a false
representation of intracellular cargo release mechanisms. Instead, relying on the
expression of delivered reporter cargo may be more critical in determining functional
nanoparticle delivery. Thus, visualizing vesicle biodistribution and measuring functional
cargo readouts are both necessary steps in understanding vesicle delivery
mechanisms.

Testing the effects of different nanoparticles in primary cell cultures with microglia
and astrocytes present might have improved our understanding of the immunogenicity
of various nanoparticles in cells that support neuronal activity. To test nanoparticle
immunogenicity in a mouse macrophage cell line, future work could use RAW-Blue cells
that express a reporter gene once the immunogenic NF-kB signal is stimulated (R. E.
Lewis et al., 2014). Using this reporter cell line over the conventional MTT cell
proliferation assay could be useful in quantifying high-throughput cell enumeration.
Finally, another challenge researchers must consider is that in vitro LNP delivery does
not predict in vivo LNP efficiency (Paunovska et al., 2018). Thus, initial LNP testing
should continue with in vitro models, but the clinical application of an LNP system
should be determined by results of in vivo models.

All in vitro studies in Chapters 2 and 3 were conducted in mouse neuroblastoma
N2A cells. To fully capture the complexity and inter-dynamic activity of multiple cell types

in the brain, N2A cells could have been differentiated into various neuronal sub-types, or
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an additional neuronal cell line could be tested. It was unknown how miR137-loaded
LNPs function in the brain, thus these studies used untargeted LNPs. However,
targeting specific neuronal sub-populations such as glutamatergic, dopaminergic, or
serotonergic neurons, could be beneficial in developing personalized therapies for
disorders such as SCZ. To date, only one study has successfully altered neuron-specific
glutamatergic NMDAR in vivo by LNPs (Rungta et al., 2013). However, this study did
not actively target LNPs to neurons. LNP cellular uptake is dependent on ApoE and the
LDLR, an endogenous uptake mechanism in neurons (Hayashi, 2011). Furthermore,
Rungta et al. did not measure the effect of LNPs on microglia, so it could be that LNPs
were taken up by microglia but was not reported. Efficiently delivering gene therapy
cargo to specific neuronal cell types, via a targeted ligand, peptide, or cell-coating
mechanism would significantly improve the utility of LNPs in the brain and for CNS
disorders.

This dissertation addresses some unknown effects of LNPs in the brain, but
some uncertainties remain. For example, in Chapter 3, we found challenges ensuring
cell-type specific targeting in the brain. Although we found preferential expression of
nucleic acid cargo in neurons in the PFC, ~15% of mRNA cargo was co-expressed with
microglia, suggesting potential phagocytosis of LNPs. In all tissue types, macrophages
may be the first and primary cell types that process nanoparticles and mediate host
immunological responses (Gustafson et al., 2015). To combat this issue, previous
studies coated LNPs with macrophage membranes to mimic the immunological
characteristics of macrophages and camouflage LNPs from elimination (Y. Han et al.,

2021). Further studies should examine the effect of LNPs on microglia in vivo. For
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instance, LNP microglial activation and recruitment could be analyzed based on
microglia morphological changes (e.g. ramified, bushy, amoeboid) (Jurga et al., 2020).
Isolating specific cell types in the brain after LNP treatment, by florescent activated cell
sorting, would give a detailed indication of the percentage of LNPs lost in debris
clearance and not biologically activate in neurons. Thus, understanding how
nanomaterials are distributed, internalized, and processed by macrophages will be
important in the utility of LNPs for a variety of disease states.

The largest factor impeding LNP-based nucleic acid therapies for clinical
applications is the immunogenicity of LNP formulations. In Chapter 3, we show
activation of cytokine and complement cascade proteins following administration of
LNPs in the brain. Some studies have attempted to work around this issue by co-
administering or incorporating immunosuppressive agents into LNP systems (Yoneda et
al., 2022). The presence of dexamethasone suppressed pro-inflammatory cytokines
following intravenous LNP-siRNA administration (Chen et al., 2018). Including
immunosuppressants into LNP formulations could act as an additional adjuvant and
boost nanoparticle transfection at target tissues. Furthermore, our proteomic studies
were limited to analysis at a single time point with a single LNP administration.
Determining the appropriate miRNA dose and timing needed for desired outcomes will
need to balance how the immune system will respond to potential repeated treatments
in the brain.

In Chapter 3, we determined LNPs do not diffuse far from the injection site, which
could be another limitation of LNP applications in the brain. We found LNPs travel 100-

200 ym from the injection site, which could be advantageous for targeting a small brain
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region such as the ventral tegmental area. However, to target a larger brain region such
as the hippocampus, LNP diffusion and spread may need to improve. One study in the
mouse brain found increasing the PEG-lipid anchor length improved LNP diffusion up to
1 mm from the injection site (E. Waggoner et al., 2023). “Short” C14 anchored PEG-
lipids are quickly desorbed from the LNP once in circulation (Wilson et al., 2015). Thus,
trafficking LNPs for long distances in the brain may benefit from “long” C18 anchored
PEG-lipids with slower desorption kinetics, longer circulation times, and less
accumulation in reticuloendothelial organs (Mui et al., 2013).

Delivering miRNAs could be a genetic tool to regulate a network of gene targets.
For a polygenic disorder such as SCZ, miRNAs could be advantageous over current
pharmacological manipulations that possess low receptor and cell type specificity. The
proteomic analysis performed in these studies was useful in determining the effect of
miR137, as miRNAs are inhibitors of target transcription. However, protein and mRNA
expression profiles differ quantitatively, temporally and spatially (Abreu et al., 2009), due
to post-transcriptional mMRNA regulation (Vogel & Marcotte, 2012). Furthermore, protein-
mMRNA correlation coefficients only reach 0.47 in complex tissues like the brain (Maier et
al., 2009). Comprehensive single-cell transcriptional analysis could be useful in
conjugation with proteomics to determine the effect of miR137-LNPs on the genome
and proteome, respectively.

Each conserved miRNA, including miR137, typically reduces expression of a
given target by ~20% (Selbach et al., 2008). This modest effect may be due to a single
gene containing several miRNA-binding sites. Gene repression is multiplicative when

multiple sites are active (Grimson et al., 2007). Thus, co-targeting of closely spaced
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miRNA sites with distinct seed sequences could further enhance gene repression. It is
likely that miR137 is involved in a cooperative cluster of miRNAs that have overlapping
brain-enriched targets. For example, miR137, miR124, and miR128 can synergistically
regulate neuronal proliferation and differentiation (Santos et al., 2016). The co-targeting
pair, miR137 and miR138, have significant overlapping targets and differentiate
glutamatergic neurons (Cherone et al., 2019). Additional miRNA clusters are altered in
SCZ including the miR29 family (Camkurt et al., 2016), the large genomic miR379/410
cluster (Winter, 2015), and the miR137/miR2682 locus is associated with SCZ allele
variants and decreased miR137 expression (Duan et al., 2014). Therefore, further work
should investigate the potential additive effect of gene repression with co-administering
a cluster of miRNAs including miR137.

The current tools available to detect delivered nucleic acids are not able to
determine their functional half-life intracellularly. For example, we measured fLuc mRNA
and miR137 expression in the brain after LNP delivery and determined maximal
expression about 24h post injection. However, the downstream cascades, including
protein turnover rates, may vary with target applications. Studies suggest the half-life of
miRNAs range from 28 to 220 h (Z. Zhang et al., 2012). To extend the expression of
miRNAs and reduce delivery frequency, using a plasmid DNA could provide prolonged
transgene expression (Scholz & Wagner, 2012). Further work should investigate the
long-term effects of elevated RNAs in the brain.

One limitation of using miRNAs lies in the inherent properties of mMiRNAs being
regulators of tens to hundreds of transcripts simultaneously. In Chapter 3, there were no

apparent deleterious effects of miR137 replacement in vitro or in vivo. However, it's
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possible that sustained elevation of miR137 could trigger activation of undesirable
pathways. Studying the effect of miRNA dose when artificially inflating the miRNA
machinery will be useful to measure potential off-target effects. For example, miR137 is
highly implicated in the development and prognosis for glioma. Downregulation of
miR137 is associated with a variety of tumors including breast cancer, cervical cancer,
ovarian cancer, non-small cell lung cancer, and gastrointestinal stromal tumors. Thus,
replacement of miR137 could be protective and inhibit proliferation of malignant
differentiation (Y. Wang et al., 2020). Thus, depending on the area of focus, researchers
may be unintentionally missing off-target effects of miR137 levels in the brain.

Due to the limited research of LNPs in the brain, the results of these dissertation
studies significantly improve our understanding in the scientific field. The lack of new
therapeutic treatments for SCZ creates a unique space for interdisciplinary fields to
combine technological advances. Before LNPs are modified with targeting agents and
delivered to every organ in the body, it is necessary to understand how LNPs work in
each target tissue. The studies presented, although not without limitations, provide an

important steppingstone to developing LNP-based platforms for CNS disorders.

Future directions

The results from these studies will inform future neuro-nanotechnology research
on the effects of LNPs directly injected into the brain parenchyma. Future studies will
use these results as the backbone for the next generation of LNPs targeted to the brain.
Using machine learning or artificial intelligence-based systems to scan curated libraries

of LNP components might be useful in synthesizing and categorizing lipid properties for
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brain targeted delivery. For example, modifying LNP components during the initial
formulation stage can improve the discovery pipeline and predict appropriate polar
heads, functional groups, and linkers for specific target tissue applications (Altinoglu et
al., 2015). Previous work determined the LNP’s chemical structure is dependent for
tissue-specific selective organ targeted (SORT) nanoparticles to extra-hepatic organs
(Q. Cheng et al., 2020). Altering the chemical nature of LNP molecules controlled the
biodistribution, acid dissociation constant (pKa), and serum protein interactions of SORT
nanoparticles (Dilliard et al., 2021). This model-based screening approach will reduce in
vivo testing of many combinations of lipid formulations and improve clinical translation of
LNP delivery systems.

Although most current work focuses on improving properties of the nanocarrier,
future work should continue to enhance the pharmacological properties of the cargo.
RNA exhibits higher turnover rates and is more labile than DNA (Wada & Becskei,
2017). Synthesis of structural RNA modifications, such as locked nucleic acids, have
increased the stability of therapeutic RNAs against enzymatic degradation (Hagedorn et
al., 2018). Furthermore, increasing the binding affinity of nucleic acid products to their
target can significantly improve cargo potency (Swayze et al., 2007). Additional
strategies utilize active tissue targeting by conjugating ligands directly to the therapeutic
nucleotides. This mechanism removes the need for a delivery vehicle which is
endogenously trafficked through passive biological targeting. The most promising
ligand-conjugated system targets liver hepatocytes via the N-acetylgalactosamine
(GalNAc)-asialoglycoprotein interaction (Cui et al., 2021). However, conjugating ligands

or antibodies directly to nucleic acids or drugs is limited due to the necessary - but
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challenging - covalent bond linking the molecules. Synthesizing a therapeutic nucleic
acid LNP transportation system to the brain may require advancements in both RNA
biology and LNP delivery.

Emerging work has investigated delivering complex payloads using LNPs, such
as co-encapsulation with therapeutic gene editing and guide RNA technology (Herrera-
Barrera, Gautam, et al., 2023). Recent studies successfully edited the mouse cornea
genome by delivering CRISPR-Cas9 with LNPs (Mirjalili Mohanna et al., 2022). SORT
LNPs with CRISPR-based technology have selectively edited epithelial cells, endothelial
cells, B cells, T cells and hepatocytes in the lung, spleen, and liver (Q. Cheng et al.,
2020). Furthermore, combining LNP-based technology with RNA-sensing mechanisms
to ubiquitously edit all animal cell types has widespread applications in reprogrammable
RNA medicine (Qian et al., 2022). As selective gene and RNA editing continues to
improve, future work should focus on delivering therapeutic materials across the BBB, in
a cell- or brain region-specific manner, by a non-invasive delivery method.

To improve selectivity and reduce off-target effects, LNPs could be coated with a
targeting agent to a specific receptor or cell type. If LNPs can selectively target the brain
with systemic delivery, we could reduce the need for invasive brain surgeries. Previous
work investigated LNP targeting by attaching antibodies, ligands, or peptides via
conjugation to the PEG lipid on the LNP surface. Incorporating a receptor in a specific
conformation can aid in LNP antibody affinity (Chang et al., 2021). Additionally, peptide
targeted LNPs have successfully delivered mRNA cargo to retinal cells in rodents and
nonhuman primates (Herrera-Barrera, Ryals, et al., 2023). However, using click

chemistry will be necessary to ensure the proper orientation of any targeted moieties on
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the LNP surface. Adding long chain PEG-lipid linkers to LNP formulations, then
attaching antibodies to the PEG lipids is a successful method of ensuring conjugation of
antibodies in the correct orientation (Sakurai et al., 2022). Ensuring nanoparticle
accumulation in specific tissue or cell-types would significantly improve clinical
translation of brain-targeted LNPs.

The BBB is the largest biological barrier to developing new therapeutics for CNS
disorders. The low nanoparticle brain tropism and high off-target organ expression
remain a substantial issue for LNPs in the brain. The clinical translation of LNPs would
significantly improve if LNPs could traverse the BBB (Pardridge, 2023). Transferrin
receptors only line brain capillary endothelial cells in the BBB, and mediate cellular iron
uptake in the brain by receptor-mediated transport. Previous studies have found the
most success crossing the BBB with nanoparticles targeting transferrin receptors (Wiley
et al., 2013; X. Yang et al., 2009). Interestingly, altering the affinity of transferrin can
improve nanoparticle transportation across the BBB (Niewoehner et al., 2014; Y. J. Yu et
al., 2011). Alternatively, previous work proposed that nanoparticle circulation time can
extend by hitchhiking onto red blood cells to cross the BBB (Gao et al., 2020). However,
once LNPs cross the BBB, directing nanoparticles to their target cell-type or brain region
of interest presents another challenge.

Investigating the mechanism of LNP uptake by alternative delivery methods will
improve nanoparticle technology for a wide range of patient populations.
Intraparenchymal infusion remains the most common clinical approach to deliver
therapeutic small nucleic acids to the brain (Hudry & Vandenberghe, 2019). These

dissertation studies investigated the local intracerebral administration of LNPs in the
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brain, since intracerebral methods are clinically performed for a variety of neurological
applications including Parkinson’s disease (Freed et al., 2001), glioma (Chaichana et
al., 2015), epilepsy (Gernert & Feja, 2020), and ischemic stroke (Noh et al., 2020).

Delivery methods such as intranasal, intramuscular, intrathecal, or intravenous
administration should be investigated. Importantly, the brain region and disease of
interest must be considered when evaluating LNP delivery routes. For example, delivery
strategies directly to the cerebrospinal fluid (CSF) (intracerebroventricular or
intracisternal) or bloodstream could be a useful strategy for multifocal diseases. With
intravenous administration, a unique protein corona profile forms around the LNP when
delivered to specific tissues (Dilliard et al., 2021). Therefore, future studies could
investigate the absorbed protein rich layer following intravenous brain delivery.
Intranasal LNP delivery may accumulate in olfactory and prefrontal cortical regions in
the rodent (Chung et al., 2020), and could be advantageous for disorders localized in
the forebrain. Intrathecal delivery routes may accumulate in caudal brain epithelium
such as the cerebellum (Belur et al., 2021), and could be desirable for lysosomal
storage disorders, such as Niemann-Pick disease, which affects cerebellar Purkinje
cells (Berry-Kravis, 2021). Meanwhile, intramuscular delivery routes could provide novel
treatment options for some motor neuron diseases. Therefore, it's possible that one
delivery strategy may not be appropriate for all CNS disorders.

An additional tool utilizes barcoded peptides encoding mRNA into distinct LNP
formulations and could test multiple delivery techniques in the same animal. Each
formulation is independently quantified by protein production and analyzed by mass

spectrometry in distinct tissue and cell types (Rhym et al., 2023). This batch-based
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method can screen multiple simultaneous LNP formulations, administered by various
delivery techniques, within the same animal, and reduces the need for transgenic
reporter animal models. Furthermore, this approach could quantify LNP targeting to all
organs simultaneously based on the delivery route.

Many questions remain about therapeutic nucleic acids delivered by LNPs and
should be the focal point of biomedical research going forward. For instance, future
work should investigate if/how specific cell types are able to sense LNPs. It's possible
there is a recognition mechanism for specific tissues, such as the immune system, to
sense LNPs as non-native invaders. By understanding this biological process, we can
work to reverse or inhibit that signal and mimic native molecules in the tissue of interest
to reduce phagocytosis. Additional questions remain as to how cells process excessive
nucleic acids or lipids. Accumulation of intracellular lipid storage can be pathological
(Schulze & Sandhoff, 2011), and lipidoses affect the same endo-lysosomal processing
as LNPs. Designing technology to determine how each lipid in the LNP formulation is

metabolized by the cell would be advantageous.

Conclusions

The experiments presented in this dissertation provide significant novel evidence
that LNPs can be used as nucleic acid delivery vehicles to the brain. Despite many
advances, many brain disorders do not have available treatments or the treatment
options are insufficient. Addressing this issue will require merging fields in materials
science, nanotechnology, and neuroscience to help to maximize new bioengineering

discoveries for severe brain disorders. The experiments presented in this dissertation
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leverage such interdisciplinary technologies, providing significant new evidence that
LNPs can be used as nucleic acid delivery vehicles in the brain to modify cellular
functioning. These findings emphasize that developing new nanotechnologies is - and

will continue to remain - critical to advancing treatments for brain disorders.
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Appendix

These data are additional experiments associated with Chapter 3

105
104 -
103 -
102
1074

Fold change
of miR-137:sn0202 RNA

41

HM |
[

F

100 - H—_}\Q_—_.

10
20

105
1044
103 -
102 -

Fold change

101_

T T T
40 60 80

Time (hr)

N2A untreated
miR-137-LNP

of miR-137:sn0202 RNA

10°9 == =+ |a;|
[ ]

1
100

10

Figure 16 A1 Lipid nanoparticle concentration and time course in neuronal cell

culture

a) Time course of RT-gPCR fold change of miR-137 expression to sno202RNA after

miR-137 concentration (ug/uL)

——

N2A untreated

N2A + miR-137-LNP 0.5 ug
N2A + miR-137-LNP 1 ug
N2A + miR-137-LNP 2 ug

treatment with b) 0.5ug, 1ug, or 2ug of miR-137-LNPs in Neuro2A cell culture. n = 3-19,

mean + SEM
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Figure 17 A2 MiR-137 synaptic protein inhibition

Treatment with miR-137 mimic in N2A cells and western blot analysis of target synaptic
proteins transcription factor 4 (TCF4), glutamate receptor 1 (GluA1), synaptotagmin 1
(SYT1), synaptophysin (SYN), voltage gated calcium channel alpha 1C (CACNA1C),
complexin 1 (CPLX1), fragile X mental retardation protein (FMRP), and post synaptic
density 95 (PSD95) expression compared to treatment with miRNA scramble. All protein
levels are normalized to beta actin in miRNA scramble. n = 3-6, mean + SEM; ns, not
significant: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001.
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Figure 18 A3 Cellular lipid nanoparticle toxicity in vivo

H&E stain from a) mouse prefrontal cortex brain tissue. scale bar: 200 um b)
Quantification of neuronal cell density per section area (um?) after 5 consecutive days of

107



c) PBS or d) miR137-LNP treatments. scale bars: 100 ym. n = 2/treatment; mean *
SEM; ns, not significant
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Figure 19 A4 Microglia Quantification and Activation

Representative florescent images a) and b) of injection tract marks in the prefrontal
cortex and adjacent quantified region (white box) for tdTomato (red), Iba1 (yellow), or
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NeuN (blue) co-labeling. ¢) Proteomic quantification of activated microglia protein
expression comparing prefrontal cortex biopsies of animals who received PBS or blank
LNPs: cluster of differentiation 44 (CD44), moesin (MSN), profilin 1 (PFN1), myosin
heavy chain 9 (MYH9), and cluster of differentiation 11 (CD11) normalized to PBS. n =
5-6/group. mean + SEM; **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Quantitative proteomics comparing prefrontal cortex biopsies of animals who received
miR137-LNP or blank LNPs. GO biological process of enriched proteins from miR-137-
LNPs involved in neuronal development. n = 5-6/group.
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Figure 21 A6 miR137-LNP GO Cellular Compartment
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Quantitative proteomics comparing prefrontal cortex biopsies of animals who received
miR137-LNP or blank LNPs. a) GO cellular compartment of enriched proteins from miR-
137-LNPs located in neuronal synapses. b) The majority of DEP miR137-LNP proteins
are translated in the neuropil compared to the somata. n = 5-6/group.
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Table 2 A1 Blank LNP Reactome pathway enrichment in the brain

Differentially expressed proteins (DEP) comparing blank LNPs to PBS treatments. False
discovery rate (FDR).

LNP Reactome Pathways

e % network % total
GO-term Term description activation DEP FDR
MMU-168256 Immune system 17.95 19.14 2.92E-43
) Platelet activation, signaling )
MMU-76002 and aggregation 29.64 4.93 6.18E-20
MMU-2262752 Cellular responses to stress 17.97 4.67 8.19E-10
MMU-166658 Complement cascade 44.0 1.45 1.91E-08
MMU-1280215 CYiokine signaling inimmune ¢ 414  1.12E-07

system

Table 3 A2 Blank LNP biological process enrichment in the brain

Differentially expressed proteins (DEP) comparing blank LNPs to PBS treatments. False
discovery rate (FDR).

LNP Biological Process

GO-term Term description Z‘;H:;ﬁg;k ‘I’;oEt;tal FDR
GO0:0033993 Response to lipid 12.04 6.91 4.92E-06
GO0:0006629 Lipid metabolic process 11.14 7.56 3.61E-05
GO0:0044255 Cellular lipid metabolic process 11.17 5.86 0.00042
GO:0006869 Lipid transport 13.57 2.30 0.0049
GO0:0006644 Phospholipid metabolic process 12.71 2.50 0.0081
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