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ABSTRACT

There are currently no FDA-approved therapeutics that can slow, halt, or
prevent Alzheimer’s disease (AD) and only five approved drugs that treat the
cognitive symptoms associated with AD. One of the key challenges with treating
neurological diseases such as AD is delivery of systemically-administered therapeutics
in the blood across the blood-brain barrier (BBB) into the brain. The BBB, composed
of the endothelial cells that line cerebral capillaries, tightly regulates transport of
molecules between the blood and the brain parenchyma and in doing so, severely
limits the transport of therapeutics for neurological disease. Immunotherapies are an
attractive class of therapeutic for AD due to their high target specificity and affinity
however they generally exhibit notoriously low brain transport. Furthermore, while
many immunotherapy drug candidates have shown efficacy in preclinical animal
models, none have demonstrated disease-modifying effects in human clinical trials;
studying transport of therapeutics in vivo in humans is challenging. Therefore, the goal
of this research is to develop a human cell-based in vitro BBB model and to apply the
model to study transport of therapeutics in AD.

An ideal BBB model is made from human brain microvascular endothelial
cells (BMEC:s), forms a tight barrier with in vivo-like transport restriction, and can be
modified to mimic normal or pathological states. In this work, we differentiate human
induced pluripotent stem cells into BMECs as the basis for the in vitro model which
are capable of physiologically-relevant barrier performance. The model was

characterized by measuring transendothelial electrical resistance (TEER), small
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molecule permeability, expression of BMEC-specific proteins and directional
transport of a known substrate. We evaluated the permeabilities of several known
small molecule drugs that can serve as benchmarks for the evaluation of new
therapeutics, and validated the benchmarking system with the FDA approved AD
drugs. We established a relationship between TEER and brain permeability of two
different classes of drugs, suggesting fundamental differences between how small and
large molecule therapeutics are transported.

While studying transport of therapeutics, it is also important to consider the
effects of pathological states on the BBB. AD is often accompanied by increases in
plasma-derived proteins found in the brain and changes to expression or activity of
transport proteins. Furthermore, molecular transport can be affected by secondary
insults such as inflammation. The effects of pathological states on specific features of
the BBB as well as the molecular mechanisms of immunotherapeutic transport are
poorly understood. We employed a neuroinflammation model and observed impaired
barrier function as measured by a decrease in barrier tightness and an increase in
antibody transport. This response is partially mitigated by the presence of astrocytes.
These results suggest that a breakdown in trancellular transport precedes any increase
in paracellular permeability in disease and provide a link neuroinflammation and
specific aspects of BBB breakdown. The model was lastly used to gain fundamental
insights into the transport behavior of immunotherapies through the use of inhibitors
and probes of different endocytic routes in normal, neuroinflammation and AD
models. 1gG transport is a saturable process and different endocytic pathways are

likely responsible for IgG uptake in normal and pathological conditions.
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Models of the cells that comprise and surround the BBB can facilitate a more
thorough understanding of disease progression, help identify new therapeutic targets,
and can advance the development of new therapeutics for neurodegenerative diseases
capable of reaching targets in the brain. These findings offer critical insights into the
direct effects of pathological states on barrier function and demonstrate that this in
vitro model can be applied to study the transport of different classes of therapeutics
from the blood to the brain. Furthermore, these efforts provide a basis for future
studies of transport of therapeutics at the BBB in disease, and this approach can be

extended to the study of other neurological diseases and classes of therapeutics.
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Chapter 1

INTRODUCTION

1.1 Motivation and Background

1.1.1 Challenges of Treating Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disease that affects 5.5
million people in the United States, including 5.3 million people over the age of 65.
AD is the most common form of dementia, accounting for 60-80% of all dementia
cases, and is the fifth leading cause of death in for those 65 and older. This disease is a
huge financial burden, with estimated costs for AD and other dementias reaching $259
billion in 2017, and this disease takes an emotional toll on caregivers and family
members of those affected. Despite the prevalence of AD, there are only five drugs
that are FDA approved to temporarily improve the cognitive symptoms of the disease,
but there are no therapies to slow, halt, or prevent AD. Without the development of
disease-modifying treatments that can cure or prevent AD, the number of individuals
over the age of 65 living with AD is projected to increase to 7.1 million by the year
2025 and to 13.8 million by 2050 (Alzheimer's Association 2017).

Alzheimer’s disease is characterized microscopically by the presence of

extracellular AP plaques and intraneuronal neurofibrillary tangles composed of



hyperphosphorylated tau. Cerebral amyloid angiopathy (CAA), or the accumulation of
AP in the walls of cerebral arteries and capillaries (Thal et al., 2008) is present in over
80% of AD cases and in 10-40% of the elderly without AD (Attems et al., 2005; Bell
and Zlokovic, 2009). On a larger scale, AD leads to brain atrophy in the cortex and
most severely in the hippocampus, as well as enlarged ventricles and white matter
abnormalities (Tarasoff-Conway et al., 2015). While progression of AD is widely
studied, the initial cause and events that accelerate the disease are not well defined and
likely occur decades before the onset of cognitive decline (Sperling et al., 2011). The
predominant theory of AD is the amyloid hypothesis, which postulates that disease
progression and subsequent neurodegeneration is driven by an imbalance in
production and clearance of AP peptides, which leads to accumulation in the brain.
The contributions of tau and neuroinflammation are being increasingly recognized as
important in disease progression as well (Heppner et al., 2015). The alternate two-hit
vascular hypothesis posits that vascular changes that precede AD, including
hypoperfusion and blood-brain barrier (BBB) dysfunction, may lead to an increase in
AP production or impaired AP clearance (Marchesi, 2011; Zlokovic, 2011).

There are many challenges associated with developing an effective therapeutic
for AD, which include the high cost of drug development, the long time needed to
observe the effects of treatments on disease progression, and the presence of the BBB,
which protects the brain and prevents the entry of nearly all therapeutics. Between
2002 and 2012, there were 244 drugs tested in clinical trials for AD and only one of

those treatments eventually gained approval from the FDA. It is widely accepted that



about 98% of small molecule drugs and nearly 100% of large molecule drugs
delivered systemically are excluded from the brain (Pardridge, 2005).

Current treatments for AD include three cholinesterase inhibitors (donepezil,
galantamine, rivastigmine), one N-methyl-D-aspartate (NMDA) inhibitor
(memantine), and one donepezil/memantine combination treatment. These small
molecule drugs are used to treat the cognitive symptoms of AD, including memory,
mood, behavior, and the ability to perform daily functions. These medications are
symptomatic treatments that help stabilize symptoms for a limited time but they
cannot prevent or reverse the neuronal death that occurs as AD progresses or prolong
the lives of patients (Alzheimer's Association 2017). A small molecule drug must be
less than 400-500 Da in size, lipophilic and must not be a substrate of any efflux
pumps at the BBB to be able to successfully cross from the blood into the brain
(Pardridge, 2012), which severely limits the pool of available molecules to treat
neurological diseases such as AD.

Passive immunotherapy against A is an attractive strategy for modifying the
progression of AD as antibody-based drugs have high target specificity and can recruit
the body’s own immune cells to clear AB-immune complexes. A key challenge of
using these large-molecule therapeutics to treat a neurodegenerative disease like AD is
their relative inability to cross the BBB. There have been a number of
immunotherapies in clinical trials (including bapineuzumab, solaneuzumab,
Gammagard IVIG, gantenerumab, ponezumab, crenezumab, BAN2401, and

aducanumab), each targeting a different AP epitope or aggregate conformation



however despite preclinical efficacy, no AD immunotherapies are currently FDA
approved (Lannfelt et al., 2014). Aducanumab, the most recent and promising anti-Af
antibody-based therapy, has shown effectiveness in a double-blind, placebo-controlled
PhaselB randomized trial (Sevigny et al., 2016). This drug reduced brain AP plaques
in a dose- and time-dependent fashion in patients with prodromal or mild AD, has
entered Phase I11 trials and has received fast-track designation from the FDA. In
contrast to other immunotherapies, in preclinical studies aducanumab had a
brain:plasma ratio of 1.3%, which is an order of magnitude higher than the commonly
reported 0.1% of systemically-administered antibody able to penetrate the brain (Yu
and Watts, 2013). This class of therapeutics could benefit from improved transport to
the brain however the mechanism of antibody transport across the BBB is not well

understood.

1.1.2 Transport at the Blood-Brain Barrier

The BBB, composed of brain microvascular endothelial cells (BMECs) that
line cerebral capillaries, tightly regulates the neuronal microenvironment. BMECs
maintain brain homeostasis via tight junction complexes between cells, specific
expression of solute carriers, and expression of ABC-type efflux transporters. Tight
junctions between cells have a “gate” function as they restrict paracellular
permeability as well as a “fence” function as they segregate the luminal and abluminal

membranes of BMECs, enabling polarization (Abbott et al., 2006; Abbott et al., 2010).



BMEC:s are located in close proximity to other cell types of the so-called
neurovascular unit (NVU; Figure 1.1); pericytes cover an estimated 30% of the
abluminal endothelial surface and astrocyte endfeet processes cover an estimated 99%
of the abluminal surface of BMECs (Mathiisen et al., 2010). These cells play an
important role in the development of BBB-specific properties as well as the
maintenance of the adult BBB. The crosstalk between these cell types occurs via
soluble factors and possibly through direct cell-cell contact (Abbott et al., 2006).
Neurons and microgia are also located in close proximity to BMECs, and secreted

molecules from these cell types have the potential to impact barrier function as well.

Microglia

|

Pericyte

microvascular
endothelial cell

Figure 1.1. The neurovascular unit. The BBB is made of the brain microvascular
endothelial cells that compose cerebral capillaries. Located in close proximity to these
endothelial cells are pericytes and astrocytes that help maintain barrier function.
Neurons and microglia are also located in close proximity to the NVU and can
modulate barrier function as well.



A key feature that distinguishes the brain endothelium from other endothelium
in the body is tightly controlled and often restrictive molecular transport. There are
several different routes of transport across the BBB, depicted in Figure 1.2. Passive
paracellular transport between cells is limited to hydrophilic molecules less than about
400 Da in size due to the presence of tight junctions. Some small lipophilic molecules
are able to passively diffuse across the endothelial monolayer and drugs that treat CNS
disorders often fall into this transport class. Solute carriers, such as the GLUT1
(glucose transporter 1) and LAT1 (L-system for large neutral amino acids) are
responsible for moving nutrients across the BBB and can be bidirectional or can
preferentially transport solutes in one direction. Efflux transporters, such as P-
glycoprotein (P-gp), are generally located on the luminal membrane, where they move
substances in the brain to blood direction. Many compounds that would otherwise
passively diffuse across BMECs based on size and lipophilicity are substrates of efflux
pumps and are instead excluded from the brain. Lastly, transcytosis across BMECs
can occur via receptor-mediated transcytosis (e.g. transferrin and transferrin receptor),

adsorptive-mediated transcytosis and non-specific fluid-phase macropinocytosis.
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Figure 1.2. Transport routes across the BBB. Molecules can either be passively or
actively transported across the BBB. Small hydrophilic molecules less than 400 Da
may passively diffuse between cells while small lipophilic molecules may diffuse
through cells. There are solute carriers responsible for nutrient transport across the
BBB as well as efflux pumps that remove or exclude molecules from the brain. Lastly,
transcytosis can be receptor-mediated, adsorptive, or via macropinocytosis, however
this is not a major transport route compared to other endothelia in the body.

When developing a new therapeutic for AD or other neurological disorders, it
is advantageous to understand the transport route from the blood to the brain.
Immunotherapies are about three orders of magnitude larger (about 150 kDa) than the
400 Da size threshold for hydrophilic molecules to passively diffuse across the BBB,
therefore these drugs must be transported through the cells. While receptor mediated
transcytosis is responsible for transport of some specific compounds such as
transferrin and insulin, transcytosis is not a major route of transport at the BBB.
Compared to peripheral endothelium, BMECs have much lower levels of endocytosis
and transcytosis, with only 1-10 vesicles per pum2 compared with 30-40 vesicles per
um?2 in lung and intestinal capillary endothelium (Hamm et al., 2004; Ito et al., 1980;
Stewart, 2000). Furthermore, there are no known transporters responsible for the

transcytosis of antibodies. It is widely accepted that only 0.1% of an injected dose of



an antibody therapeutic will be able to penetrate the BBB, however questions still
remain about how this small fraction is able to penetrate the BBB.

In AD, molecular transport mechanisms are altered which may affect treatment
efficiency and distribution of a drug in the brain (Schenk and Vries, 2016). Vascular
changes, such as a reduction in cerebral blood flow and BBB dysfunction may precede
the onset of neurodegeneration and cognitive symptoms (Bell and Zlokovic, 2009).
Studies have shown an increase in albumin and other blood-derived proteins in the
cerebrospinal fluid of patients with AD (Erickson and Banks, 2013), indicative of
increased BBB permeability. Studies have shown reduced expression of lipoprotein
receptor related protein-1 (LRP1), responsible for reduced clearance of AP (Deane et
al., 2009), reduced expression of GLUT1 leading to lower brain glucose uptake
(Winkler et al., 2015), and reduced activity and expression of P-gp (Hartz et al., 2016)
in AD. Furthermore, secondary events such as inflammation, both a risk factor and a
contributor to disease progression (Heppner et al., 2015), may also alter transport
properties at the BBB. Brain microvessels from AD patients secrete increased levels of
inflammatory molecules such as tumor necrosis factor alpha (TNF-a) and interleukin
(IL-6) compared to healthy individuals (Grammas and Ovase, 2001). Inflammation is
known to increase macropinocytosis (Lim and Gleeson, 2011; Preston et al., 2014) and
an increase in vesicular transcytosis has been shown in other pathological conditions
such as hypoxia, ischemia, and injury (De Bock et al., 2016). How changes to
transport might affect therapeutic delivery over the course of AD is not well

understood.



1.1.3 In Vitro Blood-Brain Barrier Models

Before a new drug candidate can be approved by the FDA and marketed to
patients, it must go through a series of preclinical in vitro and in vivo animal tests,
followed by clinical trials for safety, dosing and efficacy. The process from discovery
to final approval often takes at least ten years and is estimated to cost $2.56 billion
(DiMasi et al., 2016). In particular for Alzheimer’s disease, nearly all of the potential
therapeutics that show efficacy in animal models have failed to show safety or clinical
effect in human trials. Better preclinical models have the potential to ensure that only
the most promising candidates go through development and clinical trials. In vitro
models provide a simplified, tunable and more high-throughput way to study transport
of therapeutics across the BBB in a cost effective way, when compared to in vivo
models (Naik and Cucullo, 2012).

In vitro BBB models are most commonly constructed by growing monolayer
of BMECs on a Transwell cell culture insert that is placed into a well filled with
media. The monolayer of cells separates the model into the “blood” (top; luminal,
apical) compartment and the “brain” (bottom; abluminal; basolateral) compartment
(Figure 1.3). Molecules of interest can be introduced to either compartment and the
amount transported can be quantified over time to investigate permeability, transport
rate, or efflux ratio. Increasing layers of complexity can be added to the model via
soluble factors in the media or coculture with other NVU cell types such as astrocytes,

pericytes, neurons, or differentiating neural progenitor cells (Helms et al., 2016;



Lippmann et al., 2014; Nakagawa et al., 2007; Weidenfeller et al., 2007; Wuest and

Lee, 2012).
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Endothelial
™~ Cells
TIILLLE — Membrane
Abluminal (Brain) Side

Figure 1.3. In vitro BBB model. BMECs are grown in a monolayer on a permeable
membrane located within a Transwell cell culture insert. By placing the insert into a
culture well, the monolayer of cells separates the model into “blood” and “brain”
compartments.

An ideal in vitro BBB model recapitulates the barrier function and transport
behavior of the in vivo BBB and allows for studies of tight junctions, transporters,
enzymes, molecular trafficking and is suitable for permeability screening of new
therapeutics (Helms et al., 2016). The quality of a BBB model is commonly assessed
by measuring transendothelial electrical resistance (TEER), permeability of small
tracer molecules such as sodium fluorescein (376 Da), Lucifer yellow (444 Da),
sucrose (342 Da) and mannitol (180 Da), and expression BMEC-specific proteins.
TEER greater than 1500 Q-cm? is considered a minimum in vivo benchmark; this
value is considerably higher than the TEER of 2-20 Q-cm? expected in peripheral

capillaries (Butt et al., 1990). Another verification of the presence of tight junctions is
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the localization of proteins such as occludin and claudin-5 to the membranes between
cells. High claudin-5 expression is indicative of a BBB phenotype and is essential for
a tight barrier (Abbott et al., 2006). Lastly, bidirectional transport of substrates with
and without inhibitors can verify both the functionality of transporters and the proper
polarization of the cell monolayer.

BMECs can be sourced from primary cells, cell lines, or stem cells and can be
from animal or human sources (1.1; Reviewed by Helms et al., 2016). Primary mouse
and rat models typically have TEER values between 100-300 Q-cm? although higher
TEER values may be achieved with optimal conditions. Although these cells are
relatively easy to source, multiple animals are required per experiment and the barrier
is considerably looser than the in vivo BBB. A number of common drugs such as
acetaminophen and caffeine have been shown to have higher permeability in an in
vitro rat model compared to a human model, limiting the utility of rodent models to
study transport of human therapeutics (Lacombe et al., 2011). BMECs from bovine or
porcine sources Yyield considerably more cells per isolation and can achieve 1000-2000
Q-cm? average TEER values in optimized conditions. Additionally, a quantitative
proteomics comparison of isolated brain capillaries from multiple sources showed that
porcine BMECs expressed ABC transporters and had a ratio of different efflux pumps
more similar to monkey and human than rodent BMECs (Kubo et al., 2015). While
these barrier properties are more desirable than primary rodent cells, large animal
brains are not easily sourced. Lastly, in general primary cell isolation is time

consuming, requires considerable expertise, and may still be variable between labs and
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within the same lab. Helms et al. demonstrated that TEER values ranged from 327 to

2555 Q-cm? across batches within the same study using bovine BMECs (Helms et al.,
2014). Primary cultures from human sources would be ideal for studying transport of

therapeutics, however these cells are challenging to obtain and are often isolated from
surgical material (Bernas et al., 2010), which is not representative of healthy tissue

(Wilhelm et al., 2011).

Table 1.1. TEER values for BBB models derived from primary, cell line, and
stem cell sources. (Adapted from Helms et al., 2016)

Primary  Primary  Primary  Cellline Cellline hiPSC-
murine bovine human murine  human  derived

TEER

100-300 1000-2000 n/a <50 30-50 2000+
(Q2-cm?)

Immortalized cell lines are often readily available and can be used for multiple
passages, eliminating sourcing issues of primary cells. The mouse bEnd.3 cell line is
commercially available however it rarely reaches TEER values greater than 50 Q-cm?
(Brown et al., 2007; Omidi et al., 2003). The cEND and cerebEND mouse cell lines
can achieve TEER values as high as 1000 Q-cm? with media additives (Blecharz et al.,
2008) however species differences between mouse and human still remain. The
immortalized human cell line hCMEC/D3 can be cultured for many passages and
eliminates species differences however it suffers from low TEER values ranging from
30-50 Q-cm?. TEER can be improved through the incorporation of physiologically

relevant shear stress or coculture with astrocytes and/or pericytes however it still
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remains about an order of magnitude lower than the desired 1500 Q-cm? in vivo
threshold.

Differentiation from human stem cell sources provides an attractive alternative
to primary cells and immortalized cell lines as these cells are of human origin,
renewable in culture and exhibit an in vivo-like barrier phenotype. Lippmann et al.
developed a technique to differentiate human induced pluripotent stem cells (hPSCs)
into BMECs that express BMEC-specific proteins such as occludin, claudin-5, VE-
cadherin, ZO-1, GLUT-1, and P-gp, have low permeability to sucrose and other small
molecules, exhibit polarized transport of P-gp substrates, and have TEER values that
exceed 2000 Q-cm? (Lippmann et al., 2012; Lippmann et al., 2014). These hPSC-
derived BMEC:s also respond to coculture with pericytes and a mixture of astrocytes
and neurons differentiated from neural progenitor cells (NPCs; Lippmann et al., 2014).
The hPSCs are cultured for nine days in unconditioned medium that allows
codifferentiation of endothelial cells and neural cells, switched to an endothelial cell
specific media for two days, and subcultured onto a substrate that selectively allows
growth of endothelial cells, yielding a nearly 100% pure BMEC population after 11
days (Lippmann et al., 2012). This robust protocol successfully yields BMECs from
multiple hPSC and embryonic stem cell sources (Appelt-Menzel et al., 2017; Katt et
al., 2016; Lippmann et al., 2012; Lippmann et al., 2014; Patel et al., 2017). An in vitro
BBB model using hPSC-derived BMECs is a promising tool for the study of human

neurological disease and transport of therapeutics.
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1.2 Project Goals

The goal of this work is to develop an in vitro BBB model system derived
entirely from human stem cell sources and apply the model to understand transport of
therapeutics in AD. This goal was accomplished through three specific objectives:

(1) Develop and validate hPSC-derived in vitro BBB model: hPSC culture and
differentiation protocols were implemented and improved for consistent differentiation
into BMECs with physiologically-relevant properties. The model was validated by
measuring TEER, expression of BMEC-specific proteins, small molecule permeability
and P-gp efflux as described in Chapter 2. Astrocytes derived from human neural stem
cells were grown in coculture to demonstrate the interaction between BMECs and
other cell types of the NVU in Chapter 3.

(2) Demonstrate model utility for studying therapeutic transport in AD:
Different TEER thresholds were established as minimum criteria for studying both
small and large molecule therapeutics in. The model was used to quantify blood-to-
brain transport of the four FDA-approved drug substances used to treat the symptoms
of AD as well as a model large molecule therapeutic in Chapter 2. Chapter 4 describes
the use of inhibitors and probes of specific endocytic routes to gain a better
understanding of the transport mechanisms of immunotherapies at the BBB.

(3) Demonstrate model utility for studying disease stimuli in AD: The model
response to disease stimuli was characterized, including barrier integrity, transport

behavior, and secretion of inflammatory cytokines. The contributions of BMECs and
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astrocytes to these changes were investigated in Chapter 3. Relative changes in

different endocytic routes were quantified in the presence of AD stimuli in Chapter 4.
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Chapter 2

MINIMUM TRANSENDOTHELIAL ELECTRICAL RESISTANCE
THRESHOLDS FOR THE STUDY OF SMALL AND LARGE MOLECULE
DRUG TRANSPORT

2.1 Preface

This work was adapted from Mantle, Min and Lee (2016) with permission (see
Appendix A). This chapter develops and validates the human stem cell-derived blood-
brain barrier model and establishes minimum model criteria for studying transport of
small and large molecule therapeutics. We wish to thank Abraham J. Al-Ahmad,
Hannah K. Wilson, Matthew J. Stebbins, Eric V. Shusta, and Sean P. Palacek at the
University of Wisconsin Madison for their instruction and discussion. Allison Wing
performed cell counts on hPSCs in E8 and mTeSR1. This work was funded in part by

the National Science Foundation (Award Number 1144726).

2.1.1 Abstract

A human cell-based in vitro model that can accurately predict drug penetration
into the brain as well as metrics to assess these in vitro models are valuable for the
development of new therapeutics. Here, human induced pluripotent stem cells (hPSCs)

are differentiated into a polarized monolayer that express blood—brain barrier (BBB)-

24



specific proteins and have transendothelial electrical resistance (TEER) values greater
than 2500 Q-cm?2. By assessing the permeabilities of several known drugs, a
benchmarking system to evaluate brain permeability of drugs was established.
Furthermore, relationships between TEER and permeability to both small and large
molecules were established, demonstrating that different minimum TEER thresholds
must be achieved to study the brain transport of these two classes of drugs. This work
demonstrates that this hPSC-derived BBB model exhibits an in vivo-like phenotype,
and the benchmarks established here are useful for assessing functionality of other in

vitro BBB models.
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Figure 2.1. Chapter 2 overview schematic. The hPSC-derived BBB model consists
of a monolayer of brain endothelial cells grown on a permeable membrane within a
Transwell insert. By placing the insert into a culture well, the monolayer of cells
separates the “blood” side (top) from the “brain” side (bottom). The hPSC-BBB model
is useful for studying both small molecule therapeutics (red) and large molecule
therapeutics (blue) such as antibodies. This work demonstrates that different
thresholds of barrier tightness are required to study these two different classes of
drugs, with a tighter barrier required to study large molecule therapeutics.

2.2 Introduction

Transport of therapeutics across the blood-brain barrier (BBB), which lies at
the interface of the central nervous system (CNS) and the cerebral vasculature, is one
of the key challenges prohibiting effective CNS disease treatment. A priori predictions
of BBB permeability, such as Lipinski’s Rule of Five (Lipinski et al., 1997), cannot
fully capture the complexities of transport at the BBB based on molecular properties
alone. Many in vitro models exist, including a model derived from induced pluripotent

stem cells that is human-based, and physiologically-relevant (Lippmann et al., 2012;
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Lippmann et al., 2014). However, an understanding of the properties of in vitro
models, and how they relate to key in vivo properties, particularly small and large
molecule drug permeability, is needed to use in vitro models in a predictive way.

The brain microvascular endothelial cells (BMECSs) that line cerebral
capillaries and compose the BBB exhibit many specialized properties that are often
difficult to mimic in vitro. BMECs tightly regulate the neuronal microenvironment via
tight junctions that restrict passive paracellular transport of hydrophilic molecules
larger than 400 Da (Pardridge, 2012). In addition, BMECs contain specific transport
systems to regulate active transcellular transport that allow entry of specific nutrients
such as glucose, but exclude many small lipophilic compounds (Abbott et al., 2006;
Abbott et al., 2010). Due to low rates of endocytosis and transcytosis activity at the
BBB, large molecules such as proteins and peptides are generally excluded from the
brain unless they are specifically transported via receptor mediated transcytosis
(Abbott et al., 2006; Abbott et al., 2010). While murine, rat, bovine, porcine, and
human primary and cell line models have been developed, these in vitro models may
not properly mimic in vivo BBB properties or these cell types may not be
commercially available and challenging to obtain (Helms et al., 2016). For example,
existing models typically exhibit low transendothelial electrical resistance (TEER).
The murine bEnd.3 (Brown et al., 2007; Omidi et al., 2003) and the human hCMC/D3
(Forster et al., 2008; Weksler et al., 2005) achieve TEER values below 50 Q-cm2 and
primary cell-based models (Wuest and Lee, 2012) rarely exceed 500 Q-cm2 however

in comparison, TEER values measured in vivo in rats are as high as 1500-6000 Q-cm?2
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(Butt et al., 1990). Despite considerable progress towards developing in vitro BBB
models, very few metrics exist to compare molecular transport in in vitro BBB models
to in vivo BBB transport in humans.

With the goal of developing a physiologically-relevant, human, in vitro BBB
model and establishing minimum model criteria, human induced pluripotent stem cells
(hPSCs) are differentiated into BMECs as described by Lippmann et al. (Lippmann et
al., 2012; Lippmann et al., 2014). A key step in reproducibly differentiating stem cells
is maintenance of hPSCs in a pluripotent state. Previous studies have shown that
human embryonic stem cells maintained in different media types and passaged via
enzymatic vs. non enzymatic methods result in karyotypic changes (Buzzard et al.,
2004; Draper et al., 2004; Mitalipova et al., 2005), changes to DNA methylation
(Garitaonandia et al., 2015), and shifts in central carbon metabolism (Badur et al.,
2015). To use this hPSC-derived BBB model for the screening of therapeutics, a better
understanding of the transport behavior of well-studied drugs is required to serve as a
benchmark for new drugs. Although in vivo permeability values of many drugs exist
for rodents, these values are largely unavailable for humans.

In this work, the effects of two commonly-used hPSC maintenance media,
mTeSRTM1 (Ludwig et al., 2006; Thomson and Ludwig, 2012) and TeSRTM-E8
(Chen et al., 2011), on stem cell growth rate and barrier function after differentiation
into BMECs were investigated. After optimizing and evaluating the BBB phenotype
of the differentiated cells, physiologically-relevant metrics for the in vitro hPSC-

derived BBB model were established. The permeabilities of many small molecules
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were measured using a multiplexed multiple reaction monitoring (MRM) assay to
establish these benchmarks. Finally, distinct relationships between TEER and
molecular transport of both small molecules and large proteins, two common classes

of therapeutics, were established.

2.3 Materials and Methods

2.3.1 hPSC Culture and In Vitro Model Set Up

IPS(IMR90)-4 hPSCs (WiCell, Madison, WI; (Yu et al., 2007) were
maintained on growth factor-reduced Matrigel (Fisher Scientific, Hampton, NH) in
mTeSR1 medium or E8 medium (STEMCELL Technologies, Vancouver, BC,
Canada) and passaged using Versene (Life Technologies, Carlsbad, CA) and
mechanical dissociation. hPSCs were counted using the Trypan blue exclusion method
and a hemocytometer (Fuchs Rosenthal, Horsham, PA). Cells were differentiated as
described by Lippmann et al. (Lippmann et al., 2014) with the following
modifications. After six days in unconditioned medium (UM; DMEM/Ham’s F-12
(Life Technologies) containing 20% KnockOut Serum Replacement (Life
Technologies), 1% MEM Non-Essential Amino Acid Solution (Life Technologies),
0.5% L-glutamine (Life Technologies) and 0.0015% B-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO), culture medium was switched to endothelial cell media (EC;
Human Endothelial-SFM (HESFM,; Life Technologies) supplemented with 1%

platelet-poor derived serum (PDS; Alfa Aesar, Ward Hill, MA) and 200 ng/mL basic
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fibroblast growth factor (bFGF; R&D Systems, Minneapolis, MN)) with 10 uM
retinoic acid (RA; Sigma-Aldrich). After two days in EC with RA, differentiated
BMECs were passaged using Versene and mechanical dissociation onto 24-well
Transwell cell culture inserts (PET unless otherwise specified; 0.4 um pores; Fisher
Scientific) pre-treated for a minimum of four hours with 40% collagen 1V (Sigma-
Aldrich) and 10% fibronectin solution (Sigma-Aldrich). Cells were cultured on inserts
for up to five days in EC medium,2 EC- medium (HESFM, 1% PDS),3 EC- with RA
medium (ECSFM, 1% PDS, 1 uM RA) or enhanced medium (EM) (HESFM, 550 nM
hydrocortisone, 312.4 uM adenosine 3°,5’-cyclic monophosphate sodium salt (CAMP;
Enzo Life Sciences, Farmingdale, NY), 17.4 uM phosphodiesterase inhibitor (Enzo
Life Sciences), 5 ug/mL insulin (Sigma-Aldrich), 5 pg/mL transferrin (Sigma-
Aldrich), 5 ng/mL sodium selenite (Sigma-Aldrich) and 1 uM RA).23 Alternately,
differentiated BMECs were passaged onto glass-bottom 24-well plates (Cellvis,
Mountain View, CA) coated with a 1:8 dilution of the collagen/fibronectin solution for

immunocytochemistry experiments.

2.3.2 Immunocytochemistry and Confocal Microscopy

Cells were washed once with Dulbecco’s phosphate-buffered saline (DPBS;
Life Technologies) and fixed in 2% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) in DPBS for 15 minutes. After three washes with DPBS, cells were

permeabilized with 0.1% Triton X-100 in DPBS (Sigma-Aldrich) for 5 minutes and
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blocked for 1 hour in 10% goat serum (Sigma-Aldrich) in DPBS. All antibody
solutions (mouse anti-Claudin-5, rabbit anti-occludin, rabbit anti-ZO-1, mouse anti-
GLUT-1; Life Technologies; mouse anti-P-gp; Fisher Scientific) were prepared in
10% goat serum in DPBS. Cells were incubated overnight at 4°C with 1 pg/mL (8
ug/mL for anti-P-gp) primary antibody solution. After three DPBS washes, cells were
incubated for 1 hour with 4 ng/mL secondary antibody solution (AlexaFluor 488
conjugated goat anti-rabbit or AlexaFluor 488 conjugated goat anti-mouse; Life
Technologies). Cells were washed three times in DPBS and incubated with 300 nM
DAPI (Life Technologies) in DPBS for 10 minutes, followed by three DPBS washes
and visualization. All immunocytochemistry was performed on cells after 2 days of
culture on glass-bottom plates. Images were taken with a 40x water immersion

objective on a Zeiss LSM 710 confocal microscope.

2.3.3 Transendothelial Electrical Resistance Measurements

Cell culture inserts were transferred to an Endohm-6 chamber (World
Precision Instruments, Sarasota, FL) containing appropriate media and the overall
resistance of the cell monolayer and membrane was measured using an EVOM2
Epithelial VVolt Meter (World Precision Instruments). The resistance of a blank culture
insert coated with collagen IV and fibronectin solution was measured and subtracted
from each experimental value. The resulting value was multiplied by the membrane

surface area to obtain the TEER value in Q-cm2.
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2.3.4 Sodium Fluorescein Permeability Measurements

To achieve different TEER values, cells were seeded at different densities and
visually inspected for monolayer formation. After TEER measurements were
complete, media was aspirated from the luminal and abluminal compartments, 0.1 mL
of 100 uM sodium fluorescein (Sigma-Aldrich) in transport buffer, (10mM HEPES,
0.1% (w/v) bovine serum albumin, 4.5% (w/v) glucose; Sigma Aldrich) was added to
the top compartment and 0.6 mL of transport buffer was added to the bottom
compartment. 100 uL. samples were collected from the bottom compartment every 15
minutes for 1 hour and transferred to a 96-well plate. 100 pL transport buffer were
replaced in the bottom compartment. The 96-well plate was analyzed for fluorescence
(excitation = 460 nm, emission = 515 nm) with a Spectra Max M5 spectrophotometer
(Molecular Devices, Sunnyvale, CA). The solute permeability coefficient Ps (cm/s)
was calculated using:

Ca*xVy
p=—2_"4
S txSx(

where CA is the abluminal concentration, VA is the abluminal volume, t is the amount
of time, S is the surface area of the membrane and CL is the luminal concentration.
The permeability of the cell monolayer was calculated by subtracting the inverse of
the permeability of a blank insert coated with collagen and fibronectin from the
inverse of the total permeability coefficient. Dilution due to removing and adding
transport buffer in the abluminal compartment was also accounted for in the

calculation (Deli et al., 2005).
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2.3.5 1gG Quantification Assay

10 mg/mL Gammagard Liquid Immune Globulin Intravenous (Human) 10%
(IVIG; Lot # LE12L017AB; Baxter, Westlake Village, CA) was added to the luminal
compartment and 100 pL samples were collected from the abluminal compartment at
6, 12 and 24 hours and replaced with culture media. Transport of IgG antibodies was
quantified using the Easy-Titer ® Human IgG Assay Kit (Thermo Fisher Scientific,
Waltham MA) according to the manufacturer’s protocol. Dilutions as well as blank

permeability values were accounted for in permeability calculations.

2.3.6 P-glycoprotein Efflux Assay

The transport of the fluorescent P-glycoprotein (P-gp) substrate Rhodamine-
123 (Sigma-Aldrich) was quantified in both the abluminal to luminal and the luminal
to abluminal directions, with and without the P-gp inhibitor cyclosporin A (Sigma-
Aldrich). All media was aspirated from top and bottom compartments and replaced
with media containing 5 uM cyclosporin A or equivalent concentration DMSO
(Sigma-Aldrich) as a control and incubated at 37°C for 1 hour. For luminal to
abluminal studies, media in the top compartment was removed and replaced with
media containing 10 pM Rhodamine 123 and inhibitor or control. For abluminal to
luminal studies, media in the bottom compartment was removed and replaced with
media containing 10 pM Rhodamine 123 and inhibitor or control. Every hour for three

hours, 100 pL. samples were collected and analyzed for fluorescence (excitation = 485

33



nm, emission = 530 nm) with the Spectra Max M5. To maintain constant volume, 100
uL of inhibitor or control media was replaced after each sample and dilutions were
accounted for. Rates were calculated as the amount of Rhodamine 123 transported per

unit time.

2.3.7 Drug Permeability Assay

All drugs (atenolol, caffeine, cimetidine, donepezil hydrochloride
monohydrate, galantamine hydrobromide, hydroxyzine dihydrochloride, memantine
hydrochloride, prazosin hydrochloride, propranolol hydrochloride, rivastigmine
hydrogen tartrate, and trazodone hydrochloride; Sigma-Aldrich) were diluted to 1 mM
in DMSO. Working drug solution was prepared by dissolving each drug to 10 uM in
Ringer-HEPES buffer (Sigma-Aldrich) with 4.5% (w/v) glucose. After two days of
growth in EC- media on Corning Transwell inserts (0.4 uM pores) and preliminary
TEER measurements, the medium was removed and cells were incubated with 600 puL
pre-warmed Ringer-HEPES buffer in the abluminal compartment and 100 pL pre-
warmed working drug solution in the luminal compartment. Cells were incubated at
37°C and after 15 minutes, 50 uL samples were collected from the abluminal
compartments and replaced with 50 uL of Ringer-HEPES buffer. Sample collection
was repeated at 30, 40, 50, 60 and 90 minutes. All samples were stored at -20°C
before an MRM assay was performed to quantify drug transport. Dilutions and

permeability of a coated insert without cells were accounted for in the calculations.
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2.3.8 Multiple Reaction Monitoring

LC-MRM analysis was performed on a QTRAP 2000 (AB Sciex, Foster City,
CA) equipped with an Agilent 1100 HPLC (Agilent, Wilmington, DE). The abluminal
drug permeability samples were supplemented with 1 uM amiloride (Sigma-Aldrich)
as an internal standard and were centrifuged at 14,000 RPM for 5 minutes on an
Eppendorf 5418 centrifuge (Eppendorf, Hauppauge, NY). 5 uL of the supernatant was
injected onto a C18 reverse phase column (3 um, 100 A, 100 mm x 2 mm;
Phenomenex, Torrance, CA) and gradient elution was performed with mobile phase A
(0.1% formic acid in water; Avantor, Center Valley, PA) and B (0.1% formic acid in
acetonitrile; Mallinckrodt Chemicals, St. Louis, MO) at a flow rate of 200 uL/min. For
atenolol, caffeine, cimetidine, hydroxyzine, prazosin, propranolol, and trazodone, a
program of 2% B for 9 min, 2-95% B in 6 min, and 95% B for 9 min was used to elute
the analytes. For Alzheimer’s disease drugs (donepezil, galantamine, memantine,
rivastigmine), a program of 2% B for 6 min, 2-20% B in 1 min, 20% B for 6 min, 20-
35% B in 1 min, 35% B for 2 min, 35-80% B in 3 min, 80% B for 2 min, 80-95% B in
1 min, 95% B for 3 min was used to elute the analytes. The eluted analytes were
directly ionized with a TurboV™ source and data were acquired at 5500 V and 450°C
in positive MRM mode. MRM assay parameters for each analyte, precursor (Q1) ion,
product ion (Q3), decluster potential (DP), collision energy (CE), and dwell time are

described in 2.1. Analytes with multiple transitions were treated as technical replicates
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for quantification. MRM data were processed with Analyst 1.6.2 (AB Sciex) in Quant

Mode. All measurements were made with both technical and biological duplicates.

Table 2.1. MRM Assay Parameters. Precursor ion (Q1), product ion (Q3), dwell
time (ms), decluster potential (DP), collision energy (CE) shown for each compound.

Dwell
Type Compound ?rr?/z) ?rr?/z) 'Eir;nse; DP (v) | CE(v)
Atenolol 267.1 145 50 45 33
Atenolol 267.1 190 50 45 20
Caffeine 195.1 138.06 50 52 25
Caffeine 195.1 110 50 52 30
Cimetidine 253.2 95 50 45 37
Cimetidine 253.2 117 50 45 22
General Hydroxyzine | 375.2 201 50 55 27
Hydroxyzine | 375.2 166.2 50 55 55
Prazosin 384.1 95 50 43 75
Prazosin 384.1 231 50 43 75
Propranolol 260.2 116 50 62 23
Trazodone 372.2 176.2 50 45 31
Trazodone 372.2 148 50 45 45
Donepezil 380.3 91.1 50 70 30
Rivastigmine | 251.2 206.2 50 50 18
Alzheimer’s | Galantamine | 288.2 213.1 50 50 30
drugs Galantamine | 288.2 231.1 50 50 20
Memantine 180.2 163.2 50 50 20
Memantine 180.2 107.2 50 50 33
Internal Amiloride 230.1 171 50 30 22
standard Amiloride 230.1 115.9 50 30 42

2.3.9 Statistical Analysis
JMP® v11.0 (SAS Institute Inc. Cary, NC) was used for statistical analysis.

Statistical evaluation of data was performed using Student’s t-test and analysis of
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variance (ANOVA) with o = 0.05. Error bars represent standard error of the mean

calculated over 3 independent experiments unless otherwise noted.

2.4 Results and Discussion

2.4.1 hPSCs Maintained in TeSR™-E8 and mTeSR™1 Exhibit Similar Growth

and Differentiation

hPSC maintenance in a pluripotent state is an important step prior to
differentiation into BMECs, therefore two widely-used media, TeSR™-E8 and
mTeSR™1, were compared for hPSC growth rate and how well each media supported
later differentiation into BMECs. The morphology of the cells maintained in the
different media was similar (Figure 2.2, A), however the cells maintained in TeSR™-
E8 appeared larger and colonies appeared more round with less jagged edges than
those maintained in mTeSR™1. hPSCs maintained in TeSR™-E8 and mTeSR™1
media exhibit similar growth rates in a pluripotent state (Figure 2.2, B) and have
similar properties after differentiation into BMECs. After the 11 day differentiation
process into BMECs, cells sourced from the different hPSC media achieved similar
peak TEER values of greater than 1,000 Q-cm? (Figure 2.2, C).

These data provide a direct comparison of hPSCs in two feeder-free media and
demonstrate the robustness and reproducibility of the differentiation of hPSCs into
BMECs grown in either media. Stem cells maintained on mouse embryonic fibroblasts

in standard unconditioned medium (Lippmann et al., 2012; Lippmann et al., 2014), on
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matrigel in mTeSR™1 (Lippmann et al., 2012; Lippmann et al., 2014) and on matrigel
in TeSR™-E8 (Katt et al., 2016) have been differentiated into BMECs but there have
been no direct comparisons between methods. TeSR™-ES8 is a cost-effective

alternative to mTeSR™!1 for the growth and differentiation of hPSCs into BMECs.
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Figure 2.2. hPSCs maintained in mTeSR™1 and TeSR™-ES8: growth rate and
and TEER after differentiation. (A) hPSCs maintained in TeSR™-E8 (left) are
larger and flatter than those maintained in mTeSR™1 (right; scale bars 400 um). (B)
Growth rates of hPSCs maintained in TeSR™-E8 and mTeSR™1 (n=8; mean +
SEM). Cell counts for each day were normalized to number of cells on Day 1. (C)
TEER after differentiation of hPSCs maintained in both media types (n=9, biological
& technical triplicate; mean £ SEM).
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2.4.2 Differentiated BMECs Exhibit a Polarized BBB-like Phenotype in

Monoculture

To properly mimic the characteristics of the BBB, hPSC-derived BMECs must
form a polarized monolayer and express BBB-specific markers such as tight junction
proteins and transporters. Immunocytochemistry of the tight junction proteins ZO-1,
Occludin and Claudin-5 confirmed the presence and proper localization of tight
junctions at the contact points between cells (Figure 2.3, A-C). The glucose transporter
GLUT1 and the efflux pump P-gp are also expressed in the hPSC-BMECs (Figure 2.3,
D, E) throughout cell membranes. The functional polarity of the hPSC-BMECs in
monoculture was assessed by examining the directional transport of the P-gp substrate
Rhodamine 123. The transport rate of Rhodamine 123 in the abluminal to luminal
direction was four-fold greater than transport in the luminal to abluminal direction
(Figure 2.4, A). When the cells were incubated with 5 uM of the P-gp inhibitor
cyclosporin A, the transport rate in the abluminal to luminal direction decreased by

18% and transport rate in the luminal to abluminal direction increased by 35%.
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Figure 2.3. hPSC-derived BMECs express tight junction proteins and
transporters. Differentiated hPSCs express the tight junction proteins Claudin 5 (A),
Occludin (B), and ZO1 (C) localized to the junctions between cells. hPSC-BMECs
also express the glucose transporter GLUT1 (D) and the efflux pump P-gp (E). Scale
bars are 50 um.

The directional transport of a P-gp substrate as well as the presence and proper
localization of five BMEC markers confirms that the cells exhibit a BBB-like
phenotype at the protein expression level. The P-gp activity assay revealed that this
efflux pump is functional and preferentially transports substrate in the brain to blood
direction. The ratio of transport rates (out: in) is consistent with a previous report of a
Rhodamine 123 permeability ratio in iPSC-derived BMECs (Katt et al., 2016). In

other cell line or primary models, BMECs are often cocultured with other cell types
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from the neurovascular unit such as astrocytes, pericytes, and neurons, to improve
barrier function and to impart polarization (Helms et al., 2016), however here the
hPSC-BMEC:s are polarized without the need for additional cell types, which

simplifies the model.

2.4.3 BMEC Media Impacts Barrier Integrity Over Time

Media additives are commonly used in BBB models to enhance barrier
performance and the effects of these additives on peak barrier function and TEER over
time are important to consider when choosing a media for a particular application. To
study the impact of media additives on the physical barrier properties of BMECs, four
different endothelial cell media were compared. The highest peak TEER values were
achieved with the leanest media investigated (EC-). In addition, TEER was maintained
more consistently over time by growth in media containing RA, and cells grown in
media containing bFGF had the lowest overall TEER (Figure 2.4, B). The TEER of
cells grown in EC- media peaked on Day 2 with a value of 2474 + 65 Q-cm?,
remained elevated for Day 3, and then began to decline at the highest rate. The second
highest TEER was achieved by cells grown in EC- with RA, which peaked at 2125 +
303 Q-cm?, remained elevated for Day 3, and declined slowly through Day 5. Cells
grown in EM, the serum-free additive-heavy media, peaked on Day 3 with a TEER of
1739 + 217 Q-cm? although it remained elevated through the remainder of the

experiment with no significant decline. The TEER of EC cells had the lowest peak of
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the four media studied at 1062 + 79 Q-cm? on Day 2 and while it dropped on Day 3, it

remained constant from Day 3 through Day 5.
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Figure 2.4. Barrier characterization of hPSC-derived BMECs. (A) The transport
rate of the fluorescent P-gp substrate Rhodamine 123 in the abluminal to luminal
direction and in the luminal to abluminal direction (black). With the addition of 5uM
cyclosporin A, a P-gp inhibitor (gray), the transport rate in the luminal to abluminal
direction increases (p=0.0150) and the transport rate in the abluminal to luminal
direction decreases (p = 0.0004). (biological and technical triplicate). (B)TEER values
over time for cells grown in EC-, EC-/+RA and EM media (biological duplicate,
technical triplicate; mean = SEM).

RA has been shown to be important for BBB development(Mizee et al., 2013),
and for differentiation of high-performing BMECs (Lippmann et al., 2014). These
results demonstrate that RA helped maintain barrier function over time but was not
necessary for a high peak TEER. RA has also been shown to influence P-gp efflux
activity (EI Hafney et al., 1997) and while P-gp expression patterns change in the

presence of RA (Figure 2.5), P-gp activity does not appear to be affected by the
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absence of RA (Figure 2.6). Furthermore, cells achieved relatively high peak TEER
that remained elevated over time in EM, which is a viable alternative for applications
where a serum-free formulation is required, such as in a proteomic analysis of cells.
All subsequent studies were performed on Day 2 using cells grown in EC- media

because the highest TEER values were achieved.

Figure 2.5. P-gp immunocytochemistry on cells grown in different BMEC media.
BMECs cultured in EC media (A, B), EM (C, D), EC- medium (E, F), and EC-
medium with RA (G, H) exhibit different P-gp staining patterns. Cells grown with RA
(C-D, G-H) appear to have more consistent diffuse staining while cells grown without
RA (A-B, E-F) have more intense staining patterns in individual cells.
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Figure 2.6. P-gp efflux activity of cells grown in different BMEC media. Cells
grown in the four different BMEC media tested did not exhibit any statistically
significant differences in P-gp efflux of Rhodamine 123.

2.4.4 Establishing Small Molecule Permeability Benchmarks

To use this hPSC-derived BBB model for the screening of new therapeutics, a
better understanding of the transport behavior of known drugs (2.2) is required to
serve as a benchmark for new drugs. A multiplexed MRM assay was employed to
evaluate the permeabilities of seven small molecule drug substances with known
transport behavior in mice to establish permeability benchmarks in the hPSC-derived
BBB model (Figure 2.7). Atenolol, a small hydrophilic molecule, had the lowest
permeability of 4.64 + 0.38 -10° cm/s. The two P-gp substrates cimetidine and
hydroxyzine had permeability values of 7.84 + 0.38 -10° cm/s and 10.36 + 0.07 -10°°
cm/s respectively. The CNS-permeable drugs had permeability values ranging 16.36 +

3.33 -10 cm/s for hydroxyzine to 119.4 + 34.6 -10° cm/s for caffeine.
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Table 2.2. Properties of drug compounds. Molecular weight, known CNS
permeability, transport class, drug class and indication shown for each of molecules

investigated.

MW CNS Transport Drug
Compound (Da) Permeable Class Class Indication
Aterolol 226 - POSVE . gera blocker High blood
hydrophilic pressure
Cimetidine 252 i Active, Efflux Histamine Hz- _ Hear_tburn,
(P-gp) receptor antagonist  peptic ulcers
; . High blood
Prazosin 420 i Active, Efflux  Alpha-adrenergic pressure,
(P-gp) blocker :
anxiety

Trazodone 408
Caffeine 212
Hydroxyzine 448
Propranolol 296
Donepezil 433
Memantine 216
Galantamine 368

Rivastigmine 400

Passive,
lipophilic
Passive,
lipophilic
Passive,
lipophilic
Passive,
lipophilic

Unknown
Unknown
Unknown

Unknown

Serotonin antagonist Depression,
& reuptake inhibitor anxiety

CNS stimulant
Antihistamine

Beta-blocker

Cholinesterase
inhibitor
NDMA receptor
blocker
Cholinesterase
inhibitor
Cholinesterase
inhibitor

Many, anxiety

High blood
pressure

AD (all stages)

Moderate to
severe AD
Mild to
moderate AD
Mild to
moderate AD

Because hydrophilic drug molecules and P-gp substrates are considered to be

CNS-impermeable, and hydrophobic drug molecules are considered to be CNS-

permeable, the threshold for brain permeability in this model is 15 -10°° cm/s.

Lipinski’s Rule of Five for CNS penetration predicts that all seven of these molecules

are CNS permeable, which highlights the importance of complementing theoretical

predictions with experimental observations (2.3). Experimentally, the permeabilities of
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these seven drugs are comparable between the hPSC-BMECs and in vivo mouse data,
demonstrating that CNS-impermeable drugs are restricted and CNS-permeable drugs
are able to transport through the hPSC-BMECs. However, transport of drugs in the
human in vitro BBB model is generally more restricted compared to mouse in vivo
permeability data (Figure 2.8) (Nakagawa et al., 2009; Shayan et al., 2011). The
differences between permeability values in human and mouse could be due to species
differences, such as differences in lipid composition and differences in expression and

activity of transporter proteins and enzymes (Deo et al., 2013).
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Table 2.3. Lipinski’s Rule of Five properties for the eleven molecules tested in the
hPSC-derived BBB model. Criteria for a likely drug candidate include molecular
weight <500, Oil/water partition coefficient (LogP) <5, Hydrogen bond donors <5,
Hydrogen bond acceptors <10 and number of rotatable bonds <10 (Lipinski, et al.,
1997). Further restrictions for CNS permeable drugs include molecular weight <400,
LogP <5, Hydrogen bond donors <3, Hydrogen bond acceptors <7, and rotatable
bonds <8 (Pajouhesh & Lenz, 2005). All the molecules tested pass both the general
and more restrictive CNS Rule of Five. Values not within these constraints are shown
in italics. Predicted molecular properties of all drugs were obtained from the
DrugBank database.

Hbond Hbond Rotatable

MW Log P Donor  acceptor Bond Rule
Compound (Da) CNS? (<5) (<3) (=7 (<8) of 5?
Atenolol 226 - 057 3 4 8 Yes
Cimetidine 252 - 044 3 5 5 Yes
Prazosin 420 - 1.93 1 7 4 Yes
Trazodone 408 + 2.68 0 4 5 Yes
Caffeine 212 + -0.24 0 3 0 Yes
Hydroxyzine 448 + 3.43 1 4 8 Yes
Propranolol 296 + 3.03 2 3 6 Yes
Donepezil 433 + 414 0 4 6 Yes
Memantine 216 + 331 1 1 0 Yes
Galantamine 368 + 1.39 1 4 1 Yes
Rivastigmine 400 + 245 0 2 5 Yes
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Figure 2.7. Permeability values for drugs measured by multiple reaction
monitoring assay. Seven common drugs (gray) ordered from least to most permeable.
The four Alzheimer’s disease drugs (black) fall in the brain permeable region of the
model. Atenolol, cimetidine, and prazosin are CNS impermeable and the remaining
drugs are CNS permeable.
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Figure 2.8. Comparison of drug permeability between in vitro hPSC-derived
BMECs and in vivo mouse. The hPSC-BMEC model is generally more restrictive
than the mouse in vivo BBB (Nakagawa et al., 2009; Shayan et al., 2012).
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To validate the hPSC-BBB model benchmarks, permeabilities of the four
FDA-approved small molecule drug molecules (donepezil, memantine, galantamine,
and rivastigmine) to treat Alzheimer’s disease symptoms were measured using a
multiplexed MRM assay. The permeability values of these drugs ranged from 40.5 +
3.00 - 10° for donepezil to 80.7 + 9.39 - 10 cm/s for rivastigmine, suggesting these
drugs are CNS-permeable (Figure 2.7).

Because the mechanism of action for these four drug molecules requires brain
permeation, they were all expected to be CNS-permeable however comparable in vivo
data are not publicly available for all four Alzheimer’s drugs. Memantine permeability
measured in vitro (43.0 + 2.41 - 10° cm/s) is very close to the value of 55 - 10° cm/s
measured in vivo in humans (Ametamey et al., 2002; Higuchi et al., 2015), further

supporting the use of this model as a screening tool for therapeutics.

2.4.5 Transport Properties are Unchanged Above a Threshold TEER Value

The high TEER values achievable using the hPSC-BMEC model enabled the
study of the relationship between molecular permeability in cells and varying degrees
of barrier tightness ranging from very low TEER (200 Q-cm?) to very high TEER
(3000 Q-cm?). Above a threshold TEER value of 500 Q-cm?, permeability to the small
molecule sodium fluorescein remains constant at 3.31 + 0.24 -10 cm/s (Figure 2.9).
When TEER is below this threshold value, permeability and TEER are inversely

correlated, with the highest permeability occurring when TEER is lowest.
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Figure 2.9. TEER threshold above which permeability does not change. Below a
threshold TEER value, permeability and TEER are inversely correlated for both small
and large molecules. Permeability of the small molecule sodium fluorescein (NaFl,
white) does not change above a TEER value of 500 Q-cm?. Permeability of large IgG
molecules (gray) does not change above a threshold TEER value of 900 Q-cm?.

Dashed lines illustrate the inverse relationship between permeability and TEER at low
TEER values and constant permeability above the threshold TEER.

These results are consistent with the notion that when screening permeability
of small molecules, such as the 378 Da sodium fluorescein, a TEER value of 500
Q-cm? is sufficient to ensure constant permeability. A similar permeability plateau at
high TEER values has been observed for sucrose permeability in a primary porcine in
vitro BBB model (Lohmann et al., 2002). TEER is a fast, easy, non-destructive
method to assess barrier integrity prior to other experiments, and the desired value for
in vitro models has been 1500 Q-cm? (up to 6000 Q-cm?2) as measured in vivo in rats
(Butt et al., 1990). Because sodium fluorescein is predominantly passively transported

across the BBB, transcellular transport may potentially be responsible for the small
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residual amount of sodium fluorescein transported to the abluminal compartment at
high TEER.

Similar experiments were performed using human 1gG molecules (MW 150
kDa) as a model of a large molecule drug. Permeability to IgGs was constant at 2.99 +
0.64 -10°° cm/s above a TEER threshold of 900 Q-cm?2 and was inversely correlated
with TEER below this threshold. This permeability value is two orders of magnitude
lower than sodium fluorescein permeability, and represents 0.034 £ 0.007 % of the
initial dose in the luminal compartment crossing to the abluminal compartment after 6
hours.

The TEER threshold for constant 1IgG permeability was 900 Q-cm?, indicating
that a tighter barrier is required to study antibody-based large molecule drugs and
suggesting different routes of transport for sodium fluorescein and 1gGs. There are no
known transport receptors for IgGs and they are essentially excluded from the brain,
with a widely accepted statistic of 0.1% of peripheral 1gGs able to penetrate the brain
(Yu and Watts, 2013). The 0.034% of initial IgG dose that crossed to the abluminal
compartment after 6 hours is lower than this commonly accepted statistic but higher
than peripherally administered human intravenous immunoglobulin measured in the
murine cortex (0.009+ 0.001%) (St-Amour et al., 2013). In vivo human IgG

permeability data are not publicly available for comparison.
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2.5 Conclusions

hPSC-derived BMECs are a robust, high throughput cell source for a human in
vitro BBB model that can be used to screen new therapeutics, yielding over 100
experimental cases from a single 6-well plate of hPSCs. For comparison, only 40
inserts can be seeded from an optimized murine BMEC purification protocol requiring
10 individual animals (Wuest et al., 2013), therefore hPSCs are a renewable and high
throughput source of BMECs when compared to primary cells. hPSC differentiation
generates BMECs with an excellent barrier phenotype without the need for coculture
to improve barrier properties. The small molecule benchmarks developed here are
necessary for evaluating the permeability of new therapeutics with unknown transport
properties as comparable in vivo data in humans often does not exist. Lastly, because
of the high TEER values achievable using hPSC-derived BMECs, relationships
between permeability and TEER of both a small molecule and a pharmaceutically-
relevant class of large proteins were established. As long as TEER exceeds 500
Q-cm?, the model is useful for studying small molecule drugs, and if TEER is
maintained above 900 Q-cm?, the model is useful for the study of large molecule
drugs. This finding is a novel step towards establishing minimum criteria for in vitro
BBB drug screening models, instead of relying on the gold standard of 1500 Q-cm? as
measured in vivo in rats. The permeability and TEER standards established in the

hPSC-derived BBB in vitro model can be used as criteria to evaluate the integrity of
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any in vitro BBB model. Furthermore, this model has the potential to be used to

predict in vivo human permeability of both small and large molecule therapeutics.
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Chapter 3

NEURAL STEM CELL-DERIVED ASTROCYTES MITIGATE THE
INFLAMMATORY EFFECTS OF TNF-a AND IL-6 IN AN IPSC-BASED
BLOOD-BRAIN BARRIER MODEL

3.1 Preface

In this chapter, the stem cell derived model is further expanded to include
coculture with astrocytes differentiated from neural stem cells. The coculture model is
used to investigate the effects of neuroinflammation on barrier function. This work
was funded in part by the National Science Foundation (Award Number 1144726). We
wish to thank John Ruanos-Salguero for his assistance with neural stem cell culture

and differentiation.

3.1.1 Abstract

Abstract Inflammation can be a risk factor for neurodegenerative diseases such
as Alzheimer’s disease (AD) and may also contribute to the progression of AD. Here,
we sought to understand how inflammation affects the properties of the brain
microvascular endothelial cells (BMECs) that compose the blood-brain barrier (BBB),
which is impaired in AD. A fully human in vitro BBB model with brain microvascular
endothelial cells derived from induced pluripotent stem cells and neural stem cell

(NSC)-derived astrocytes was used to investigate the effects of neuroinflammation on
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barrier function. The cytokines TNF-a and IL-6 directly cause BBB dysfunction
measured by a decrease in transendothelial electrical resistance, an increase in sodium
fluorescein permeability, and a decrease in cell polarity, providing a link between
neuroinflammation and specific aspects of BBB breakdown. NSC-derived astrocytes
were added to the model and secreted cytokines and chemokines were quantified in
monoculture and coculture both in the presence and absence of TNF-o and 1L-6.
Increased concentrations of pro-inflammatory cytokines known to be secreted by
astrocytes or endothelial cells such as MCP-1, IL-8, IP-10, MIP-1, IL-1 B, MIG, and
RANTES peaked in inflammatory conditions when NSC-astrocytes were present.
Despite the presence of several pro-inflammatory cytokines, the NSC-derived
astrocytes mitigated the effects of inflammation measured by a restoration of
transendothelial electrical resistance and 1gG permeability. These results also suggest
a breakdown in transcellular transport that precedes any increase in paracellular
permeability in neuroinflammation. This model has the potential to resolve questions

about neurodegenerative disease progression and delivery of therapeutics to the brain.

3.2 Introduction

Alzheimer’s disease (AD) 1s a neurodegenerative disease that is the most
common cause of dementia. AD pathology is characterized by extracellular amyloid-f
(AP) plaques and neurofibrillary tangles in neurons which together lead to neuronal

death and cognitive loss. Once believed to be a secondary response in AD, there is
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increasing evidence that inflammation also contributes to AD progression (reviewed
by Heppner, Ransohoff, & Becher, 2015). Both systemic inflammation (e.g. from
chronic disease) and central nervous system inflammation (e.g. after traumatic brain
injury) can be risk factors for AD (Holmes et al., 2009; Kyrkanides et al., 2011;
Mayeux et al., 1993).

Tumor necrosis factor alpha (TNF-o) and interleukin (IL)-6 are two of the
most commonly studied cytokines with respect to neuroinflammation in AD. A meta-
analysis by Brosseron et al. (2014) revealed a correlation between increased TNF-a
and IL-6 blood or cerebrospinal fluid (CSF) in patients with severe AD compared to
patients with mild cognitive impairment (MCI) or less severe AD (although several
studies reviewed by Brosseron et al. revealed no correlation). Additionally, brain
microvessels from patients with AD have been shown to secrete increased levels of
inflammatory molecules, including IL-6 and TNF-a, compared with age matched
healthy individuals (Grammas and Ovase, 2001).

In addition to neuroinflammation, vascular pathology may also contribute to
AD. Human and animal model studies suggest that dysfunction of the blood-brain
barrier (BBB) plays a critical role in the progression of AD and may precede the onset
of neurodegeneration and cognitive decline (Bell and Zlokovic, 2009). The blood-
brain barrier comprises the brain microvascular endothelial cells (BMECs) that line
cerebral capillaries and these BMECs restrict and control the movement of molecules

between the blood and the brain. Together with other cells of the neurovascular unit
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(NVU) such as astrocytes and pericytes, BMECs tightly regulate the neuronal
microenvironment for proper function (Abbott et al., 2006).

Considerable progress has been made towards modeling the NVVU in vitro,
particularly from human stem cell sources, which mitigate availability and variability
issues inherent to primary cell sources. BMECs derived from human induced
pluripotent stem cells (iPSCs) exhibit an in vivo-like barrier phenotype, characterized
by the presence of BMEC-specific proteins, functional and polarized molecular
transport via proteins such as P-glycoprotein, high transendothelial electrical
resistance (TEER), and low permeability to most molecules (Lippmann et al., 2012;
Lippmann et al., 2014). The addition of other cell types of the NVU, such as astrocytes
and pericytes (Lippmann et al., 2014), iPSC-derived astrocytes and neurons (Canfield
et al., 2017), differentiating neural progenitor cells (Lim et al., 2007; Lippmann et al.,
2011; Weidenfeller et al., 2007) and neural stem cells (NSCs) (Appelt-Menzel et al.,
2017) improve the barrier phenotype of BMECs grown in vitro. Such in vitro BBB
models can be used with different levels of complexity to elucidate contributions of
different cell types and to further understanding of how different cell types can
mitigate or exacerbate neurodegenerative disease.

This work aims to investigate the effects of neuroinflammation and crosstalk
between cells of the NVU towards understanding the contributions of these two
factors on BBB function in neurodegenerative diseases such as AD. Through the use
of an in vitro model system with all cell components entirely derived from human

stem cells, we first investigated the effects of inflammation via TNF-a and IL-6 on the
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barrier properties of iPSC-derived BMECs (Lippmann et al., 2012; Lippmann et al.,
2014; Stebbins et al., 2016). Human NSC-derived astrocytes (Kleiderman et al., 2016)
were added to the in vitro model and molecular crosstalk between NSC-astrocytes and
BMECs in inflammation via secretion of cytokines and chemokines was measured.
Finally, we investigated the ability of NSC-derived astrocytes to mitigate the effects of

inflammation on the barrier function of the BBB.

3.3 Materials and Methods

3.3.1 NSC Culture and Differentiation

iPSC-derived BC1 HIP™ Neural Stem Cells (MTI-GlobalStem) were
maintained on 6-well plates (Corning, Corning, NY) coated with a 1:200 solution of
Corning2Geltrex™ LDEV-Free Reduced Growth Factor Basement Membrane Matrix
(Thermo Fisher Scientific) in Dulbecco Modified Eagle’s Medium:Nutrient Mixture
F-12 (DMEM/F12) with HEPES (Thermo Fisher Scientific) and incubated at room
temperature for 1 hour prior to use. NSCs were maintained in NSC Maintenance
Medium (NSCMM) consisting of NeuralX NSC Medium (MTI-GlobalStem) with
GS22 Neural Supplement (50X; MTI-GlobalStem), MEM Non-Essential Amino
Acids (100X; Thermo Fisher Scientific), and Glutagro (100X; Corning), supplemented
with 20 ng/mL Human FGF2 Recombinant Protein (MTI-GlobalStem). Medium was

changed every other day and cells were passaged every 3-4 days at 95% confluence

65



using StemPro Accutase (Thermo Fisher Scientific) and seeded at a density of 2x105
cells/cm2.

To differentiate NSCs into astrocytes, 24-well plates (for coculture; Corning)
or 8-well chambered coverglass (for immunocytochemistry; Celvis) were pretreated
with 10 pg/mL poly-L-ornithine hydrobromide (Sigma-Aldrich) at 37 °C for 1 hour,
rinsed with Dulbecco’s Phosphate Buffered Saline (DPBS; Thermo Fisher Scientific),
and incubated with 1% laminin (Sigma-Aldrich) at 37 °C for 1 hour. NSCs were
dissociated using StemPro Accutase and seeded on pretreated plates or coverglass
chambers at a density of 5x10° cells/cm?. Medium was switched to astrocyte
differentiation medium (ADM), consisting of NSCMM supplemented with 20 ng/mL
bone morphogenetic protein 4 (BMP4; R&D Systems). Media changes occurred every

other day until coculture with BMECs was initiated after 5-10 days.

3.3.2 iPSC-BMEC Differentiation and Model Set Up

iIPS(IMR90)-4 iPSCs (WiCell) (Yu et al., 2007) were maintained and
differentiated as previously described (Lippmann et al., 2014; Mantle et al., 2016).
Briefly, iPSCs were maintained in mTeSR1 medium (STEMCELL Technologies) on
6-well plates coated with 83.3 ug/mL growth factor-reduced Matrigel (Thermo Fisher
Scientific) in DMEMY/F-12. Cells were passaged every 3-5 days using Versene
(Thermo Fisher Scientific) and mechanical dissociation. Cells were differentiated as

described by (Lippmann et al., 2014; Mantle et al., 2016). Differentiated BMECs (Day
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9) were passaged to 24-well Transwell cell culture inserts (PET; 0.4 um pores; Fisher
Scientific) pretreated for a minimum of four hours with 40% collagen IV (Sigma-
Aldrich) and 10% fibronectin (Sigma-Aldrich). The Transwell inserts were placed into
24-well plates or 24-well plates containing differentiated astrocytes for coculture, and
all medium was switched to endothelial cell medium consisting of human endothelial
cell serum free medium (Thermo Fisher Scientific) supplemented with 1% platelet-
poor derived serum (EC- media). Experiments were performed after 48 hours of
coculture unless otherwise noted.

To mimic neuroinflammation, cells were incubated with 10 ng/mL of
recombinant human TNF-a (R&D Systems), 10 ng/mL IL-6 (R&D Systems), or 10
ng/mL each of both cytokines (inflammatory media). Cytokines were added to the

media after BMECs were incubated for 24 hours on inserts.

3.3.3 NSC-Astrocyte Immunocytochemistry and Confocal Microscopy

All solutions were prepared in DPBS. NSCs at different stages of
differentiation on 8-well chambered coverglass were washed once with DPBS and
fixed using 2% paraformaldehyde (Electron Microscopy Sciences) for 15 minutes.
Following three DPBS washes, the cells were permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 5 minutes and blocked in 10% goat serum (Sigma-Aldrich) for 1
hour. Cells were incubated with primary antibody solution (mouse anti-glial fibrillary

acidic protein (GFAP) and mouse anti-nestin purchased from Thermo Fisher
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Scientific; mouse anti-nestin purchased from Abcam; Table 3.1) overnight at 4 °C on
an orbital shaker. The cells were rinsed twice with 1% goat serum and incubated with
secondary antibody solution at room temperature for 1 hour on an orbital shaker. Cells
were rinsed twice with 1% goat serum and stored in DPBS at 4 °C until imaging.
Fifteen minutes prior to imaging, one drop of NucBlue Fixed Cell ReadyProbes
Reagent (ThermoFisher Scientific) was added to each chamber. Images were taken

with a 20x objective on a Zeiss LSM 710 confocal microscope (Zeiss).

Table 3.1. Antibodies used in immunocytochemistry of NSC-astrocytes

Conc
1° Antibody Dilution | 2° Antibody (ng/mL)
Mouse anti-Nestin 1:500 Goat anti-mouse 5
AlexaFluor 568

Chicken anti-Vimentin | 1:5000 Goat anti-chicken 5
AlexaFluor 488

Rabbit anti-GFAP 1:1000 Goat anti-rabbit 1
AlexaFluor 647

3.3.4 Transendothelial Electrical Resistance (TEER) Measurements

Cell culture inserts containing BMECs were transferred to an Endohm-6
chamber (World Precision Instruments) containing EC- media. An EVOM2 Epithelial
Volt Meter (World Precision Instruments) was used to measure the resistance of the
cell monolayer and membrane. To calculate the TEER value, the measured resistance
of a blank treated Transwell insert was subtracted from each experimental measured

value and then multiplied by the membrane surface area.
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3.3.5 Sodium Fluorescein Permeability Assay

Media in the bottom compartment was aspirated and replaced with 600 uL.
transport buffer, consisting of 10 mM HEPES, 0.1% (w/v) bovine serum albumin and
4.5% (w/v) glucose (Sigma-Aldrich). Media in the top compartment was aspirated and
replaced with 100 uL of 100 uM sodium fluorescein (Sigma-Aldrich) in transport
buffer. Samples were collected every 15 minutes for 1 hour by removing 100 pL from
the bottom compartment and transferring it to a 96-well plate. 100 pL transport buffer
was replaced in the bottom compartment to maintain constant volume. A Spectra Max
M5 microplate reader (Molecular Devices) was used to analyze the 96-well plate for
fluorescence (excitation = 460 nm, emission = 515 nm). The solute permeability
coefficient Ps was calculated using the equation,

CyxV
h=iisic
where Ca and C are the abluminal and luminal concentrations respectively, Va is the
abluminal volume, t is the time and S is the surface area of the membrane. The inverse
of the permeability of a blank treated insert was subtracted from the inverse of Ps to
obtain the permeability of the cell monolayer. Dilution due to sample removal and
addition of transport buffer to maintain volume was accounted for in the calculation

(Deli et al., 2005).
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3.3.6 P-glycoprotein Efflux Assay

The transport rate of the fluorescent P-glycoprotein (P-gp) substrate
Rhodamine 123 (Sigma-Aldrich) was measured in the luminal to abluminal and
abluminal to luminal directions. All medium was aspirated from both compartments
and replaced with EC- media in the receiving compartments and EC- media containing
10 uM Rhodamine 123 in the donor compartments. Samples of 100 uL. were collected
in a 96-well plate every hour for three hours. Medium was replaced to maintain
constant volume and dilutions were accounted for in the calculations. The amount of
Rhodamine 123 transported per unit time was calculated as the transport rate in each
direction. The efflux ratio was calculated by dividing the rate in the abluminal to

luminal direction by the rate in the luminal to abluminal direction.

3.3.7 1gG Quantification Assay

BMECs were grown in monoculture or coculture, cytokines or control media
were added on Day 1 of coculture. On Day 2, 10 mg/mL Gammagard Liquid Immune
Globulin Intravenous (Human) 10% (IVIG; Lot # LE12L017AB; Baxter) was added to
the luminal compartment and cells were incubated at 37 °C for 6 hours. Abluminal
samples were collected and stored at -20 °C until quantification. The Easy-Titer ®
Human IgG Assay Kit (Thermo Fisher Scientific) was used according to the
manufacturer’s protocol to quantify the amount of 1gG in the abluminal compartment

after 6 hours.
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3.3.8 Cytokine Quantification by Luminex

BMECs were grown in monoculture or coculture, 10 ng/mL each of TNF-a
and IL-6 were added to appropriate wells on Day 1. On Day 2 media from the
abluminal compartments were collected and stored at -20 °C until analysis. The
Cytokine 25-Plex Human Panel (Thermo Fisher Scientific) assay and Luminex
100/200 system (Thermo Fisher Scientific) were used according to the manufacturer’s
instructions to quantify cytokines and chemokines in the abluminal samples. Samples
were diluted 1:2 per the instructions. All measurements below the limit of detection

were treated as a concentration of 0 pg/mL for statistical analysis.

3.3.9 Experimental Design and Statistical Analyses

JMP® v13.0 (SAS Institute Inc.) was used for statistical analysis. Statistical
evaluation of data was performed using Student’s t-test and analysis of variance
(ANOVA) with a = 0.05. To determine statistical significance of the effects of
coculture and TNF-a/IL-6 media on TEER, 1gG transport and Luminex assay results, a
least squares fit was performed. Error bars in figures represent standard error of the

mean calculated over three independent experiments unless otherwise noted.
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3.4 Results

3.4.1 TNF-0 and IL-6 Treatment Impairs Barrier Integrity

To investigate the effects of inflammation directly on the endothelial cells of
the BBB, iPSC-derived BMECs were incubated with IL-6, TNF-a or both cytokines
for 24 hours. TEER, a measure of barrier integrity, was unchanged after the addition
of IL-6 alone but was reduced by 13% and 16% after the addition of TNF-a and both
cytokines respectively (Figure 3.1, A; unpaired t-test; p = 0.033 and p = 0.007).
Permeability to sodium fluorescein, a measure of paracellular permeability, was 2- to
2.5-fold higher than the control with the addition of inflammatory cytokines (Figure
3.1, B; unpaired t-test; p = 0.005, p = 0.021 and p = 0.048). Transport of the
fluorescent P-gp substrate Rhodamine 123 was measured in both the luminal to
abluminal and abluminal to luminal directions (Figure 3.1, C). The efflux ratio, or the
ratio of the amount transported out of the brain compartment to the amount transported
into the brain compartment, decreased in the presence of inflammatory cytokines. The
efflux ratio in the cells in the inflammation cases was about 40% lower than the
control case and is evidence for a loss in polarity in BMECs. Together, these results

suggest that the cytokines TNF-a and IL-6 can directly impair BBB integrity.
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Figure 3.1: Barrier integrity with inflammation. Barrier integrity of iPSC-BMECs
after incubation with the cytokines TNF-o and IL-6 measured by (A) TEER (B)
sodium fluorescein permeability (normalized to the control) and (C) efflux ratio
(abluminal to luminal transport rate/luminal to abluminal transport rate) of the P-gp

substrate Rhodamine 123. (n=4; two biological replicates and two independent
experiments; data represents the mean * standard error of the mean)

3.4.2 Coculture With NSC-Derived Astrocytes Improves TEER

Crosstalk between BMECs and other cell types of the NVU in vivo is
important for maintaining a properly functioning BBB therefore to investigate this
crosstalk between cell types, astrocytes were differentiated from NSCs.
Immunocytochemistry was used to characterize the cells both before and after
differentiation. NSCs expressed nestin, an NSC marker, and vimentin, often used as an
astrocyte marker, but lacked GFAP expression, a mature astrocyte marker (Figure 3.2,
A, top). After five days of differentiation, the cells still showed expression of nestin,
had increased intensity of vimentin expression and a subpopulation of cells also

expressed GFAP (Figure 3.2, A, bottom). Cell morphology changed by day 5 from
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NSC to the more astrocyte characteristic phenotype with a star shape and endfoot
processes.

After 5-10 days of differentiation, NSC-derived astrocytes were cocultured
with iPSC-derived BMECs for a fully human coculture model of the BBB. With the
addition of NSC-astrocytes, BMECs had a 15% increase in TEER over the
monoculture case (Figure 3.2, B). This effect was consistent for NSCs differentiated
for five or ten days (data not shown) and therefore a differentiation time of five days

was used for all subsequent experiments.
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Figure 3.2. NSC-astrocyte characterization. (A) NSCs (top) and cells that have been
differentiated for five days (bottom) immunostained for nestin (red), vimentin (green),
and GFAP (magenta). Nuclei stained with DAPI (blue). Scale bars 100 um. (B)
Representative Day 2 TEER of BMECs cocultured with 5 day differentiated (+5D)
NSC-Astrocytes and monoculture without astrocytes (n = 3; representative figure; data
represents the mean + standard error of the mean; p = 0.0004). (C) iPSC
differentiation into BMECs was initiated first, followed by NSC differentiation into
astrocytes in parallel. On Day 0, coculture was initiated by passaging the differentiated
BMECs onto transwell inserts and placing them into 24-well plates containing the
differentiated astrocytes. Cytokines were added one day after coculture initiation and
experiments were carried out 24 and 48 hours later.

3.4.3 Cytokine and Chemokine Crosstalk Between BMECs and NSC-Astrocytes

BMECs were grown in monoculture or coculture with NSC-derived astrocytes,

and 10 ng/mL each of TNF-a and IL-6 were added in the inflammation cases. After 24
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hours, abluminal media was collected and 25 cytokines and chemokines were
quantified using a Luminex multiplexed assay (Figure 3.2, C). Of the 25 analytes, 17
were quantified in at least one culture condition. Two were present in all cases
(monocyte chemotactic protein 1; MCP-1; interferon gamma-induced protein 10; IP-
10), two were present only in the inflammation cases (IL-8 and interferon alpha; IFN-
a), Six were measured only when NSC-astrocytes were present (IL-2R, IL-4, IL-7, IL-
12, monokine induced by gamma interferon; MIG; macrophage inflammatory protein
1 alpha; MIP-1a; IL-6, and TNF-a) and four were detected in the inflammation
coculture case only (IFN-y, IL-1B, MIP-1p, RANTES). Nine analytes were below the
limit of quantitation (Eotaxin, IL-1RA, IL-2, IL-5, IL-10, IL-13, IL-15 and IL-17).
MCP-1, a chemokine commonly associated with inflammation in
neurodegenerative disease and injury, was measured in all cases (Figure 3.3, A). There
was a 24- and 33-fold increase of MCP-1 from monoculture to coculture in the control
and inflammation cases respectively. Additionally, there was a 6- and 8-fold increase
in MCP-1 concentration from the control to inflammatory conditions in monoculture
and coculture cases respectively. Here, MCP-1 is secreted by BMECs (and potentially
astrocytes as well) and both coculture and inflammation elevate MCP-1 levels,
although coculture has a greater effect. A second chemokine, interferon gamma-
induced protein 10 (IP-10) was measured in all cases (Figure 3.3, B). There was an
approximately 50-fold increase in IP-10 levels in the coculture with TNF-o and 1L-6

case over the controls.

76



The two cytokines, IL-8 and IFN-a, were measured only in the inflammatory
conditions, in both monoculture and coculture (Figure 3.3, C). With the presence of
NSC-astrocytes, IL-8 concentration increased 71-fold over the monoculture
conditions. There was a 10-fold increase in IFN-a concentration between the
monoculture and coculture cases as well. These two cytokines are secreted by BMECs
in response to TNF-a and IL-6 and we hypothesize their expression is exacerbated in
response to other soluble factors present in coculture.

The largest group of cytokines was measured in the coculture cases only, both
in the control and inflammatory conditions (Figure 3.3, D). The highest levels of
cytokines were measured in the inflammation cases, with increases ranging from 1.2
to 4-fold for MIP-1a and MIG over the control. This group of cytokines is likely able
to be secreted by NSC-astrocytes, or is secreted by endothelial cells in response to a
factor only present when NSC-astrocytes are present.

A group of five cytokines were only detected with inflammation in coculture
(Figure 3.3, E). This group included IFN-y, IL-1B, MIP-1B, and RANTES. Of these
cytokines, IFN-y and IL-1P concentrations were low and very close to the LOQ while
MIP-1p and RANTES were detected at higher levels of 22 and 296 pg/mL

respectively.
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Figure 3.3. Concentrations of cytokines and chemokines measured by Luminex
assay. Abluminal concentrations of 25 human cytokine and chemokines were
measured after 24 hours of incubation with TNF-a and IL-6 or control media for cells
grown in monoculture or coculture. Of the 25 cytokines assayed, 17 were measured in
at least one case above the limit of quantitation. (A) MCP-1 and (B) IP-10 were
measured in all four cases tested. (C) IFN-a and IL-8 were measured in the
inflammatory cases for both monoculture and coculture. (D) Six cytokines were
measured only in coculture cases with both control and inflammation media. (E) Four
cytokines were measured only in the coculture wells with TNF-a and IL-6 media and
were below the limit of quantitation in the other three cases.
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3.4.4 NSC-Derived Astrocytes Mitigate Barrier Dysfunction Associated with

TNF-a and IL-6 Inflammation

TEER of BMECs in monoculture or coculture with NSC-astrocytes was
measured 24 and 48 hours after the addition of cytokine or control media to assess
barrier integrity (Figure 3.4). For BMECs in monoculture, there was a 21% difference
at 24 hours between the control and inflammatory conditions. In contrast, in coculture
over the same timeframe, the TEER in inflammatory conditions was 12% lower than
the control. This difference between monoculture and coculture is more significant 48
hours after the addition of TNF-a and IL-6 where the difference between TEER in
control and inflammatory case was 56% for monoculture, but remained similar at 13%
in coculture.

TEER values for monoculture cells dropped 17% and 54% between Day 2 and
Day 3 for control and inflammatory conditions respectively, revealing that the addition
of cytokines induces a barrier breakdown that is exacerbated with time in this model.
In contrast, TEER values for coculture cells dropped 7.1% for the control and 8.5% for
inflammatory conditions, suggesting that NSC-derived astrocytes help maintain BBB

function during inflammation.
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Figure 3.4. TEER of BMECs grown in monoculture or coculture with NSC-

derived astrocytes with TNF-a and IL-6. iPSC-derived BMECs were grown in

monoculture or coculture with NSC-derived astrocytes and TEER was measured 24

(white) and 48 (gray) hours after the addition of TNF-a and IL-6 or control media.

(n=6; three biological replicates and two independent experiments; mean + standard
error of the mean)

IgG transport across the BBB was quantified as a second measure of barrier
integrity. IgG extravasation is often used as an in vivo measure of barrier integrity
after disease or injury. After 24 hours of incubation with cytokine or control media, 10
mg/mL IgGs were added to the luminal compartment to mimic plasma levels and
quantified in the abluminal compartment 24 hours later. The amount of IgG
transported from the luminal to abluminal compartment was affected by both
inflammation and culture conditions (Figure 3.5; least squares fit; p = 0.0204 & p =
0.0305 respectively). The amount of 1gG transported in monoculture with
inflammation was about 2.8-fold higher than the monoculture control (unpaired t-test;

p = 0.0489). However both the control and TNF-a/IL-6 cases in coculture were not
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statistically different than the monoculture control. With BMECs alone, there is an
increase in IgG transport in inflammation and this increase is mitigated by the

presence of NSC-astrocytes.
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Figure 3.5. Luminal to abluminal 1gG transport in coculture with TNF-a and IL-
6. iPSC-derived BMECs were grown in monoculture or coculture with NSC-derived
astrocytes and incubated with cytokine media or control media for 24 hours before
10mg/mL IVIG was added to the luminal compartment. Abluminal 1gG concentration
was measured at 24 hours. (n=6; three biological replicates and two independent
experiments; mean + standard error of the mean)

3.5 Discussion

In vitro BBB models facilitate the study of transport phenomena at the cellular
level and allow for different levels of complexity through the incorporation of

different cell types. To investigate the effects of astrocytes on BMECs during
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inflammation, we used a fully human BBB model with cells derived entirely from
stem cell sources. iPSCs were differentiated into BMECs while in parallel NSCs were
differentiated into astrocytes and these two cell types were combined in a non-contact
coculture. The NSC-derived astrocytes expressed two astrocytic markers vimentin and
GFAP, however these cells still expressed the NSC marker nestin. Kleiderman et al.,
(2016) have shown that both NSCs and astrocytes derived from mouse embryonic
stem cells express nestin, although a decrease in expression levels is indicative of a
differentiated state. Despite a heterogeneous population of cells, these NSC-astrocytes
still had a profound effect on the barrier properties of the BMECs as measured by an
improvement in TEER.

Before investigating the effects of NSC-derived astrocytes on the BBB in
inflammation, a baseline response was first established using BMECs alone. Although
the reduction in TEER was significant in the presence of TNF-a, TEER values of 3000
Q-cm? are high and are still within an expected in vivo range of 1500-6000 Q-cm?
(Butt et al., 1990). Additionally, these values around 3000 Q-cm? exceed the minimum
TEER transport threshold of 500 Q-cm?, above which paracellular permeability of
small molecules, such as sodium fluorescein, does not change (Mantle et al., 2016).
Therefore, it is unexpected to see a significant 2- to 2.5-fold increase in sodium
fluorescein permeability in the presence of IL-6 and TNF-a. These results, coupled
with a decrease in polarity as measured by a decreased P-gp efflux ratio, are consistent
with transcellular transport increases in inflammation prior to a significant breakdown

of paracellular permeability. An increase in vesicular transcytosis without a
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breakdown in paracellular permeability has been shown in other pathological
conditions such as hypoxia, ischemia, and injury (De Bock et al., 2016). Additionally,
it is clear that TNF-o and IL-6 act directly on the cells of the BBB and can cause
barrier dysfunction.

Another potential contribution to barrier dysfunction in disease is additional
pro-inflammatory molecules that are secreted by astrocytes or BMECSs in response to
inflammation. During insults such as infection, inflammation, trauma, and
neurodegeneration, astrocytes can enter a reactive state that results in local pro-
inflammatory conditions (Broux et al., 2015). In the presence of inflammatory media
in coculture, there was a significant increase in the number and concentration of
several cytokines and chemokines that are well-known for their pro-inflammatory
properties.

For every cytokine detected, the highest levels were measured in the coculture
inflammation case when crosstalk between the two cell types was possible. Astrocytes
are known to secrete pro-inflammatory MCP-1, IP-10, MIP-1p, IL-1 B, MIG, and
RANTES, as well as IL-15, IL-17 and anti-inflammatory IL-10, which were below
LOQ (Sofroniew, 2015; Wang et al., 2014; Williams et al., 2009; Xia et al., 2000).
BMECs can also be a source of pro-inflammatory chemokines including MCP-1, IL-8,
IP-10 and RANTES, which are important for immune cell recruitment to the brain
(reviewed by Ransohoff, Schafer, Vincent, Blachere, & Bar-Or, 2015). MCP-1 is a
chemokine responsible for recruitment of leukocytes to the brain, it can compromise

BBB integrity through reorganization of tight junction proteins, and increased levels
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of MCP-1 are associated with neurodegeneration and neuroinflammation (Yao and
Tsirka, 2014). Additionally, MCP-1 has been shown to be upregulated in the CSF of
patients with MCI and AD (Brosseron et al., 2014). IP-10 is also responsible for
immune cell recruitment to the brain and can be secreted by both astrocytes and
endothelial cells (Shimizu et al., 2015). MIP-1p is known to be expressed by a
subpopulation of astrocytes in AD in coordination with IP-10 (Xia et al., 2000). IL-13
is known to increase BBB permeability via the downregulation of SHH in astrocytes
(Wang 2014). MIG has been shown to be elevated in the plasma of AD patients
compared to patients with MCI and healthy controls (Lee et al., 2008). Finally, several
cytokines detected in this study including I1L-1, MCP-1 and IL-8 (as well as IL-6 and
TNF-a) have been shown to be present in higher levels in microvessels from patients
with AD compared to age matched controls (Grammas and Ovase, 2001; Grammas
and Ovase, 2002). The results from these studies are consistent with known key
molecules in inflammation associated with neurodegenerative disease.

There were several cytokines and chemokines detected that are not commonly
associated with astrocytes or endothelial cells in AD or neuroinflammation, namely
IFN-a, IL-2R, and IL-7. Other cytokines identified are more commonly associated
with microgila, including MIP-1a, IL-4, and IL-12. MIP-1a was detected in both
coculture conditions however it is known to be expressed by microglia in vitro in
response to aggregated AP1-42 (Lue et al., 2001). Levels of the anti-inflammatory IL-4
were slightly elevated in inflammation coculture compared to the control and were not

detected in either monoculture case. Overexpression of IL-4 in the hippocampus of a
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mouse model of AD resulted in increased deposition of AP, while an earlier study
showed that CNS overexpression of IL-4 attenuated AD progression in a mouse model
(Kiyota et al., 2010) so the role of this cytokine in disease is still unclear. IL-12 is part
of the inflammatory response to AP and associated with a pro-inflammatory microglial
state (Heppner et al., 2015). This in vitro coculture model could potentially be used to
identify new molecular mechanisms in inflammation and neurodegenerative disease.

Despite the presence of many pro-inflammatory cytokines and chemokines and
only one potentially anti-inflammatory cytokine, NSC-astrocytes mitigated the barrier
dysfunction associated with TNF-a and IL-6 incubation. While TEER values in
inflammation were lower in both monoculture and coculture when compared to the
controls, the presence of NSC-astrocytes mitigated the effects of inflammation over
time and helped to maintain barrier integrity. TEER in all cases remained above the
1000 Q-cm? large molecule transport threshold, above which the permeability of large
molecules, including 1gGs, does not change (Mantle et al., 2016). However in
monoculture with TNF-a and IL-6, there is a significant increase in IgG transport
across the BBB, which is not present in the coculture case. These data further support
the hypothesis that transcellular permeability is compromised before paracellular

permeability in inflammatory conditions.
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3.6 Conclusions

These results demonstrate that the cytokines TNF-a and IL-6 act directly on
the BMECs of the BBB and a transcellular breakdown occurs before paracellular
permeability is impaired. This effect is mitigated by the presence of NSC-derived
astrocytes, even though there is a significant increase in several pro-inflammatory
cytokines known to impair BBB function. This model mimics cellular responses to
inflammation at the BBB and can provide a way to study the contributions of
individual cell types to disease progression. These results highlight the complex nature
of inflammation in neurodegenerative disease and suggest a delicate balance of soluble

factors that impact the function of the BBB.
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Chapter 4

IGG TRANSPORT INCREASES AT THE BLOOD-BRAIN BARRIER
DURING ALZHEIMER’S DISEASE AND NEUROINFLAMMATION

4.1 Preface

In this chapter, inhibitors and probes of different endocytic routes are used to
characterize the transport mechanisms of 1gGs across the blood-brain barrier. Changes
to blood-brain barrier transport in disease are also investigated. This work was funded

in part by the National Science Foundation (Award Number 1144726).

4.1.1 Abstract

Immunotherapies are a promising strategy for the treatment of neurological
diseases such as Alzheimer’s disease (AD) however it is widely accepted that less than
0.1% of the injected dose of a therapeutic antibody can reach the brain due to the
presence of the blood-brain barrier (BBB). Additionally, transport of molecules at the
BBB is altered in disease, which has the potential to affect the mechanism of entry to
the brain as well as the quantity delivered. To better understand transport of
immunotherapies at the BBB in disease, an in vitro BBB model derived from human
induced pluripotent stem cells (iPSCs) was employed to investigate the endocytic

uptake route of 19G. Uptake of fluorescently labeled IgGs at the BBB is a saturable
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process, with less IgG uptake after pretreatment with a physiologically-relevant
concentration of unlabeled IgGs. Inhibition of clathrin-mediated endocytosis, caveolar
endocytosis and macropinocytosis demonstrated that macropinocytosis is a major
transport route for 1gGs at the BBB. Disease stimuli were added to the model to mimic
AD (AP1-40 and APi-42) and accompanying neuroinflammation (TNF-a and IL-6),
which resulted in an increase in IgG uptake and transport. Lastly, we observed
increases in caveolar endocytosis in the AD model, which may be responsible for the
increase in 1gG uptake in disease. This work presents an iPSC-derived BBB model
that responds to disease stimuli with physiologically relevant changes to molecular
transport and can be used to understand fundamental questions about transport

mechanisms of immunotherapies in health and neurodegenerative disease.

4.2 Introduction

Alzheimer’s disease (AD) is estimated to affect 5.5 million Americans in 2017,
and despite the prevalence of AD there are only five FDA-approved small molecule
symptomatic drugs and no disease-modifying or preventive therapeutics (Alzheimer's
Association 2017). Immunotherapies are being developed and tested for the treatment
of neurological diseases such as AD because of their advantages such as target
specificity and affinity. More specifically, passive immunization against the amyloid 3
(AP) that composes extracellular senile plaques is an attractive strategy for the

treatment of AD progression (Lannfelt et al., 2014). Despite preclinical promise, these
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treatments have largely failed to have a disease-modifying effect and have yet to gain
FDA approval, although there are some promising candidates in the pipeline.
Aducanumab is the most recent anti-Ap antibody and has been shown to reduce brain
AP plaques in a dose- and time-dependent fashion in a double-blind placebo-
controlled Phase 1B randomized trial and has entered Phase Il trials (Sevigny et al.,
2016). Questions still remain about the quantity of immunotherapeutics capable of
overcoming the blood-brain barrier (BBB) to reach the brain in sufficient
concentrations to have a measurable effect. The BBB is a bottleneck in development
of drugs for central nervous system (CNS) disorders, as the challenge of transporting a
large molecule drug across this barrier makes it difficult to translate therapeutics from
the lab to the clinic (Pardridge, 2005).

The BBB comprises the brain microvascular endothelial cells (BMECs) that
line cerebral capillaries and maintains brain homeostasis through a number of different
mechanisms. Tight junctions prevent paracellular transport of hydrophilic molecules
larger than 400 Da while some small lipophilic molecules are able to passively diffuse
across the BBB. Efflux pumps effectively remove many compounds from the brain,
including small lipophilic molecules that might otherwise passively diffuse across
BMECs (Abbott et al., 2006; Abbott et al., 2010). Transcytosis of molecules through
BMECs is limited in part by low levels of endocytosis at the BBB compared with
other endothelium, with only 1-15 vesicles per pm? compared to 30-40 vesicles per

um? in lung and intestinal capillary endothelium (Ito et al., 1980; Stewart, 2000).
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Because of the presence of tight junctions between BMECs, large molecules
such as immunotherapeutics must be transcytosed from the blood to the brain, and the
initial uptake of these molecules at the BBB can occur through several different

mechanisms (
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Table 4.1). Clathrin-mediated endocytosis is the most well-studied, classified
by clathrin-coated pits that are 60-200 nm in size (Preston et al., 2014) and responsible
for endocytosis of ligand-receptor pairs (i.e. transferrin and transferrin receptor).
Caveolar endocytosis, which is classified by 50-100 nm flask-shaped vesicles formed
from lipid raft domains of the plasma membrane, can also play a role in endocytosis of
ligand-receptor pairs and in adsorptive-mediated endocytosis (Preston et al., 2014).
However, caveolar endocytosis is not a major endocytic mechanism at the BBB and
moreover it has been shown that suppression of this transport route is required for
proper BBB function (Andreone et al., 2017). Macropinocytosis is a nonspecific bulk
engulfment of extracellular fluid and these irregularly shaped vesicles can be 200 nm
to 5 um in size. It is not well understood which specific endocytic route is responsible
for 1gG transport across the BBB, and this knowledge could inform the development

of more effective therapeutics.
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Table 4.1. Endocytic pathways at the BBB.

Type of Uptake Inhibitor | Probe Characteristics
Clathrin- Pitstop2 | Transferrin 60-200 nm
mediated Clathrin-coated round vesicles
(Deane et al., Ligand-receptor pairs (i.e.
2009; von Kleist transferrin & transferrin
etal., 2011) receptor)
Changes to specific receptors in
AD (i.e. reduced LRP1)
Caveolar Nystatin | Cholera Toxin B | 50-100 nm
(Andreone et al., Subunit (CTB) Flask-shaped vesicles, lipid
2017; Claudio, rafts
1996; Haley and Ligand-receptor pairs and
Lawrence, 2016; adsorptive-mediated
Knowland et al., endocytosis
2014) Suppression required for BBB
function
Increased after stroke and in
AD
Macropinocytosis | Amiloride | 10 kDa Dextran | 200 nm-5um
(Lim and Irregularly-shaped vesicles
Gleeson, 2011) Nonspecific bulk engulfment of
extracellular fluid
Increased in inflammation

Different mechanisms of molecular transport at the BBB are altered in AD,

which may also affect distribution of therapeutics in the brain and treatment efficiency
(Schenk and Vries, 2016). For example, clinical studies have shown an increase in
albumin, a blood-derived protein, in the cerebrospinal fluid in patients with AD and
vascular dementia (Erickson and Banks, 2013), indicative of a leaky BBB. There is
also a well characterized reduction in clearance of AP across the BBB via decreases in
the expression of low-density lipoprotein receptor related protein-1 (LRP1) (Deane et

al., 2009) in AD. Other studies have shown reductions in the glucose transporter
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GLUTL1 (Winkler et al., 2015) and reduced expression and activity of the efflux pump
P-glycoprotein (Hartz et al., 2016) in AD. Secondary events may also alter transport
properties; inflammation is both a risk factor and an early event in AD (Heppner et al.,
2015) and is known to increase macropinocytosis (Lim and Gleeson, 2011; Preston et
al., 2014). What remains largely unknown is how different aspects of AD affect
transport routes at the BBB and how these changes might affect the delivery of large
molecule therapeutics.

In vitro models are useful tools to study the transport of immunotherapies, as
well as the effects of different aspects of disease, at the BBB. Our previous work has
shown that there are different transendothelial electrical resistance (TEER) thresholds
required for studying small and large molecule drugs and demonstrated the utility of
the model for assessing permeability of small molecule therapeutics (Mantle et al.,
2016). Because many new therapeutics for AD and other brain diseases are large
molecule immunotherapies, there is a need for in vitro BBB models that can be used to
quantify large molecule drug transport, understand specific transport routes, and
identify changes to transport that occur in disease. Therefore, this work aims to use an
in vitro BBB model derived from human induced pluripotent stem cells (iPSCs)
(Lippmann et al., 2012; Lippmann et al., 2014) to elucidate the transport mechanisms
of 1gG across BMECs in disease. Intravenous immunoglobulin (IVIG), or pooled IgGs
from healthy donors, was used as a model large molecule therapeutic. First, the
transport behavior of 1gGs in the in vitro model was characterized and compared to in

vivo experiments. Next, small molecule inhibitors of different endocytic pathways
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were used to identify the most likely 1gG transport route. Two simple disease models
were developed using AP isoforms to mimic AD and the cytokines tumor necrosis
factor o (TNF-a) and interleukin 6 (IL-6) to mimic inflammation and changes to 19G

transport and transport routes were evaluated.

4.3 Materials and Methods

4.3.1 Materials

Human Ai-40 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMYV-
GGVYV) and APi-.2 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG-
VVIA) were purchased from AnaSpec (Freemont, CA, USA). Phenol-free Ham’s F-12
media with L-glutamine was purchased from Caisson Laboratories (North Logan, UT,
USA). Hexafluoro-2-propanol, anhydrous dimethyl sulfoxide, collagen 1V,
fibronectin, donkey serum, NaCl, Triton X-100, sodium deoxycholate, sodium
dodecyl sulfate, TRIS, amiloride, nystatin, and Cholera Toxin B Subunit FITC
conjugate were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
iPS(IMR90)-4 cell line was purchased from WiCell (Madison, W1, USA). mTeSR-1
medium was purchased from STEMCELL Technologies (Vancouver, BC, Canada). 6-
well plates, 24-well Transwell inserts (PET; 0.4 um pores), Transwell companion
plates, and 96-well plates were purchased from Thomas Scientific (Swedesboro, NJ,
USA). Growth factor-reduced Matrigel, DMEM/F-12, Versene, donkey anti-rabbit

AlexaFluor-488, 4°, 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI), goat anti-
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mouse Alexa Fluor-488, Dulbecco’s Phosphate Buffered Saline (DPBS), Easy-Titer®
Human IgG Assay Kit, Dextran Texas Red 10 kDa, Transferrin from human serum
Texas Red conjugate, and human endothelial cell serum free medium (ECSFM) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Rabbit anti FcRn
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Recombinant
human TNF-o and recombinant human IL-6 were purchased from R&D Systems
(Minneapolis, MN, USA). A MicroPlate Genie was purchased from Scientific
Industries Inc. (Bohemia, NY, USA). A Spectra Max M5 microplate reader was
purchased from Molecular Devices (Sunnyvale, CA, USA). Gammagard Liquid
Immune Globulin Intravenous (Human) 10% (Lot # LE12L017AB) was purchased
from Baxter (Westlake Village, CA, USA). Pitstop 2 was purchased from AbCam
(Cambridge, UK). Platelet poor derived serum (PDS) was purchased from Alfa Aesar
(Ward Hill, MA, USA). Paraformaldehyde solution, 16% was purchased from

Electron Microscopy Sciences (Hatfield, PA, USA).

4.3.2 APi-s0 and APi-s2 Preparation

Human ABi-40 and APi-42 were aggregated into oligomeric form (Dahlgren et
al., 2002; Stine et al., 2003). Briefly, peptides were dissolved to 1 mM in hexafluoro-
2-propanol, aliquoted, dried, and stored at -20 °C until use. To prepare oligomeric AP,

peptides were dissolved to 5 mM in anhydrous dimethyl sulfoxide. Peptide solution
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was diluted to 100 uM in ice cold phenol-free Ham’s F-12 media with L-glutamine

and incubated at 4 °C for 24 hours.

4.3.3 BMEC Differentiation, Culture and Disease Models

IPS(IMR90)-4 iPSCs (Yu et al., 2007) were maintained as previously
described (Lippmann et al., 2014; Mantle et al., 2016). Briefly, iPSCs were grown in
mTeSR-1 medium on 6-well plates coated with growth-factor reduced Matrigel and
passaged every 3-5 days using Versene and mechanical dissociation. Cells were
differentiated as previously described (Lippmann et al., 2012; Lippmann et al., 2014).
On Day 9 of differentiation, cells were passaged to 24-well Transwell inserts coated
with a solution of 40% collagen 1V and 10% fibronectin in water. Alternately, cells
were passaged to 96-well plates pretreated with a 1:8 dilution of the
collagen/fibronectin solution in water. On Day 10 of differentiation, ABi-s0 or AP1-a2
were added to the abluminal compartment to achieve a final concentration of 5 uM to
mimic AD. Alternately, to mimic neuroinflammation, cells were incubated with 10
ng/mL TNF-a, 10 ng/mL IL-6 or 10 ng/mL each of both cytokines. All experiments

were performed on Day 11 (Figure 4.1).

4.3.4 1gG Uptake Assay

BMECs were passaged to 96 well plates on Day 9 of differentiation (Figure

4.1). On Day 11, 0.025 mg/mL fluorescently conjugated antibody (goat anti-mouse
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Alexafluor-488) was added to appropriate wells and incubated at 37 °C for one hour.
Media was aspirated and cells were rinsed twice with ice cold DPBS. After two
washes, 100 pL lysis buffer (RIPA buffer), consisting of 150 mM NacCl, 1% (v/v)
Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate
and 50 mM TRIS in water, was added to the cells for 5 minutes. The plate was shaken
on a MicroPlate Genie for an additional 5 minutes. The fluorescence of each well was
quantified using a Spectra Max M5 microplate reader with excitation = 490 nm and
emission = 525 nm. A standard curve was used to calculate ng of antibody transported

based on the fluorescence detected.

435 1gG Transport Assay

To quantify IgG transport across the BBB model, 1VVIG was added to the
luminal compartment at 10 mg/mL unless otherwise noted (Figure 4.1). Cells were
incubated for 6 hours at 37 °C and abluminal samples were collected and stored at -20
°C. Abluminal 1gG concentrations were quantified using the Easy-Titer ® Human IgG

Assay Kit according to the manufacturer’s protocol.
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Figure 4.1. Experimental Overview. After nine days of differentiation, iPSC-
BMECs are passaged for transport or uptake experiments. Ap or cytokines are added
on Day 10. To measure transport, IgGs are added to the luminal compartment and
measured in the abluminal compartment after six hours. To measure uptake,
fluorescently labeled IgGs (or unlabeled I1VIG and fluorescent IgGs) are added to the
cells and fluorescence is quantified after cell lysis.

4.3.6 FcRn Immunocytochemistry

Differentiated BMECs were grown on an 8-well chambered coverglass coated
in a 1:8 dilution of collagen/fibronectin solution. After two days of growth, cells were
washed three times with cold DPBS and fixed with 2% paraformaldehyde in DPBS for
15 minutes. Cells were washed three times with DPBS and permeabilized with 0.1%
Trition X-100. Cells were washed twice with DPBS and blocked in 10% donkey
serum in DPBS for one hour at room temperature. Cells were then incubated with
primary antibody solution (4 pg/mL Rabbit anti-FCRn and 1% donkey serum in
DPBS) on an orbital shaker for 12 hours at 4 °C. Cells were rinsed twice with 1%
donkey serum in DPBS and incubated with secondary antibody solution (donkey anti-
rabbit AlexaFluor-488 and 1% donkey serum in DPBS) at room temperature for one

hour. Cells were rinsed twice with 1% donkey serum in DPBS, incubated with 300 nM
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DAPI for 10 minutes, and washed three times with DPBS. Images were taken with a

20x objective on a Zeiss LSM 710 confocal microscope.

4.3.7 Endocytic Route Inhibition

Nystatin, an inhibitor of caveolar endocytosis (Schnitzer et al., 1994), Pitstop
2, an inhibitor of clathrin-mediated endocytosis (von Kleist et al., 2011), and
amiloride, an inhibitor of macropinocytosis (Lim and Gleeson, 2011), were dissolved
in DMSO, aliquoted and stored at -20 °C until use. Working concentrations were
selected such that barrier integrity remained intact after incubation, as measured by
TEER. Cells were grown on 24-well inserts (transport) or 96-well plates (uptake), all
media were aspirated, and media containing appropriate inhibitors were added to the
wells (Nystatin: 5 pg/mL; Pitstop 2: 10 uM; Amiloride: 100 uM). Cells were

incubated with inhibitor media for 30 minutes prior to the addition of 1gGs.

4.3.8 Transport Route Probes

Cholera Toxin B Subunit (CTB)-FITC conjugate was dissolved to 0.5 mg/mL
in sterile water, aliquoted and stored at 4 °C until use. Dextran, Texas Red, 10 kDa
was stored at 10 mg/mL at -20 °C until use. Transferrin from human serum Texas Red
conjugate was stored at 5mg/mL at 4 °C until use. All probes were diluted in
endothelial cell medium (EC; human endothelial cell serum free medium

supplemented with 1% PDS) such that the total volume added to each well was the
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same. Differentiated BMECs were grown on a 96-well plate and probes were added at
a concentration of 50 pg/mL. Cells were incubated at 37 °C for one hour. Media were
aspirated, cells were rinsed twice with ice cold DPBS and cold RIPA buffer was added
to each well for 5 minutes. The plate was mixed on a MicroPlate Genie for an
additional 5 minutes and fluorescence of each well was quantified using a Spectra
Max 5 (FITC: excitation 490 nm, emission 525 nm; Texas Red: excitation 595 nm,

emission 615 nm).

4.4 Results

4.4.1 119G Transport Characterization

BMECSs were grown on Transwell inserts and different amounts of 1gG ranging
from 0.5 to 20 mg/mL were added to the luminal compartment of the in vitro BBB
model and quantified in the abluminal compartment after six hours (Figure 4.2, A). As
luminal starting IgG concentration increased, the concentration detected in the
abluminal compartment also increased until a starting concentration of about 7.5
mg/mL. Between 7.5 mg/mL and 20 mg/mL starting luminal IgG, the amount
transported into the abluminal compartment after six hours is constant, consistent with
a saturable 1gG transport process through the BBB. To further probe the nature of 19G
transport, BMECs were grown in 96 well plates and preincubated with 15 mg/mL
unlabeled 1gGs. After 15 minutes, fluorescently labeled 1gG was added and the

relative 1gG uptake was quantified. The amount of fluorescent IgG uptake was
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reduced by 72% in the cells that had been preincubated with unlabeled 1gGs (Figure

4.2, B), also consistent with the notion that 1gG uptake is a saturable process.
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Figure 4.2. 1gG transport characteristics in iPSC-BMECs. (A) Amount of 1gG
transported from luminal to abluminal chambers after six hours with different starting
luminal concentrations. Each point represents the mean + standard error of the mean
over at least two independent experiments (n = at least 4; except 2.5 and 15 mg/mL (n
= 2; one experiment)). (B) Uptake of AlexaFluor (AF)-488 labeled IgG, in the
presence and absence of 15 mg/mL unlabeled IgGs (p = 3.4E-7). Data are normalized
to uptake in the 1gG only cells and each bar represents the mean * standard error of the
mean over two independent experiments (n=8). (C) FcRn (green) and DAPI (blue)
staining of iPSC-derived BMECs. Scale bar is 50 uM.

4.4.2 1gG Uptake and Transport Occurs Via Macropinocytosis

BMECs were preincubated with inhibitors of different endocytic pathways

including caveolar, clathrin-mediated and macropinocytosis. Nystatin was used to
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inhibit caveolar endocytosis, Pitstop2 was used as an inhibitor of clathrin-mediated
endocytosis, and amiloride was used to inhibit macropinocytosis. Both 1gG uptake
(Figure 4.3, A) and 1gG transport across the BMEC monolayer after six hours (Figure
4.3, B) were quantified. 1gG uptake was about 50% less than the control with the
addition of amiloride (p = 0.0001), suggesting that IgG uptake is via nonspecific
macropinocytosis. Luminal to abluminal 1gG transport follows the same trend as 1gG
uptake and is reduced about 40% with the addition of amiloride, however this change
is not statistically significant (p = 0.054). There were no statistically-significant
changes with the addition of Pitstop2 or Nystatin in either uptake or transport,
suggesting that clathrin-mediated endocytosis and caveolar endocytosis are not

primary transport routes for 1gGs across the BBB.
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Figure 4.3. 19G uptake and transport with inhibition of endocytic routes.

(A) 1gG uptake after one hour (n = 9) and (B) luminal to abluminal IgG transport after
six hours (right; n = 7) in the presence of endocytic route inhibitors. Nystatin inhibits
caveolar endocytosis, Pitstop 2 is an inhibitor of clathrin-mediated endocytosis and
amiloride is an inhibitor of macropinocytosis. Data are normalized to uptake or
transport in the control cells and bars represent the mean + standard error of the mean
across three independent experiments. (** p < 0.01)

4.4.3 1gG Uptake and Transport Alterations in Disease Models

In neurodegenerative disease and brain injury there is evidence for increased
vesicular transport across the BBB before any breakdown in the paracellular barrier
(De Bock et al., 2016), therefore IgG transport and uptake experiments were
performed in two disease states to quantify these changes. To mimic AD, BMECs
were incubated with 5 uM Api-40, the primary component of vascular plaques in
cerebral amyloid angiopathy that often accompanies AD, or ABi-s, the primary

component of neuritic plaques associated with neurodegeneration in AD. 1gG uptake
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(Figure 4.4, A) increased 12% with ABi-s (p = 0.024) and 45% with ABi-s (p =
7.23E-6). 1gG transport through the BMEC monolayer (Figure 4.5, A) increased 126%
over the control with ABi-42 (p =0.0281) and increased 22% over the control with

APi-20 (p = 0.0649), although this increase was not statistically significant.
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Figure 4.4. 19G uptake in disease models. (A) Cells were preincubated for 24 hours
with 5 uM A to mimic AD (n=8) or (B) 10 ng/mL cytokines to mimic
neuroinflammation (n=10). IVIG was added to the luminal compartment and
quantified after six hours. Data are normalized to the uptake in the control cases and
each bar represents the mean + standard error of the mean across three independent
experiments. (* p < 0.05 and ** p < 0.01)

To mimic more general neuroinflammation that accompanies
neurodegenerative disease or brain injury, BMECs were incubated with either 10
ng/mL IL-6, TNF-a or 10 ng/mL of both cytokines. These cytokines are two of the

most commonly studied cytokines in neuroinflammation and increases in
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cerebrospinal fluid levels of TNF-a and IL-6 are correlated with AD (Brosseron et al.,
2014). 1gG uptake (Figure 4.4, B) increased 62% in the presence of TNF-a (p =
0.0233). IgG uptake also increased 20-30% in the presence of IL-6 and both cytokines
although these increases were not statistically significant. 1gG transport across the
BBB (Figure 4.5, B) was 86% higher when BMECs were incubated with both TNF-a
and IL-6, compared to the control (p = 0.0262). These results demonstrate that this in
vitro model can respond to disease stimuli with physiologically-relevant changes to

molecular transport.
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Figure 4.5. 1gG Transport in disease models. (A) Cells were preincubated for 24
hours with 5 uM AP to mimic AD (left; n=12) or (B) 10 ng/mL cytokines to mimic
neuroinflammation (right; n=7). BMECSs were then incubated with a fluorescently
labeled 1gG and IgG uptake was quantified by fluorescence after one hour. Data are
normalized to the uptake in the control cases and each bar represents the mean +
standard error of the mean across three independent experiments. (* p < 0.05)
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4.4.4 Changes to Transport Routes in Disease Models

Given the observations that 1) 1gG transport is likely via nonspecific
macropinocytosis and 2) 1gG transport increases in some disease states, we sought to
understand changes to transport mechanisms in disease that could be responsible for
the increase in IgG transport and transcellular breakdown. To investigate which
transport routes are affected by disease states, BMEC uptake of fluorescent probes
with known transport routes was quantified (Figure 4.6). The cases investigated
included no treatment (control), inflammation with both TNF-a and IL-6, and
incubation with Ap:-s. CTB was used as a probe of caveolar endocytosis, transferrin
was used as a probe of clathrin-mediated endocytosis and 10 kDa dextran was used as
a probe of macropinocytosis. CTB uptake increased 13% with inflammation (p =
0.03), indicating a small increase in caveolar endocytosis in inflammation, but no
changes to the other routes. Uptake of CTB increased 78% with ABi-s (p = 9.5E-7)
and uptake of 10 kDa dextran increased 32% (p = 3.2E-5). Caveolar endocytosis and
macropinocytosis both increased in the AD model, however there was a greater
increase in caveolar endocytosis. There were no changes to the amount of transferrin
transported in either the inflammation or the AD models, which implies no changes to
the clathrin-mediated endocytic pathway. These results are consistent with an increase
in molecular uptake at the BBB in disease that is due to an increase in caveolar

endocytosis.
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Figure 4.6. Changes to endocytic routes in disease. iPSC-derived BMECs were
preincubated for 24 hours with 5 uM APi-42 to mimic AD or 10 ng/mL of each
cytokine to mimic neuroinflammation. Fluorescently labeled probes of caveolar
endocytosis, clathrin-mediated endocytosis and macropinocytosis were added to the
cells and uptake was quantified via fluorescence after one hour. Data are normalized
to uptake in the control cells for each pathway and each bar represents the mean +
standard error of the mean across three independent experiments (n=9; * p < 0.05 and
**p<0.01)

4.5 Discussion

To study the transport of 1gGs at the BBB, BMECs were differentiated from
human iPSCs and grown on Transwell inserts to create an in vitro BBB model. We
first sought to characterize the transport of 1gGs across the in vitro BBB model to
validate consistency with in vivo data. Previous work in our lab has shown that with a
starting concentration of 10 mg/mL in the luminal compartment, 0.034% crosses into

the abluminal compartment after six hours (Mantle et al., 2016). This figure falls
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between the widely accepted statistic of 0.1% of peripheral IgGs able to penetrate the
brain (Yu and Watts, 2013) and 0.009% of peripherally administered IVIG measured
in the murine brain (St-Amour et al., 2013). Here we show that 1gG transport across
the in vitro BBB is a saturable process, with saturation occurring at a physiologically
relevant 1IgG concentration around 7.5 mg/mL (plasma 1gG concentrations typically
range from 7-20 mg/mL (Cassidy et al., 1974)). Beyond this threshold concentration,
abluminal 1gG concentration remained about 60 ng/mL after six hours despite the
addition of higher concentrations of IgG in the luminal compartment. When
preincubated with unlabeled IgGs, uptake of fluorescent 1gGs was reduced 72%
compared to BMECs not preincubated with 1gGs. This 1gG transport behavior is
consistent with a previous report that showed similar transport saturation with a 76-
79% reduction in 1gG transport across the in vivo guinea pig BBB in the presence of 4
mg/mL unlabeled IgG (Zlokovic et al., 1990). Lastly, iPSC-derived BMECs express
FcRn, believed to be important for IgG transport at the BBB (Deane et al., 2005;
Schlachetzki et al., 2002; Zhang and Pardridge, 2001). It has been hypothesized that
FcRn is responsible for reverse transcytosis of IgGs in the brain to blood direction
(Zhang and Pardridge, 2001) and studies have shown it to be present at the BBB
(Schlachetzki et al., 2002). FcRn may also play a role in the mechanism of action of
anti-Ap mAbs by mediating the clearance of IgG-AB-immune complexes from the
brain to the blood (Deane et al., 2005; Zhang and Pardridge, 2001).Combined, these
results demonstrate that the iPSC-derived BBB model mimics the in vivo BBB with

respect to properties relevant to IgG transport at the BBB.
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Having established that the in vitro model mimics in vivo 1gG transport, we
next sought to gain insight into the endocytic mechanism responsible for 1gG uptake
and transcytosis through BMCs. Both IgG uptake and transcytosis are reduced after
the addition of amiloride, an inhibitor of nonspecific macropinocytosis, but uptake and
transport are unchanged with inhibitors of clathrin-mediated and with inhibitors of
caveolar endocytosis. Studies in Caco-2 human intestinal epithelial monolayers
similarly showed that inhibitors of clathrin-dependent and caveolin-dependent
endocytosis had no effect on 1gG uptake but inhibition of macropinocytosis decreased
uptake of 1gG (Sato et al., 2009). Coupled with the saturation behavior of 1gGs, these
data are consistent with a nonspecific charge-based adsorptive transport mechanism
where the IgGs first adhere to the negatively charged cell surface and are subsequently
endocytosed. Triguero et al. (1989) demonstrated increased uptake of a cationized 1gG
compared to native 1gG in isolated bovine brain microvessels and the transport
behavior observed here is consistent with this report.

Because drug transport properties are hypothesized to be altered in AD
(Erickson and Banks, 2013; Schenk and Vries, 2016), we employed disease models to
understand changes to 1gG transport that may occur in AD. This iPSC-derived in vitro
model responds to disease stimuli with changes to uptake and transport of molecules at
the BBB, demonstrating its utility for investigating transport changes in disease. Both
uptake and transport of 1gGs were altered in diseased states, with the most significant
increases in uptake and transport occurring with ABi-42 incubation. Afi-42 had a more

significant effect on BBB function than Ai-40, despite APi-s0 typically being located
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in closer proximity to blood vessels as the main component of vascular plaques
(Glntert et al., 2006). Transport of IgGs was about two-fold higher after incubation
with Ai-42, which is consistent with a study that showed a two-fold increase in 1IgG
transport after incubation with ABi-s in a primary murine BBB model (Wuest and
Lee, 2014). These results suggest that soluble AB can act directly on BMECs to impair
the BBB and the magnitude of this effect depends on the isoform. Additionally,
disease progression may have an impact on relevant dose because these results suggest
that transport of therapeutics may be altered in disease states.

We last sought to understand the relative changes in endocytic uptake routes
that could be responsible for increased transcellular transport observed in the disease
models. In the neuroinflammation model, there was a small but significant (13%)
increase in caveolar endocytosis and in the AD model there were increases in both
caveolar endocytosis (78%) and macropinocytosis (32%). Evidence for increased
caveolar endocytosis at the BBB in disease is particularly strong in stroke models (De
Bock et al., 2016), which have a strong inflammatory response. Increases in caveolar
endocytosis are present after stroke (Haley and Lawrence, 2016; Reeson et al., 2015)
and appear to be responsible for the acute increase in molecular transport as tight
junction remodeling does not occur until 48-58 hours after stroke induction
(Knowland et al., 2014). Another study has shown an increase in the number of
vesicles in AD, thought to be caveolae based on size (Claudio, 1996). There were no
changes to clathrin-mediated endocytosis of transferrin in either disease case. One

study has shown increases in transferrin in the frontal cortex of patients with AD
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compared to controls (Loeffler et al., 2002), however the transferrin receptor is not
specific to BMECs and is expressed in neurons and other glial cell types as well
(Moos and Morgan, 2000). These data reveal that there is an increase in caveolar
transport at the BBB in disease, and potentially a disease-dependent increase in
macropinocytosis as well.

Here we show that an in vitro BBB model derived from iPSCs can be used for
studying the transport of immunotherapies for neurological disease. IgG transport in
the model is saturable, consistent with in vivo 1gG transport behavior. Through studies
with endocytic inhibitors, we gained insight into the mechanism of 1gG transport
which is likely via macropinocytosis. We also demonstrate that 1gG transport
increases in models of neuroinflammation and AD and hypothesize that this is due to
an increase in caveolar endocytosis. The indirect methods used here with
fluorescently-labeled molecules and small molecule inhibitors allow for relatively high
throughput and fast quantification of transport events compared with similar studies in
animal models. Our previous work has shown that this iPSC-BBB model can be used
to study small molecule therapeutics (Mantle et al., 2016), and here we demonstrate its
utility in studying transport of biologics, understanding transport events at the cellular

level, and understanding changes to the BBB in disease.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Summary of Conclusions

Immunotherapies have the potential to be the first disease-modifying class of
drugs for the treatment of Alzheimer’s disease (AD), however the blood-brain barrier
(BBB) largely restricts the transport of these therapeutics to their targets in the brain.
In vitro BBB models derived from human stem cells provide a relatively high-
throughput and cost-effective system to study transport of therapeutics and to gain a
better understanding of the effects of disease progression. This thesis characterized
and validated a stem cell-based in vitro BBB model and applied it to understand the
effects of disease stimuli on barrier function and to understand the transport
mechanism of immunotherapeutics. The fundamental information generated here can
be applied to the development of therapeutics that are better able to cross the BBB and
to inform treatment strategies as transport properties change with the progression of
AD.

In Chapter 2, human induced pluripotent stem cells (hPSCs) were
differentiated into BMECs and the resulting model exhibited physiologically-relevant
barrier properties as measured by the expression and localization of brain

microvascular endothelial cell (BMEC)-specific proteins, high transendothelial
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electrical resistance (TEER), and polarized transport. The permeabilities of several
common drugs were measured and used as a benchmarking system to determine
“brain permeable” and “brain impermeable” regions in the model. The permeabilities
of the four drug molecules that are FDA-approved for the treatment of AD symptoms
were evaluated in the model and were some of the most highly brain permeable
compounds investigated. Lastly, different TEER thresholds required for the study of
small and large molecule drugs were established, serving as a universal benchmark for
any in vitro BBB studies.

Astrocytes derived from neural stem cells (NSCs) grown in coculture with
hPSC-derived BMECs improved TEER and mitigated the negative effects of
inflammatory cytokines on barrier function in Chapter 3. These cytokines are able to
act directly on the cells of the BBB to cause barrier dysfunction and transcellular
transport breakdown occurs before paracellular permeability is affected. Importantly,
the model can be used to investigate crosstalk between multiple cell types and is able
to replicate cellular responses to disease stimuli at the BBB.

Chapter 4 presented insights into the transport mechanisms of 1gGs across the
BBB, both in health and with AD stimuli. 1gG uptake is a saturable process,
demonstrated both by a plateau in the amount transported with increasing
concentration as well as in an inhibitory effect of a high concentration of unlabeled
IgGs. The use of small molecule inhibitors of endocytic pathways demonstrated that
IgG uptake is primarily via macropinocytosis. After the addition of amyloid-B (AB) or

inflammatory cytokines, IgG uptake and transport increased and it is likely that an
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increase in caveolar endocytosis is responsible for the change in transport. This work
demonstrates that the stem cell-derived model can be used to investigate the transport

mechanisms of potential therapeutics across the BBB in health and disease states.

5.2 hPSC Culture Lessons Learned

While the hPSC differentiation protocol is robust and has been shown to be
effective across multiple cell lines and different laboratories, hPSC culture and
differentiation still requires considerable experience and care. As expected when any
new protocol is implemented, a considerable amount of troubleshooting was
performed to achieve successful and consistent differentiation. 5.1 contains a list of
factors that were investigated for their effects on hPSC culture and BMEC

differentiation.

Table 5.1. Troubleshooting of hPSC culture and differentiation.

Factor Comments

Freezing density VERY IMPORTANT to have enough cells;
1 well ready to passage/differentiate to 1 vial

Freezing media 70% mTeSR1, 20% KOSR, 10% DMSO, 10 uM ROCK
inhibitor

Freezing cryovial No effect

Thawing ROCK 10 uM

inhibitor conc.

Thawing media mTeSR1, 10 uyM ROCK inhibitor

Thawing density Thaw 1:3 or 1:4, best to err on the side of more cells and
passage earlier

Media changes after | | cells are sparse, add new media daily but remove media

thaw every other day
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Factor

Comments

Time to passage

Confluence and colonly health is important; if centers of
colonies start to differentiate, passage at a higher density
more often; wells should be ~70% full and colonies almost
touching

Passaging reagent

Versene, accutase, ReleSR all OK

Passaging split ratio

Usually 1:6 however best to err on the side of more cells

Hand selection of EC

No effect; If hand selecting regions of interest, the

regions differentiation was not successful
UM time 6 days
EC time 2 days best; extra day of EC does not hurt

Recombinant human
sonic hedgehog
during differentiation

No effect (0-2 pg/mL; D8, D8-9, D8-11)

Retinoic acid during
differentiation

VERY IMPORTANT, add on D8

Human serum in EC
media

Negative effect (cannot replace PDS)

Passaging reagent
after differentiation

Versene or accutase OK;
TrypLE or trypsin not OK

Pipetting after
differentiation

Best mechanism to break up cells; Must be vigorous; No
visible aggregates

Vortexing after
differentiation

No/negative effect

Centrifugation after
differentiation

No effect

Transwell material

PET (Corning #353095) ideal for most uses; highest TEER;
PE (Corning #3470) best for small molecule permeability;
will result in lower TEER; overnight collagen/fibronectin
incubation; evaporate protein solution in hood (1-2h) instead
of aspirating immediately before use

5.3 Recommendations for Future Work

The work presented here provides a foundation for studying the human BBB in

AD and other neurodegenerative diseases. Extensions of this work could improve

understanding of the contributions of the BBB to AD progression and treatment and
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inform development of new disease-modifying therapeutics. Some potential
applications include addition of multiple neurovascular unit (NVU) cell types to make
a more complex disease model, expanding the model to three dimensions using

biocompatible hydrogels, and further investigation of 1gG transport mechanisms.

5.3.1 Incorporation of hPSC-Derived Pericytes, Astrocytes, and Neurons for an

Improved NVU Model of AD

The hPSC-derived BMECs exhibit an in vivo-like phenotype in monoculture,
but increasing layers of complexity can be incorporated through coculture with other
cell types of the NVU. NSC-astrocytes were incorporated in this work (Chapter 3),
however the model could benefit from further characterization of the differentiated
population. Flow cytometry or simultaneous immunocytochemistry for NSC (nestin),
neural (BIII tubulin), and astrocytic (GFAP) markers could better classify the
heterogeneous population of differentiating NSCs. Alternate differentiation routes
could be explored as well; Canfield et al. have demonstrated that neural progenitor-
like “EZ spheres” can be generated from hPSCs, and these EZ spheres can
subsequently be differentiated into astrocytes and neurons for use in the in vitro BBB
model (Canfield et al., 2017). The work presented in Chapter 3 could also be expanded
to examine the individual contributions of astrocytes to secreted cytokines and

chemokines observed after the addition of TNF-a and IL-6. This experiment could
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provide better insight into the endothelial-derived and astrocyte-derived factors that
contribute to pro-inflammatory or anti-inflammatory environments.

Because of their importance in BBB differentiation and maintenance
(Daneman et al., 2010), pericytes are often included in coculture or triple coculture
BBB models (Lippmann et al., 2014; Nakagawa et al., 2007; Nakagawa et al., 2009).
Additionally, pericytes regulate expression of MFSD2A (major facilitator super family
domain containing 2a) in BMECSs, which has been implicated in the suppression of
transcytosis activity at the BBB (Ben-Zvi et al., 2014). In AD, pericyte loss and
degeneration occurs in the hippocampus and cortex (Baloyannis and Baloyannis,
2012; Sengillo et al., 2013) and there is a relationship between reduction in pericyte
coverage of capillaries and disruption of the BBB (Sengillo et al., 2013). In vitro
studies have shown that prolonged exposure to high AP concentrations can overwhelm
pericyte clearance of AP and can cause pericyte cell death (Sagare et al., 2013;
Wilhelmus et al., 2007). To investigate relationships between pericytes, BMEC
transport processes and AD stimuli, pericytes derived from hPSCs could be
incorporated into the in vitro model. Differentiation of pericytes can be accomplished
on a similar timescale as BMEC differentiation (18 days and 11 days, respectively)
and involves adherent culture with different levels of serum and growth factors
(Wanjare et al., 2014).

Generation of neurons from hPSCs provides an additional cell type to
incorporate into the in vitro NVU model and would provide a means to evaluate the

transport and activity of new therapeutics simultaneously. Neurons have been

130



differentiated from hPSC lines with different mutations in AD-related genes, including
amyloid precursor protein and presenillin (Israel et al., 2012; Kondo et al., 2013; Yagi
et al., 2011). Such neurons could be used to study effects of Ap pathology on BBB
dysfunction and would provide a means to evaluate the transport and activity of new
therapeutics simultaneously. Other groups have focused on tau pathology, and have
generated neurons from hPSCs that exhibit tau aggregation after seeding with
preformed aggregated tau (Verheyen et al., 2015). Incorporation of neurons that
exhibit tau pathology could be used to investigate the secondary effects of tau
aggregation on barrier function. Treatment of tauopathies could be simulated by
addition of a potential therapeutic to the luminal compartment and quantifying effects

on neurodegeneration in the abluminal compartment.

5.3.2 Intracellular 1gG Trafficking

For an immunotherapeutic to be effective at treating neurological disease, it
must be transported across the BBB in to the brain. Endocytosed cargo can proceed to
the abluminal membrane for release, however it can also be recycled back to the
luminal membrane or sent to lysosomes for degradation. Relative quantification of
each of these pathways is an extension of the work in Chapter 4 and would useful as a
baseline for the design of therapeutics that can more effectively transverse the BBB.

While real time imaging of endocytic events is the gold standard, given the low

density of endocytic vesicles in BMECs, short distance from luminal to abluminal
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membrane (300-500 nm; Cornford et al. 1998), and transport events that occur with
second-to-minute timescales (De Bock et al., 2016; Casley-Smith and Clark, 1972),
live cell imaging of these events remains challenging. A first step towards quantifying
the relative fraction of IgG in each of the intracellular trafficking pathways is using
superresolution imaging of fixed cells. Fluorescently labeled 1gGs can be added to
culture media and cells can be fixed at different timepoints after addition.
Simultaneous labeling of different endosomes such as early endosomes (EEA1), late
endosomes (Rab 7), recycling endosomes (Rab 4; Rab 11), transcytotic endosomes
(Rab 25) lysosomes (LAMP1) and quantification of colocalization with 1gG can offer
a snapshot of intracellular trafficking. One key challenge to overcome is sourcing of
high quality primary antibodies against the endocytic compartments from enough
different animals for secondary labeling. As a further extension of this work, it would
be of interest to investigate the effects of antibody properties such as immunoglobulin

type, species, Fc region sequence and glycosylation.

5.3.3 Three-Dimensional Microfluidic Model in Patterned PEGDA Hydrogels

Three-dimensional (3D) cell culture models more closely mimic the
architecture of tissue found in vivo. The addition of shear stress via media flow can
further mimic the in vivo BMEC environment and can improve barrier properties
(Cucullo et al., 2011). One study has shown hPSC-BMECs in coculture with rat

astrocytes grown on a “BBB-on-a-chip” microfluidic model have peak TEER values
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above 4000 Q-cm? that remain above 2000 Q-cm? for ten days (Wang et al., 2017).
Additionally, Katt and Xu et al. have demonstrated that hPSC-BMECs show
alignment in response to high curvature at capillary-like diameters, resisting
elongation wrap around to form tight junctions with themselves and neighbors (Katt et
al., 2016). We have demonstrated that the hPSC-BMECs are capable of forming
spontaneous 3D capillary structures with a lumen in vitro (Figure 5.1) however a

greater degree of control is desirable.

Figure 5.1. A spontaneously formed 3D capillary with a closed lumen. hPSC-
BMEC:s are stained for GLUTL1 (green) and nuclei are counterstained with DAPI
(blue). Closed lumens can be seen in the cross sections, indicated by red and green
bars.
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One way to combine the 3D architecture with physiologically-relevant shear
stress is through the methods developed by Heintz et al. to pattern biomimetic
hydrogels using photoablation (Heintz et al., 2016). Poly(ethylene glycol) diacrylate
(PEGDA) hydrogels are degraded using image-guided laser control and complex 3D
geometries based on cerebral blood vessel architecture can be created. As preliminary
steps towards creating a 3D microfluidic BBB model, hPSC-BMECs were grown on
PEGDA hydrogels with 6mM of the integrin binding sequence RGDS, provided by

the Slater Lab (Figure 5.2).

Figure 5.2. hPSC-BMECs grown on 6mM PEGDA-RDGS hydrogel. Cell nuclei
are stained with DAPI (left) and tight junctions are stained with claudin-5 (middle).
Overlay on the right. Images were taken with a 20x lens on a Zeiss LSM 710 inverted
confocal microscope.

Additionally, as a proof of concept, immortalized mouse brain endothelial cells
were grown inside photoablated channels within a PEGDA-RGDS hydrogel (Figure
5.3). Small channels were created between two open wells and bEnd.3 cells were

seeded and allowed to migrate into the channels for up to 11 days.
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Immunocytochemistry shows that the bEnd.3 cells grew in three dimensions around
the channels (Figure 5.4). These preliminary results demonstrate the compatibility of
the 3D hydrogel patterning techniques developed in the Slater lab and the growth of
BMECs.

Next steps towards a 3D microfluidic BBB model include growing hPSC-
derived BMEC:s inside the microchannels. This is not a trivial task as the hPSC-
BMECs do not migrate throughout the entire channel as the bEND.3 cell line does.
Some potential ways to overcome these challenges are to use different diameter
channels, improve the seeding process, or experiment with different integrin binding
peptides. Once hPSC-BMECs can be grown inside microchannels, the effects of
geometry and flow can be examined. Additionally, there is potential for inclusion of
other cell types within the hydrogels such as astrocytes (e.g. those generated in
Chapter 3), pericytes and neurons. With the inclusion of multiple NVU cell types,
questions such as the effects of pericyte coverage on BBB function or AD-induced

neurotoxicity on BBB function can be systematically addressed.
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Figure 5.3. Proof of concept: Microchannels with b.End3 cells. (A) A top-down
schematic (not to scale) of the 3D structure degraded in the PEGDA hydrogel. (B)
Phase contrast images (scale bars = 100 pm) of b.End3 cells in microchannels over

time.

Figure 5.4. Immunocytochemistry of bEnd.3 cells grown in microchannels. Cells
were stained for the tight junction protein ZO-1 (green) and nuclei were stained with

DAPI (blue).
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5.4 Concluding Remarks

Patients suffering from Alzheimer’s and other diseases of the central nervous
system would greatly benefit from disease modifying therapies. Developing
therapeutics capable of overcoming the BBB is challenging, therefore human in vitro
models are essential tools for studying drug transport and for elucidating molecular
mechanisms in disease at the cellular level. This work offers key insights into the
critical characteristics required of an in vitro BBB model and how immunotherapies
are transported into the brain. Modeling the cells that make up and surround the BBB
can facilitate a better understanding of disease progression, reveal new therapeutic
targets, and can contribute to the development of new strategies to deliver therapeutics

across the BBB into the brain in neurodegenerative disease.
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Appendix B

IPSC-DERIVED BRAIN MICROVASCULAR ENDOTHELIAL CELL
COCULTURE WITH MURINE ASTROCYTES

B.1 Introduction

Coculture with astrocytes has been shown to be an effective way to improve
barrier properties of BMECs grown in culture (Abbott et al., 2010; Helms et al., 2016).
Furthermore, coculture with mixed species has been successfully employed to improve
TEER and other barrier properties (Lippmann et al., 2012). In an effort to achieve a
more in vivo-like model, coculture with murine astrocytes and culture with murine

astrocyte conditioned medium were investigated.

B.2 Methods

iIPSCs were differentiated into BMECs and grown on Transwell inserts as
described in Chapter 2 (Section 2.3.1).

Murine astrocytes were isolated from postnatal mice pups and kindly provided
by Dr. Davide Trotti (Department of Biochemistry and Molecular Biology, Thomas
Jefferson University, Philadelphia, PA, USA) using established protocols (Gibb, et al.
2007). Astrocytes were grown on T-25 tissue culture flasks in DMEM/F-12

supplemented with 20% fetal bovine serum, 0.25% gentamicin, 0.2% primocin, 0.2%
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fungin, and 1% antibiotic solution (100 U/mL penicillin and 100 pg/mL streptomycin)
and fed every three days. Cells were maintained in a humidified cell culture incubator
at 37 °C with 5% CO2 for at least one week until coculture initiation.

On Day 5 of BMEC differentiation, astrocytes were passaged to the bottom
chamber of 24-well companion plates that had previously been coated with 5 g/cm?2
poly-D-lysine for 12 hours at 37 °C. Astrocyte conditioned medium was collected
from cells grown in T-25 flasks and centrifuged for 10 minutes at 1000 RPM. The
supernatant was aspirated and stored at 4 °C until use. Coculture was initiated on Day
9 of differentiation, when the iPSC-derived BMECs were passaged onto Transwell

inserts and placed into the companion plates containing astrocytes.

B.3 Results and Discussion

Monoculture and culture with murine astrocyte conditioned media yielded
similar results, with a peak TEER around 1700 Q-cm?. BMECs grown in astrocyte
conditioned media had elevated TEER from Day 2 to Day 3, compared to a peak on
Day 2 followed by a significant drop on Day 3 (Figure B.1). BMECs grown in
coculture with murine astrocytes had significantly lower TEER, which peaked at about
500 Q-cm?, however TEER remained relatively constant throughout the four days of
the experiment.

From these experiments, we concluded that astrocytes do impact barrier

function however murine astrocytes do not improve the TEER of human stem cell-
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derived BMECs. Species differences have been observed in other model systems;
Woeuest et al. (2012) observed a decrease in TEER and an increase in permeability
when murine BMECs were cocultured with rat astrocytes instead of murine astrocytes
(Wuest and Lee, 2012). Because there was a detrimental effect on barrier tightness,
murine astrocyte coculture was not pursued further and alternate sources of astrocytes

were investigated. These results are discussed in Chapter 3.
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Figure B.1. TEER with mouse astrocyte coculture. TEER was measured for four
days following coculture with mouse astrocytes (gray) or addition of mouse astrocyte
conditioned media (white). Day 9 of differentiation is Day 0 of coculture. (n = 9; three
independent experiments; error bars represent the standard error of the mean).
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Appendix C

EFFECTS OF AMYLOID BETA CONFORMATION ON BARRIER
FUNCTION

C.1 Introduction

AP is produced in the brain by cleavage of amyloid precursor protein. In AD,
AP peptide monomers aggregate into soluble oligomers, protofibrils, fibrils and
eventually plagues. While plaques are a pathological hallmark of AD, there is
evidence that soluble oligomers are the more cytotoxic form (Dalgren, et al., 2002).
Previous work has shown that soluble oligomers are more detrimental to BBB
function in a murine in vitro model (Wuest and Lee, 2014). As a first step towards
choosing an appropriate AD model, we investigated the effects of oligomers and

fibrils in the human iPSC-based BBB model.

C.2 Methods

Aliquots of human Ap:-s. (described in Chapter 4, Section 4.3.2) was
aggregated into either oligomers or fibrils as previously described (Dalgren et al.,
2002; Stine et al., 2003). Api-42 was dissolved to 5 mM in anhydrous dimethyl
sulfoxide. To prepare oligomers, peptide solution was diluted to 100 uM in cold

phenol-free Ham’s F-12 media with L-glutamine and incubated at 4 °C for 24 hours.
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To prepare fibrils, peptide solution was diluted to 100 uM in 10 mM HCI and
incubated at 37 °C for 24 hours.

To confirm AP conformation, atomic force microscopy (AFM) analysis was
performed. AP oligomers or fibrils were diluted to 10 pM in water. Aliquots of 50 pL.
were applied to freshly cleaved mica and allowed to adsorb for 5 minutes at room
temperature, rinsed with water and air dried. Images were taken with a Vecco
Multimode AFM with Nanoscope I1A Controller.

BMECs were passaged to Transwell inserts on Day 9, 5 uM Ap1-s2 was added
to abluminal compartments on Day 10 and experiments were performed on Day 11

after 24 hours of incubation with A;_s2.

C.3 Results and Discussion

AFM analysis confirms the presence of fibrillar and oligomeric structures
(Figure C.1). With the addition of Ap-42, the barrier is loosened by 20% in both the
oligomer and fibril cases to a final TEER value of about 2000 Q-cm? (Figure C.2, A).
Despite this reduction in TEER, the overall value remains above the transport
thresholds for both small (500 Q-cm?) and large (1000 Q-cm?) molecules (Section
2.4.5). The transport rate of 1gGs across the BBB doubles after the addition of
oligomeric ABi-s2 (Figure C.2, B). This increase in transport rate of antibodies cannot
be explained by a breakdown of the paracellular barrier, as TEER remains above the

1000 Q-cm? threshold.
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The results of these preliminary studies demonstrate that oligomeric Ap has a
greater effect on the integrity of the BBB and provide justification for using only the
oligomeric form of AB in Chapter 4. Additionally, these studies provide further
evidence of a breakdown in transcellular transport in pathological states before tight

junction integrity is impaired.

9.4 nm

-

Fibrils Oligomers
Figure C.1. Atomic force microscopy of amyloid beta conformation. Preparation of

AB fibrils (left) and oligomers (right) were confirmed using AFM. Scale bars are 500
nm.
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Figure C.2. Effects of A conformation on barrier properties. BMECs were
incubated with 5 uM Api-42 for 24 hours and (A) TEER and (B) 1gG transport rate

were quantified.
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Appendix D

CYTOKINES AND CHEMOKINES SECRETED IN RESPONSE TO Ap;-a2 IN
COCULTURE AND MONOCULTURE

D.1 Preface

In Chapter 3, the cytokines and chemokines secreted by BMECs and astrocytes
in response to neuroinflammation were quantified. Analogous experiments were
performed with BMECs in monoculture or coculture exposed to 5 uM Api-42 for 24
hours. Only two cytokines were detected above the limit of quantitation: MCP-1 and

IL-8. These results are shown in Figure D.1.
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Figure D.1. Concentrations of cytokines and chemokines measured by Luminex
assay after incubation with Api-s2. Abluminal concentrations of 25 human cytokines
and chemokines were measured after 24 hours of incubation with Af;-s2 or control
media for cells grown in monoculture or coculture. Of the cytokines assayed, only
MCP-1 and IL-8 were detected in the APi-s2 cases.
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Appendix E

PRELIMINARY WORK TO IDENTIFY MECHANISM OF TRANSPORT
BREAKDOWN IN DISEASE: QRT-PCR OF AND MFSD2A AND FCRN

E.1 Introduction

This work provides evidence that a transcellular breakdown occurs in
pathological states before there is a significant decline in tight junction integrity. There
is a significant increase in NaFl permeability in inflammation without a corresponding
decrease in TEER below the small molecule transport threshold of 500 Q-cm? (Figure
3.1). There is also an increase in IgG transport in inflammation (Figure 3.5).
Furthermore, in Chapter 4, there is a significant increase in 1gG uptake and transport
after incubation with ABi-s2 and with cytokines. We sought to identify a mechanism
responsible for these changes in transcellular transport in pathological states and tested
two hypotheses.

We first hypothesized that MFSD2A (major facilitator super family domain
containing 2a; MFSD2A) expression decreases in disease states. In the development of
the BBB, an increase in MFSD2A expression is correlated with a suppression of
transcytosis activity and a sealing of the BBB (Ben-Zvi et al., 2014). Furthermore,
Andreone et al. recently demonstrated that suppression of caveolar endocytosis

specifically is responsible for the sealing of the barrier during development (Andreone
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etal., 2017). Because the BBB develops a paracellular barrier first and a transcellular
barrier second, and in disease breakdown occurs in the reverse order, we hypothesized
that MFSD2A might be involved in BBB breakdown as well.

Our second hypothesis was that FcRn (neonatal Fc receptor; FCGRT)
expression decreases in disease. FCRn extends serum half-life of 1gGs in other
endothelial cells by rescuing it from degradation and recycling the 19G back to the
blood stream (Roopenian and Akilesh, 2007). FcRn is present at the BBB and may be
involved in reverse transcytosis of IgGs out of the brain (Zhang and Pardridge, 2001;
Schlachetzki et al., 2002). Furthermore, the iPSC-BMECs express FcRn (Figure 4.1).
Because 1gGs are more readily transported across the BBB in the disease models, we
hypothesized that a lower expression of FcRn and therefore less recycling back to the
blood compartment could be responsible for these observed changes in transport.

These two hypotheses were investigated by quantifying relative gene
expression of MFSD2A and FCGRT in disease models compared to control cells. Gene
expression via gRT-PCR was chosen as an initial screening technique because it is
relatively quick and simple, compared to other methods that quantify gene or protein

expression.

E.2 Methods

On Day 9 of differentiation, BMECs were passaged to 24 well plates. To

mimic neuroinflammation, 10 ng/mL of IL-6 and 10ng/mL TNF-a were added to the
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appropriate wells on Day 10. To mimic AD, 5mM Ap1-42 was added to the appropriate
wells on Day 10. On Day 12, half the wells were collected for western blot analysis.
Cells were rinsed with DPBS, 300 pL trypsin-EDTA was added for 10 minutes and
700 uL EC- media was added to neutralize trypsin. Three wells were pooled per 1.5
mL tube and cells were centrifuged at 350xg for 5 minutes at room temperature.
Culture medium was aspirated, cells were washed with DPBS and centrifuged again.
Cell was aspirated and the cell pellets were stored at -80 °C. On Day 12, the other half
of the wells were collected for gRT-PCR. RNA was isolated using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s protocol. RNA concentration was
quantified using a NanoDrop ND-1000 UV-Vis Spectrophotometer. Samples were
stored at -80 °C.

Probes and primers were purchased from IDT (Table F.2) and TagMan RNA-
to-Ct 1-Step Kit was purchased from ThermoFisher Scientific. gqRT-PCR was
performed according to the TagMan RNA-to-C+ 1-Step Kit protocol. The reaction
plate was run on an AB7500 thermocycler with the following steps: 1) Hold 48 °C for
15 minutes, 2) Hold 95 °C for 10 minutes, 3) Cycle (40 cycles) 95 °C for 15 seconds
followed by 60 °C for 1 minute. Data were analyzed by relative standard curve and the

AACT methods.
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Table F.2. Probes and primers for gRT-PCR.

Gene MFSD2A FCGRT GAPDH

Reason Expression correlated | Responsible for IgG | Housekeeping gene
with in transcytosis recycling
suppression

IDT Prod. # | Hs.PT.58.2075445 Hs.PT.58.26878788.9 | Hs.PT.39a.22214836

Probe /56-FAM/CCG GCC | /56-FAM/CCC CTT | /56-FAM/AAG GTC
CAG /ZEN/GTG GGA /ZEN/TCT GGA /ZEN/GTC
AAG AAA GAA CCCTTCGTG AACGGATTT
CC/3IABKFQ/ G/31ABKFQ/ GGT C/3IABKFQ/

Primer 2 GCATCCTCC TGT AGG AGG ACATCGCTC
AAA GCACTGAA |AGCTCTGTTGT |AGACACCATG

Primer 1 CAA GTG CAT ACATCCTTC ACATCCTTC
AGC AAA GCT AAA TCA GCA AAA TCA GCA
TGT TCCT TCCT

E.3 Results

Differences in gene expression of MFSD2A between disease models and the

control were not statistically significant (Figure E.1, A). Differences in gene

expression of FCGRT between the disease models and the control were not

statistically significant (Figure E.1, B).

These results are inconclusive. This work could benefit from using additional

techniques to test these hypotheses, such as MRM to quantify peptide levels or

western blot to quantify protein expression level. MRM requires significant work to

select appropriate transitions to develop a functional assay. Western blots are semi-

guantitative and greatly depend on the quality of antibodies selected.
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Figure E.1. Gene expression levels in inflammation and AD models. Expression of
(A) MFSD2A and (B) FCGRT after 24h incubation with TNF-a and IL-6 or APi-s2,
relative to expression levels in the control. Data shown were analyzed by the AACt
method to calculate a fold change over the control (n = 3; three independent
experiments; three technical replicates performed for each biological replicate; error

bars represent standard error of the mean)
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