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The brain is the center of cognitive function and also regulates the
physiology of the body. Due to its importance, it requires special vascular structure
which separates itself from the peripheral circulation to maintain its electrical
physiology and protect from insult from circulation. The vasculature of the brain is
lined with a single layer of endothelial cells which is sealed with adherent and tight
junction molecules. The endothelial cell lining is further insulated with pericytes and
astrocytic endfeet. Also endothelial cells express varieties of transporters which
selectively allow the entrance of molecules into the brain. This physicochemical

vascular entity is called the blood brain barrier.

This structural barrier is, however, detrimental in the delivery of molecules to
the brain. Many of drugs are dropped out from the pipelines because they cannot show
the expected effect in the brain. To overcome this, many approaches were devised to
increase the drug delivery to the brain, they were either invasive or ineffective.

In previous study, we have shown that adenosine receptor signaling can increase the
permeability of large molecules to the brain. Adenosine receptor is the G-protein

coupled receptor which is involved in numerous physiological reactions. Activation of



adenosine receptor showed potent and reversible increased permeability to the large

molecules.

In this dissertation, we aimed to reveal if activation of adenosine receptor
signaling can increase the permeability in the human primary brain endothelial cell
monolayer. Indeed we observed robust and reversible permeability increase in human
brain endothelial cells. This was mediated by increased Rho-GTPase activity and
following stress fiber formation which subsequently disrupted the tight and adherens
junctional molecules. Activation of AR also increased the permeability to

chemotherapeutics Gemcitabine.

Also, we studied if adenosine receptor signaling can increase transcellular
pathway which is mainly mediated by transporters highly expressed on the brain
endothelial cells, especially P-glycoprotein. Indeed we observed that AR activation
can increase the accumulation of the P-glycoprotein substrate in human primary brain
endothelial cells by down regulating the expression and function of P-glycoprotein.
Also, we could observe that it down-regulates the P-glycoprotein and thereby increase

the accumulation of epirubicin, a P-glycoprotein substrate, in the brain of the mouse.

Collectively, we showed that AR activation can increase the permeability
paracellular permeability of the human primary brain endothelial cells and also down
regulate the P-glycoprotein function and enhance the transcellular permeability. These
dual mechanism of regulating the permeability of the blood brain barrier might be
beneficial in drug delivery in the brain which will benefit millions of patients suffering

from the neurodegenerative disease or brain cancers.
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Chapter 1

Introduction



The blood brain barrier (BBB).

BBB structure and function

The brain is the most highly vascularized organ in the body [1-2]. It is
believed that if all the blood vessels and capillaries in the brain were attached, they
would extend over 400 miles [1]. The immense vasculature of the brain is protected
by the blood brain barrier (BBB), which is a tremendously tight-knit layer of
endothelial cells that line the central nervous system and form the lumen of the brain
microvasculature [1-3]. The BBB serves to ensure that the environment of the brain is
constantly controlled [4]. Specifically, it works to maintain the brain’s homeostatic
environment, which is essential not only for the health of the brain, but for proper
body functioning,[5-6]. The BBB carries out its function by disallowing the entry of

toxins and preventing fluctuations in brain chemistry [7-8].

History of the BBB

The existence of the BBB was conceptually suggested by Dr. Paul Ehrlich in
the 1880s [9]. When he injected a water soluble aniline dye into mice, he observed that
no staining occurred in the brain [9]. At first, he thought that it might be attributed to
the incapability of the dye to stain the brain. However, Dr. Edwin Goldmann, who was
his assistant, showed that direct injection of the dye into the cerebro-spinal fluid
induced the staining of the brain while other organs were not stained. This proved
compartmentalization of the brain by the existence of some barrier structure separating

peripheral blood circulation and the brain [10-11]. The term blood brain barrier was



first proposed by Lewandowsky as a symbolic term, since no such barrier structure
could be visualized at the time due to technical limitations [12]. It wasn't until the
1960s that the actual structure of the BBB was observed, when scanning electro-
microscopic techniques were developed. In 1967, Karnovsky showed that the
endothelium of the mouse brain didn't allow the penetration of horse radish peroxidase
(HRP) across the brain parenchyma [13]. A following seminal study by Reese and
Karnovsky demonstrated for the first time that the mouse cerebral endothelium was
the structural barrier to HRP. The barrier was composed of a plasma membrane of
tightly-joined endothelial cells, forming what is called the zonula occludensa. Unlike
the endothelium from peripheral organs, the cerebral endothelium had limited numbers
of vesicles, indicating a reduced transport system [14]. Later studies using electro-
microscopic analysis and immunohistochemical assay have revealed that the BBB is a
multi-cellular complex comprising an endothelial monolayer, a pericyte, and astrocytic
endfeet, all of which create tremendous resistance against molecular or cellular influx

into the brain parenchyma [15].

The Neurovascular Unit

Endothelial cells, astrocytes, pericytes, microglial cells, neuronal cells, and
the basement membrane work together to maintain proper BBB and brain function,
and in total are referred to as the neurovascular unit (NVU) [7-8, 16] (Fig 1.1. A and
B). In addition, transporters expressed on brain endothelial cells selectively regulate
the influx of key molecules necessary for proper brain function, imposing additional

restrictions on permeability [5-6, 17] (Fig 1.1. A). Although the BBB serves a



protective role, it also thwarts effective treatment of central nervous system (CNS)
diseases by hindering the entry of therapeutic compounds into the brain [18]. For
decades, researchers have focused on uncovering ways to manipulate the BBB to
allow the entry of therapeutic drugs into the CNS [19]. Determining how to safely and
effectively do this would have a major scientific and public health impact, affecting
the treatment of a broad variety of neurological diseases, ranging from Alzheimer’s
disease to brain tumors [4, 6, 17, 20]. Promising therapies are available (or will
become available) to treat many of these disorders; however, the efficacy of such
therapies cannot be fully realized due to the tremendous hurdle posed by the BBB [21-

22].

The BBB endothelium

Endothelial cells in brain capillaries are unique for their high resistance and
expression of transporters, which are required to maintain the brain’s physiology. The
gaps of vascular endothelium in the brain are sealed with adherens and tight junction
molecules that increase physical resistance, whereas other organs have fenestrations
that facilitate delivery of molecules to the parenchyma [4, 7, 23]. Tightly-joined
molecules are critically important to block the entry of toxic or unwanted substances
into the brain. In brain vascular endothelial cells, transporters are highly expressed and
selectively allow the entry of nutrients or ions [5-6]. Drug transporters such as P-
glycoprotein are also highly expressed in brain vascular endothelial cells and block the

entry of xenobiotics [17, 24].
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Figure 1.1. Structure of the BBB. (A) Schematic drawing of the BBB. The BBB
consists of a single layer of endothelial cells sealed with tight junction and adherens
molecules. Added to this monolayer of endothelial cells are pericytes and astrocytic
endfeet, which further increase the resistance. Transporters are highly expressed on the
endothelial cells and selectively allow the entry of nutrients or molecules into the brain.
(B) Structure of the BBB was visualized using immunofluorescence assay. Endothelial
cells, pericytes, and astrocytes were stained with CD31 (Green), NG2 (Red), GFAP

(Blue), respectively.



Tight and adherens junctions

Resistance of the brain’s endothelial monolayer is enhanced by tight junction
molecules that seal the gaps between cell-to-cell junctions. Brain endothelial cells are
well known to express a variety of tight junction molecules including Occludin 1 and
5, Claudin 1-5, and junctional adhesion molecules A-C (JAM-A-C)[25-27]. These
molecules are tightly linked to F-actin by adaptor molecules such as ZO-1 [27]. As the
outward tension applied to cell-to-cell contact increases, the expression level and
membrane localization of tight junction molecules also increases, thereby enhancing
the resistance of the brain’s endothelial monolayer [27]. Along with tight junction
molecules, adherens junction molecules represented by VE-Cadherin increase the cell-
to-cell adherence, contributing to the increased resistance of the BBB [28]. When
these molecules are knocked down by small interference RNA (siRNA), the
permeability of the endothelial monolayer dramatically increases, indicating their
importance in maintaining the impermeability of the brain’s endothelial monolayer

[29].

Basement membrane

Along with the cell component, the basement membrane also plays a critical
role in the functioning of the BBB [8, 30]. The membrane fills the gaps between the
endothelial cells and the astrocytic endfeet, forming a sheet-like structure and
maintaining the integrity of the vasculature [30-31]. The basement membrane consists
of structural elements (Collagen), specialized proteins (laminin, fibronenctin), and

proteoglycans (heparan sulfate). The BBB actually consists of two basement



membranes, which are a vascular basement membrane and a parenchymal basement
membrane. The parenchymal basement membrane covers the perivascular space and
serves as the barrier for leuokocyte migration into the brain parenchyma. This results
in the formation of perivascular cuffing [30, 32]. For several reasons, the basement
membrane is critical to maintaining BBB permeability. First, it allows the proper
positioning of the cell component, including endothelial cells and astrocytes. Second,
it anchors the cells, thereby increasing the physical integrity of the barrier. Lastly, it
regulates cellular processes and signaling between different cell types through

interactions with integrin and other extracellular matrix receptors [30-31].

Transporters and carriers

Tight and selective regulation of the influx and efflux of molecules is
essential for maintaining the brain’s physiology and is mainly mediated by
transporters highly expressed in the brain’s endothelial cells. For example, Glut 1, a
glucose transporter, maintains the glucose level of the brain by selectively allowing
influx or efflux based on the need for glucose in the brain [5]. Drug transporters that
block the entry of potentially harmful xenobiotics are also highly expressed in the
brain’s endothelial cells. Among these drug transporters are multi drug resistance
(MDR) genes like P-glycoprotein (P-gp), which blocks the entrance of therapeutic
agents into the brain [24, 33-36]. This protein was previously found on the surface of
cancer cells that were resistant to chemotherapeutic agents and was thought to block
the entry of drugs into cells [37-38]. P-gp consists of a non-specific drug binding

domain, an ATPase domain, and 12 trans-membrane domains [39]. Its drug binding



pocket is large enough to attach to many types of substrates, including
chemotherapeutic and anti-inflammatory agents [40]. When a drug attaches to a drug
binding pocket, it utilizes ATP as its energy source to induce conformational changes
that work to pump out the drug [40]. Mice lacking P-gp dramatically increase
substrate accumulation in their brain compared to wild type [41-42]. This shows the
importance of P-gp in the regulation of BBB permeability to the entry of drugs.
Moreover, the influx of substrates into the brain increases when P-gp is
pharmacologically inhibited [34, 36]. Because of the lack of specificity of its binding
domain, it can hinder the entry of many promising drugs, including chemotherapeutic

agents and drugs that can aid neurodegenerative disease [39, 43].

Paracellular and transcellular pathway of the BBB

The brain tightly regulates the entry of cells and molecules through the highly
sophisticated machinery of the BBB [6, 44]. The mode of entry of substances into the
brain is largely divided into paracellular and transcellular pathways [45]. In para-
cellular transport, cells or molecules must move through the extremely small gaps
between adjacent brain endothelial cells [3-4]. These gaps are normally sealed by tight
and adherens junction molecules that hinder the influx of substances into the brain [3,
14]. A study performed using an in vitro model of the brain endothelial monolayer
showed that the permeability coefficient of this monolayer is very low even to
extremely small molecules[46]. This property is essential to protect the brain from
insults from the blood circulation. In the trans-cellular pathway, cells or molecules

directly pass through endothelial cells to enter the brain [17, 45, 47]. Most of the trans-



cellular pathway is mediated by active or passive transporters localized in the brain’s
endothelial layer, which regulates the selective influx of molecules into the brain.
Some of these transporters selectively block the entry of xenobiotics into the brain,
like P-glycoprotein [2, 17]. As these two major routes of entry are highly resistant to
molecules, many approaches to increase BBB permeability aim to either increase gap

junction space or downregulate the function of drug transporters.

Rho GTPases as the master regulator for paracellular permeability
Cells maintain their rigidity and morphology by their cytoskeletal
molecules [48-49]. Morphological changes in cells are followed by the reorganization
of filamentous actin [50-51]. Actins can be largely divided into cortical actin and
stress fibers [51]. Cortical actin is localized on the cell membrane and maintains the
shape and rigidity of cells [51]. Cortical actin induces the expansion of cell-to-cell
contact, thereby increasing the resistance of the cell monolayer [51-52]. On the
contrary, stress fibers create centripetal traction, inducing tension toward the center of
the cell and thereby decreasing the cell-to-cell contact [53-54]. This decrease in cell-
to-cell contact results in an increase in gaps between adjacent endothelial cells, thus
increasing permeability [53].
Rho-GTPase is considered the master regulator of the actin-cytoskeleton [48].
It is a well-known small G-protein that regulates morphology, cell fate, and cell
polarity[52]. Rho-GTPase is activated by the guanine exchange factor (GEF), which
converts Rho-GDP into the GTP bound form, or the active form [48, 50]. Activation

of GEF is mediated by changes in the second messenger signal, which is mainly
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regulated by G-protein coupled receptor (GPCR) signaling [55]. It is well established
that cell morphology is mediated by the Rho-GTPase dependent pathway, induced by
the treatment of GPCR agonists or antagonists [55]. Activated Rho-GTPase triggers
the Rho-GTPase associated kinase (ROCK) by attaching to the Rho binding domain
(RBD), which helps the release of the coiled region of ROCK-1 [50]. Thereafter,
ROCK-1 activation induces a downstream effector function, resulting in the
modulation of filamentous actin formation and myosin light chain stabilization,
resulting in changes in cell morphology (Fig 1.2. A) [50, 52]. Increased filamentous
actin formation creates centripetal forces that stretch cells inwardly, boosting the
permeability of the cell monolayer. ROCK-1 activation further stimulates the Ezrin-
Radixin-Moesin (ERM) complex, which anchors actin on the cell membrane and
enhances focal adhesion (Fig 1.2. B) [56-57]. Overall, an increase in the activity of
Rho-GTPase disrupts the barrier by increasing stress fiber formation and disrupting

tight junction molecules (Fig 1.2. C).

Current approaches for breaching the BBB
Traditionally, the brain has been considered a privileged organ that does not
allow the entry of molecules or cells from the periphery by the BBB, thus impeding

the development of drugs for CNS diseases.
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Figure 1.2. Role of Rho-GTPase in disruption of endothelial barrier stability.

(A) Rho-GTPase activates Rho-GTPase associated kinase (ROCK), which
induces both the formation and stabilization of stress fibers and the disruption of tight
and adherens junction molecules. (B) The Rho-GTPase pathway induces the activation
of Formin, which is an enzyme involved in the formation of F-actin from G-actin. This
pathway causes activation of ERM, which helps link stress fibers to the plasma
membrane. (C) Overall, activation of Rho-GTPase increases the formation of stress
fibers, inducing centripetal forces and followed by shrinkage of cells. Also, it disrupts
the tight junction molecules, which increases the permeability of the endothelial

barrier.
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However, there have been several attempts to manipulate BBB permeability in order
to increase drug delivery to the brain. Nutwell et al. used a method for changing
osmotic pressure in order to increase BBB permeability, but the clinical trial study
showed disappointing results. [58-59]. Some groups have used direct intra-cerebral
injections to increase drug delivery, but this approach is invasive and sometimes life-
threatening [18, 47]. Similarly, focal ultrasound application has been attempted, but
this method has also had limited success due to its invasiveness [60]. In addition,
researchers have used hybrid antibodies that utilize receptor mediated transcytosis to
increase drug delivery [19, 61]. Although this approach was shown to be successful in
preclinical studies using primates, the efficiency was not optimal [61]. Recently,
Carman et al. demonstrated that the A2A adenosine receptor mediated an increase in
BBB permeability and enhanced the delivery of large molecules to the brain [20]. This
method was shown to be very potent, reversible, and safe, and stands the possibility of

being a promising alternative to current approaches to brain drug delivery.

Adenosine receptor signaling in the regulation of BBB permeability.

Adenosine, a signaling molecule.

Adenosine is a primordial molecule classified as purine. It is found in all life
forms and is best known as the component of deoxyribonucleic acid (DNA) that
carries genetic information. Due to its abundance and major function as a carrier of

genetic material, its other biological roles, especially as signaling molecules, are easily
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ignored. However, extracellular adenosine is indeed an important signaling molecule.
Seminal studies by Drury and Gyorgi, which showed that i.v. injections of heart
extract into rabbits slowed the heartbeat, found that the compound which induced the
slowing of the heartbeat was adenosine [62]. It was the first evidence that adenosine is
indeed the signaling molecule. Extracellular adenosine is mainly created by
conversion of ATP into adenosine by Ecto-Apyrase (CD39) and 5’-ecto-nucleotidase
(CD73) [63-65]. The conversion of ATP to adenosine is very rapid (1 ms). The
concentration of extracellular adenosine is maintained at an extremely low range (25-
250 nM), whereas the intracellular adenosine concentration is much higher [63-64].
However, in pathophysiological circumstances, its concentration increases up to 100
fold [66-67]. Because of rapid metabolism of extracellular adenosine, adenosine
preferentially acts as a local signaling molecule rather than a systemic signaling

molecule [67].

Adenosine Receptors

Extracellular adenosine exerts its action through the adenosine receptor (AR),
which is a G-protein coupled receptor (GPCR) super-family [63, 67]. There are four
different subtypes of adenosine receptors, including Al, A2A, A2B, and A3 [67-68].
Al and A3 ARs are inhibitory, suppressing adenyl-cyclase and producing cAMP,
while A2A and A2B ARs are stimulatory, activating CAMP [63-64]. Also, Al and
A2A have a high affinity to adenosine, whereas A2B and A3 have an extremely low
affinity to adenosine [69]. This suggests that A1 and A2A are the major ARs activated

at the physiological levels of extracellular adenosine [68].
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Figure 1.3. Cascade of enzymatic activity to create extracellular adenosine.
Extracellular ATP is converted into AMP by Ecto-apyrase (CD39), which is then
converted into adenosine by 5'-Ecto-nucleotidase (CD73). Created adenosine is

rapidly converted into inosine by the action of the adenosine deaminase (ADA).
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The subtypes and expression levels of these receptors vary depending on the types of

organs utilized in the development of organ specific drugs.[70-71]

Role of adenosine receptor signaling in maintaining general physiology of the body
Adenosine receptor signaling is the major signaling cascade required to
maintain the physiological functioning of the body [71]. Notably, it has important
roles in regulating cardiac pace, vascular permeability, immune response, metabolism,
and neuronal conductance (Fig 1.4.) [64, 70, 72-75]. ARs are highly expressed in the
cardiac muscles and vessels and are an excellent treatment target for abnormal heart
rhythm [71]. Activation of A1 AR slows the heart rhythm and blood pressure, whereas
A2A AR activation induces vasodilation in the aorta and coronary artery [71]. Also,
activation of A2B AR induces vasodilation in many vessels, including the pulmonary
artery, but causes vasoconstriction in other vessels, such as the chorionic artery [70].
Adenosine also regulates bronchoconstriction in the lung, which is the major symptom
of asthma. A2B AR is closely related to hypoxia-induced endothelial permeability
[71]. Activation of A2B AR induces bronchoconstriction and is related to the
degranulation of mast cells, a major player in the development of asthma [69].
However, blockade of A2B AR alleviates asthma in animal models. Recent studies
have shown that activation of A2A AR can delay asthma progression by dampening
the immune response [71]. In a disease like type 2 diabetes, activation of A1 AR
lowers the concentration of plasma-free fatty acids that control lipolysis. Blockade of
A2B AR induces hypoglycemic activity in a type 2 diabetes animal model, suggesting

a role in the glucose production of hepatocytes.
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In many diseases, uncontrolled immune responses are the major drivers
aggravating the severity of the pathology. Therefore, tight regulation of the immune
response to minimize unwanted damage to host tissues is highly evolved. A2A AR
receptor expression level is highest in the spleen and lymph-nodes, suggesting the
receptor’s possible role as immune regulator. Recent evidence of the role of adenosine
as a major controller of host immunity came from the phenomenal study by Ohta,
which demonstrated the importance of adenosine as master regulator of immune
responses [67, 76]. The authors showed that liver pathology and proinflammatory
cytokine production was increased in A2A AR deficient mice treated with endotoxin,
demonstrating the importance of A2A AR signaling as the regulator for immune
responses [76]. It is generally believed that AR signaling can downregulate the
immune response through blocking neutrophil and macrophage activation, T cell
differentiation and proliferation, and pro-inflammatory cytokines [69, 77-79]. Also,

A2B activation decreases IL-6 and histamine production [69, 77].

Role of adenosine receptor signaling in the central nervous system.

Recent studies have shown that AR signaling is a major regulator of neuronal
stimulation. Caffeine is a classic AR antagonist that enhances awareness and learning
[80-81]. Studies have revealed that A1 AR is involved in the discriminative-stimulus

effect of caffeine. A2A AR was shown to play
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a major role in the stimulatory effects of caffeine, mainly arousal. Later studies have
shown that ARs play a significant role in controlling neurotransmission and cognitive
functions. Still other studies demonstrate that A1 AR is involved in anxiety, pain, and
sleep regulation. A2A AR interacts with dopamine D2 receptors (D2Rs) in striatum,
which are mutually antagonistic. More specifically, when A2A AR is co-expressed
with D2R in cell lines and exposed for long periods of time with the agonist of each
receptor, they form heteromeric complexes, co-aggregate, and internalize.. This
observation is closely related to Parkinson’s disease (PD), which develops its
symptoms when dopamine production declines, suggesting that constant activation of
A2A AR may lead to neuronal degeneration. Also, large cohort studies have shown
that high consumption of caffeine is inversely related to PD development, suggesting
that antagonism of A2A AR decreases the clinical symptoms of PD. Finally, A2A AR
plays a clear role in depression, whereby the blockage of this receptor induces the anti-

depressant effect.

The history of adenosine role in BBB function

The initial findings that led to our current hypothesis that adenosine signaling
regulates BBB function originated from work done by previous members of our lab
showing that adenosine receptor signaling regulates lymphocyte migration into the
CNS [82]. These previous findings showed that adenosine generated by CD73
expressed on either the infiltrating lymphocytes or on the choroid plexus epithelium is
necessary for efficient lymphocyte migration into the CNS and EAE development [82].

CD73-generated extracellular adenosine signaling regulates lymphocyte migration into
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the CNS by regulating adhesion molecule expression and chemokine secretion at the
choroid plexus. We induced EAE in mice lacking CD73 (CD73") that are unable to
synthesize extracellular adenosine. We anticipated an exacerbated immune response
and hence more severe EAE. We instead found that CD73” mice were resistant to
EAE [82], and analysis of CNS tissue demonstrated that there were very few T cells in
the brains of CD73"" mice immunized for EAE [82]. However, we could induce severe
EAE when CD4" T cells from CD73" mice were transferred into C57BL/6-TCR™
mice that lack endogenous T cells [82]. Although CD4" T cells from CD73" mice
secrete more proinflammatory cytokines (IL-17, IL-1beta) than wild type mice, they
were still unable to gain entry into the CNS [82]. These results suggest that
adenosine’s role in immune cell migration into the CNS is independent of its role in
suppressing inflammation.

Adenosine function is mediated by its receptors expressed on a variety of cells,
including immune cells and CNS resident cells[70, 74]. For adenosine to be bioactive,
adenosine-generating enzymes and adenosine receptors must be present on the same
cell or adjacent cells due to their short half-life [64, 83-84]. We investigated where in
the CNS CD73 is expressed. Compared to other regions in the CNS, CD73 was most
abundantly and constitutively expressed on choroid plexus ependymal cells[82]. We
also found that two of the four ARs, Al and A2A, are also expressed on choroid
plexus cells [82]. Similar to CD73, the A2A AR is constitutively and abundantly
expressed on choroid plexus ependymal cells [82]. We next investigated which
adenosine receptor is responsible for mediating immune cell infiltration into the CNS

by treating WT mice with A1 and A2A AR antagonists. Only A2A AR antagonism
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blocked immune cell entry into the CNS and completely inhibited EAE [82].

Cell migration requires a cascade of events, including a chemokine gradient
and adhesion to the endothelium [45]. We analyzed brains of wild type and CD73"
mice over the course of EAE to identify potential chemokines, adhesion molecules, or
integrins that are important for both EAE development and cell migration and that
may be controlled by extracellular adenosine signaling [85]. We observed that
extracellular adenosine triggered lymphocyte migration into the CNS by inducing the
expression of the specialized chemokine/adhesion molecule CX3CL1 at the choroid
plexus, which is the blood to cerebral spinal fluid barrier and a prime entry point into
the CNS for immune cells [85]. In wild type mice, CX3CL1 is upregulated in the
brain on day 10 post EAE induction, which corresponds with initial CNS lymphocyte
infiltration and the acute stage of EAE [85]. Conversely, CD73" mice that cannot
synthesize extracellular adenosine do not upregulate CX3CL1 in the brain following
EAE induction and are protected from EAE development and associated lymphocyte
infiltration [85]. Additionally, blockade of the A2A AR following EAE induction
prevents disease development and the induction of brain CX3CL1 expression [85].
Blockade of CX3CL1 completely inhibited EAE development and lymphocyte entry
into the CNS. From these findings, we conclude that extracellular adenosine is an
endogenous modulator of neuroinflammation during EAE that induces CX3CL1 at the
choroid plexus to trigger lymphocyte entry into the CNS parenchyma [85]. Similar
findings using a spinal cord injury model were recently reported by Shechter et al.

showing that M2 macrophages involved in resolving inflammation express high levels
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of CX3CL1R and CD73 and trafficked through the ventricular choroid plexus barrier
[86].

The A2A AR is highly expressed on lymphocytes and is a prime mediator of
adenosine’s anti-inflammatory effects [87-88]. We next determined the importance of
A2A AR signaling during neuroinflammatory disease progression in EAE [89]. As
noted above, A2A AR antagonist treatment protected mice from disease development
and associated CNS lymphocyte infiltration [82]. Interestingly, A2A AR™ mice
developed a more severe acute EAE phenotype characterized by more
proinflammatory lymphocytes and activated microglia/macrophages [89]. To delineate
the contribution of A2A AR signaling to lymphocyte entry into the CNS during EAE,
we generated bone marrow chimeric mice to generate mixed chimeras between A2A
AR and WT mice [89]. Remarkably, A2A AR”" donor hematopoietic cells (immune
cells) potentiated severe EAE, whereas lack of A2A AR expression on non-
hematopoietic cells protected against disease development[89]. These results indicate
that A2A AR expression on non-immune cells (such as the CNS) is required for
efficient lymphocyte passage into the CNS and EAE development, whereas A2A AR
expression on lymphocytes is essential for limiting the severity of the inflammatory
response.

We next investigated whether AR signaling permeabilizes the BBB to entry of
drugs [20]. Treatment of mice with AR agonists, including the FDA-approved
selective A2A AR agonist Lexiscan, significantly increased BBB permeability [20].
These changes in BBB permeability are dose-dependent and temporally discrete. Most

importantly, treatment with specific A2A AR agonists or a broad-spectrum AR agonist
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facilitated both the entry of intravenously administered anti-beta-amyloid antibody
into the CNS and the binding of the antibody to beta-amyloid plaques in a transgenic
mouse model of Alzheimer’s disease (AD) [20]. These results further proved that
modulation of AR signaling has the potential to deliver therapeutic compounds into

the CNS or to block harmful substances from entering the CNS.
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Outline of the dissertation

This dissertation is composed of four chapters. The first chapter explains the
structure of the BBB and the recent advances in methods to increase the permeability
of the BBB. We also discuss the findings on the role of adenosine receptor signaling in
the regulation of the permeability of the BBB from our laboratory.

The second chapter addresses the finding that the adenosine receptor
mediated an increase of paracellular permeability in human primary brain endothelial
cells, mainly through the Rho-GTPase pathway. A2A AR signaling increased Rho-
GTPase activity, which increased stress fiber formation and induced the disruption of
tight and adherens junction molecules. We also observed that AR signaling can indeed
increase permeability to chemotherapeutics, which potentially can be applied to
human medicine.

The third chapter discusses the role of AR signaling in regulating the trans-
cellular pathway of the BBB, which is mediated by transporters, especially P-
glycoprotein. P-glycoprotein is a well-known drug transporter highly expressed in
drug-resistant cancer cells and on brain endothelial cells. P-glycoprotein blocks the
entry of xenobiotics into the brain and acts as a bottleneck for drug delivery to the
brain. In this chapter, we showed that AR signaling can downregulate the expression
level and functionality of P-glycoprotein and increase drug delivery through the trans-
cellular pathway.

The fourth chapter summarizes the findings of the first two chapters and
discusses both the pitfalls of its conclusions and the future direction of my studies.

Lastly, results of additional research not strictly related to the theme of the
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thesis but completed during my Ph.D. degree will be discussed in appendices. These
include: 1) The role of Itk in the disease progression of experimental allergic
encephalitis (EAE) and 2) The effect of a high fat diet in the progression of an
Alzheimer's disease model. Although these were not studies strictly related to the
BBB, we found that differences in the capacity of CD4 T cells to migrate by genetic
mutation have critical roles in the disease progression of EAE, and that a high fat diet
disrupts the integrity of brain vasculature, possibly harming the health of the brain.
This research has directly and indirectly enhanced my understanding of the BBB,

helping me to develop the themes included in my dissertation.
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2.1. Abstract:

The blood brain barrier (BBB) symbolically represents the gateway to the
central nervous system. It is a single layer of specialized endothelial cells that coats
the central nervous system (CNS) vasculature and physically separates the brain
environment from the blood constituents, to maintain the homeostasis of the CNS.
However, this protective measure is a hindrance to the delivery of therapeutics to treat
neurological diseases. Here, we show that activation of A2A adenosine receptor (AR)
with an FDA-approved agonist potently permeabilizes an in vitro primary human brain
endothelial barrier (hnBBB) to the passage of chemotherapeutic drugs and T cells. T
cell migration under AR signaling occurs primarily by paracellular transendothelial
route. Permeabilization of the hBBB is rapid, time-dependent and reversible and is
mediated by morphological changes in actin-cytoskeletal reorganization induced by
RhoA signaling and a potent down-regulation of Claudin-5 and VE-Cadherin.
Moreover, the kinetics of BBB peing in mice closely overlaps with the permeability
kinetics of the hBBB. These data suggest that activation of A2A AR is an endogenous

mechanism that may be used for CNS drug delivery in human.

39



2.2. Introduction

The brain is the most vascularized organ in the body [1]. It is estimated that the
brain has more than 100 billion capillaries [1]. If all the capillaries and blood vessels
in the brain are strung together they will extend over 400 miles long [1]. The brain
vasculature is lined by a single layer of endothelial cells that forms a tight barrier
against unwanted substances from the blood circulation [2]. In addition, the gaps
between adjacent endothelial cells are sealed with tight and adherens junction
molecules to further increase the brain endothelial barrier resistance [1-2].
Extracellular matrix proteins, pericytes and astrocytic endfoot processes (referred to as
the neurovascular unit), insulate the endothelial lining, making this structure
impermeable even to very small molecules (less than 450 Da) and polar and ionic
substances [1]. In addition, transporters expressed on brain endothelial cells
selectively regulate the influx of key molecules necessary for proper brain function,
and thus, imposes additional restrictions on permeability [1-4]. The characteristic
physico-chemical entity of the brain-blood vasculature is called the blood brain barrier
(BBB) [2, 5]. However, this inherent high-impermeability of the BBB impedes drug
delivery to the brain that could treat myriad of neurodegenerative diseases such as
brain cancers and multiple sclerosis [1]. There is a tremendous need to be able to
modulate the permeability of the BBB to enhance the deliverability of therapeutics

into the brain [6].

Adenosine is a purine nucleoside that mediates its function through its 7-

transmembrane G-protein coupled receptors. Adenosine is produced both
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extracellularly and intracellularly. Extracellular adenosine is produced from the
conversion of extracellular adenosine triphosphate (ATP) into adenosine diphosphate
(ADP) and adenosine monophosphate (AMP) by the extracellular enzyme CD39; and
AMP is further converted to adenosine by the extracellular enzyme, CD73 [7-9].
Adenosine receptors (ARs) are of four different subtypes, Al, A2A, A2B and A3 [10].
ARs, and extracellular enzymes are expressed on brain endothelial cells in mice and
human [11-12]. Previously, we have shown that blockade of CD73 or inhibition of the
A2A AR signaling inhibits the migration of leukocytes into the central nervous system
(CNS) [13]. Further, we showed that activation of ARs with a broad spectrum AR
agonist increases BBB permeability and allow the entry of macro-molecules into the
brain [11]. These studies strongly indicate that signaling via the ARs represents a bone
fide pathway that controls the entry of cells and molecules into the CNS. Because
extracellular adenosine mediates many of its functions around inflammation or injury
[9], we hypothesize that signaling via adenosine receptors on BBB endothelial cells
signals the recruitment of cells and/or molecules into the CNS to sites of damage or
inflammation. Based on these studies we now focus our attention on determining how
we can exploit adenosine modulation of BBB permeability to deliver drugs into the
CNS to treat neurological diseases ranging from Alzheimer’s to brain tumors. To do
this we need to first determine whether AR signaling regulates human BBB
permeability, and second, understand the mechanisms that regulate brain endothelial

barrier permeability and determine where in the pathway AR signaling functions.

Recent studies demonstrated that AR activation regulates RhoA activity in

various cell types mediated by second messenger signals including cyclic AMP [14].
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RhoA is a small GTPase that is the master regulator of actin-cytoskeletal re-
organization. The actin-cytoskeleton maintains the structure and morphology of cells
[15]. Factors that modulate actin-cytoskeletal rearrangement have been shown to

increase or decrease endothelial barrier permeability [16].

In this study, we will determine a) whether AR modulates human brain
endothelial barrier, b) determine its potential clinical application in drug delivery to
the brain in treatment of neurological diseases and c) unravel/reveal the mechanism
underlying the increased permeability imposed upon brain endothelial cells by
activation of AR. To accomplish this, 1) we studied these processes in human primary
brain endothelial cells and a well established human brain endothelial cell line as
human BBB model as we cannot perform these studies in humans. 2) We used an
FDA-approved A2A AR agonist, Lexiscan (used in humans for cardiac perfusion
imaging), to determine its potential as a BBB permeabilizing (or brain)-drug delivery
tool. Here, we report that activation of the A2A AR on primary human brain
endothelial cells triggers a rapid increase in RhoA activity, re-organization of the actin
cytoskeleton and consequently disruption of the endothelial cell-to-cell junctions,
leading to the increased paracellular permeability. These processes promote
transendothelial migration (TEM) of T cells through paracellular routes. These studies
make use of an endogenous mechanism for BBB control. They demonstrate the
potential for precise time dependent control of BBB permeability. Moreover, we
would show that the process is reversible and there is the potential to tremendously
improve the retention of therapeutics into the brain by targeting adenosine receptors

on brain endothelial cells.
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2.3. Materials and Methods

Cells and reagents

The hCMEC-D3 cell was a kind gift from Dr. Babette Weksler (Weill Cornell
Medical Center) and bEnd3 cell was purchased from ATCC. Primary human brain
microvascular endothelial cell (ACBRI 376 V), attachment factor, and growth media
were purchased from Cell Systems (Kirkland, WA). RhoA specific antibody and
RhoA pulldown assay kit were purchased from Cytoskeleton (Denver, CO). Anti
ROCK-1 antibody, Phycoerythrin (PE) conjugated anti-human CD73 antibody, human
Collagen IV were purchased from BD bioscience (Carlsbad, CA). Rabbit anti Ezrin-
Radixin-Moesin (ERM), phospo-ERM, VE-Cadherin, GAPDH were purchased from
Cell Signaling (Danvers, MA). Alexa-Fluor 568 conjugated-Phalloidin, rabbit-anti-
Claudin-5 antibody, anti rabbit and mouse Alexa Fluor 488, Texas Red conjugated
secondary antibody, Fluorescein isothiocyanate (FITC) conjugated 10 kDa Dextran,
Prolong Gold with DAPI, and cAMP-screening-kit were purchased from Life
Technologies (Carlsbad, CA). Allophycocyanin (APC) conjugated anti-human CD39
antibody was purchased from ebioscience (San Diego, CA). Anti-phospo-focal
adhesion kinase (FAK) was purhcased from Millipore (Billerica, MA). Mouse human
CD31 antibody was purchased from R&D systems (Minneapolis, MN). Rabbit anti-
A2A adenosine receptor antibody was purchased from Alomone labs (Jerusalem,
Israel). EBM-2 media and supplementary bullet kit were purchased from Lonza
(Allendale, NJ). 5'-N-(Ethylcarboxamido)adenosine (NECA) was purchased from

Tocris (Bristol, UK) and 2-[4-[(Methylamino)carbonyl]-1H-pyrazol-1-yl]adenosine
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(Lexiscan) was purchased from Toronto Research Chemicals (Ontario, Canada).

Adenosine was purchased from Sigma Aldrich (St. Louis, MO).

Flow Cytometry
HCMEC-D3 and HBMVEC cells were stained with PE anti-human CD73 and
APC anti-human CD39 and the frequencies of positive cells were analyzed with BD

Canto flow cytometer (BD Bioscience, Carlsbad, CA).

Immunofluorescence Assay (IFA)

Cells were treated with adenosine receptor agonists which was grown on
coverslips, fixed with 4% Paraformaldehyde and permeablized with 0.2% Triton X
and washed twice. Subsequently, it was blocked with 5% goat serum in 0.5 % BSA-
PBS solution for 45 minutes. Primary antibodies (1:200) were incubated at room-
temperature for 2 hrs and washed twice. Fluorchrome conjugated secondary antibody
(1:1000) was incubated at room-temperature for 1 hr followed by two washes. For
stress fiber staining, cells were additionally counter stained with AF568 conjugated
phalloidin. Coverslip was washed with double distilled water and placed on the slide-
glass with anti-fade mounting medium, Prolong Gold-DAPI. Samples were analyzed
with Axiovision flurorescent microscope and images were recorded and analyzed with

Axiovision (Carl Zeiss, Thornwood, NY).

Rho-GTPase pull down assay
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HCMEC-D3 and HBMVEC were plated on collagen IV or attachment factor
coated 10 cm petri dish and grown to 100 % confluency then treated with Lexiscan or
NECA (1uM) over multiple time points: the reaction was halted by placing them on
ice. Plates were washed with ice cold PBS and lysed with 250 ul of lysis buffer. The
lysate was preserved at -80 °C until further analysis. Rho-GTPase pull down assay
was performed according to the manufacturers’ protocol (Cytoskeleton, Denver, CO).
The intensity of Active-RhoA was divided by that of total RhoA for densitometric

analysis and to measure its activity at different time point.

Measurement of intracellular cyclic AMP (cCAMP)

Primary human brain endothelial cells were plated on the 48 well plates until
it reached confluency and treated with 1 uM of Lexiscan and NECA for 1, 5, 15
minutes (n=3). 1 uM of Forsklon (FSK) was used as positive control. Cells were lysed
with lysis buffer at 37 °C for 30 minutes. Samples were processed following the
protocols provided from manufacturer (CAMP-Screen System, Life Technologies) and
the levels of cCAMP were analyzed using luminometer function in Synergy 4 (Biotek,

Winooski, VT).

Western Blot Analysis

Adenosine receptor agonist treated cells were lysed with lysis buffer
containing protease inhibitor and mixed with 5X laemaeli buffer. Samples were loaded
and separated by the 10 % SDS-PAGE gel and transferred to nitrocellulose paper.

Subsequently, membranes were blocked by 1 % bovine serum albumin (BSA) in

45



TBST buffer for 30 minutes at 4 °C. Primary antibody (1:2000) was incubated in 1%
or 5 % BSA (p-ERM) for overnight at 4 °C and blot was washed three times with
TBST. Subsequently, membranes were incubated with secondary mouse or rabbit
antibody in non-fat dry milk (1:2000) for 1 hr at room temperature and washed three
times with TBST. Membrane was visualized by West Pico enhanced

chemiluminescence (ECL) solution which was exposed to X-ray film.

Transendothelial electrical resistance (TEER) assay.

Mouse brain endothelial cells (bEnd 3) or primary human brain endothelial
cells (HBMVEC) were plated (1X10°) on the collagen IV (BD bioscience, Car) coated
8.0 um porous membrane insert (BD bioscience). When the confluency reached 100%,
growth media was replaced with serum deprived media for overnight. Subsequently, 1
uM of Lexiscan, NECA which are A2A specific and broad spectrum adenosine
receptor agonists, respectively, were applied into the insert along with DMSO control.
The changes in the resistance were measured using Ohm voltmetry (World Precision
Instrument, Sarasota, FL) at different time point. The TEER of different time points
were subtracted by that of vacant porous membrane and the value was normalized by

that of O time point.

FITC Dextran Permeability assay.
Mouse and human brain endothelial cells were plated (1X10°) on the collagen
IV or attachment factor coated 3.0 um porous membrane insert (BD bioscience, San

Jose, CA). Experiments initiated when its confluency reached 100%. Subsequently,
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media in insert and bottom well was replaced by pre-warmed HBSS and incubated at
37 °C for 2 hrs as acclimatization. 100 ug/ml of 10 kDa FITC-Dextran with or without
1 uM of Lexiscan and 1uM of NECA was applied into the insert. 50 ul of HBSS at the
bottom well was collected at each time point (n=3). The concentration of FITC-
Dextran was measured using fluometry (BioTek) with excitation at 488 nm, and

emission at 523 nm. Acquired values were normalized by that of DMSO control.

Mice.

C57BL/6 mice (Jackson Laboratories) aged 7-9 weeks and weighed between
20 and 25 g were used for experiments. Animals were bred and housed under specific
pathogen-free conditions at Cornell University, Ithaca, NY. All procedures were done

in accordance with approved Institutional Animal Care and Use Committee protocols.

Administration of drugs and tissue collection.

Lexiscan was dissolved in DMSO and further diluted in the PBS. For vehicle
controls, DMSO was diluted in PBS to the same concentration. Dextrans labeled with
FITC were suspended in PBS to 10 mg/ml. Experiments involving dextran injection
used 1.0 mg of dextran in PBS. When drug and dextran were injected concomitantly,
1.0 mg of dextran was mixed with the drug to the desired concentration in a final
volume of 200 pl. Lexiscan was administered retro-orbitally and at indicated times
mice were anesthetized and perfused with cold PBS through the left ventricle of the

heart. Brains were weighed and frozen for later analysis.
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Fluorimetric analysis of FITC-Dextran in the brain.

Tris-Cl, 50mM, pH7.6, was added to brains (100 pl per 100 mg brain). Brains
were homogenized with a Dounce homogenizer and centrifuged at 16.1 X g for 30 min.
Supernatants were transferred to new tubes and an equal volume absolute methanol
was added. Samples were centrifuged at 16.1 X g for 30 min. Supernatant (200 pl)
was transferred to a Corning Costar 96 well black polystyrene assay plate (clear

bottom). Fluorimetric analysis was performed on a BioTek Synergy 4.

Chemotherapeutics extravasation assay.

Primary human brain endothelial cells were plated (1X10°) on the attachment
factor coated 0.4 um porous membrane insert (BD bioscience, San Jose, CA).
Experiments initiated when its confluency reached 100%. Subsequently, media in
insert and bottom well was replaced the day before experiment. At the receiver well,
2.5X10° of YFP transfected human gliobliostoma cells (U251, NCI cell repository,
Frederick, MD) were plated. On donor well, 10 ug/ml of Gemzar (Eli Lilly,
Indianapolis, IN) with or without 1 uM of Lexiscan or NECA (n=3) was administered.
Also, 1 uM of Lexiscan or NECA without Gemzar was administered to further test the
effect of these molecules on glioma viability. At 5, 15, 30, 60 minutes post treatment,
donor well was removed and glioblastoma cells were further incubated for 4 days at
37 °C with 5 % CO2. Viability of glioblastoma compared to untreated group was
measured using fluometry (BioTek) with excitation at 488 nm, and emission at 523

nm.
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Jurkat Cell migration assay

To test the effect of adenosine receptor signaling in promoting the migration
of immune cells, we performed migration assay of Jurkat Cell through in vitro blood
brain barrier model using primary brain endothelial monolayer. Primary brain
endothelial cell was cultured on the porous membrane insert (BD bioscience, San Jose,
CA) which was pre-coated with attachment factor. When the confluency reached
100 %, media in both donor and reciever chamber was replaced with fresh media and
acclimatized for overnight. 2.5 X 10° of Jurkat cells with or without 0.1 and 1 uM
Lexiscan or NECA were placed on the upper chamber and the number of Jurkat cells
migrated to the bottom well was counted at 1 and 24 hrs by hemocytometer.

To test if the effect of adenosine receptor signaling on migratory process of
Jurkat cell is mediated by paracellular or transcellular pathway, primary brain
endothelial cells were plated on the cover slip until it reached 100 % confluency. Cells
were treated with 1 uM of Lexiscan and NECA for 2 hrs and washed with PBS. Jurkat
cells were added and incubated for 5 minutes. Cells were fixed with 4% PFA and
permeabilized with 0.1 % Triton X and blocked with 5 % Goat serum. Endothelial cell
was stained with anti VE-Cadherin antibody which was subsequently stained with AF
647 conjugated 2ndary anti-Rabbit antibody. F-Actin was counterstained with AF568
conjugated phalloidin. Cells were visualized with Leica Confocal Microscope (Leica
Microsystems, Buffalo Grove, IL) and images were recorded and analyzed by Leica
Application Suite software. The route of transmigration of cells were classified as

paracellular (cells on the borderline of endothelial cell to cell junction), transcellular
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(cells on the top of cytoplasmic area of endothelial cells), ambiguous depending on the

localization of migrating Jurkat cells on the endothelial monolayer and quantified.

Statistical analysis

All statistical analysis was carried out using GraphPad 5.0 software. Statistical
significances were assessed using either unpaired two tailed Student’s t-test or two-
way analysis of variance (ANOVA) with Bonferroni multiple comparison test. P

values less than 0.05 were considered to be statistically significant.
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2.4. Results

Adenosine receptors and enzymes that produce it are abundantly expressed on

primary human brain endothelial cells.

Adenosine mediates its function through its four G-protein coupled receptors
(A1, A2A, A2B, and A3) [7]. Here, we showed that the A2A adenosine receptor (AR)
that we have previously shown increases brain endothelial barrier permeability upon
activation in mice is highly expressed on primary human brain endothelial cells
(HBMVEC) and an established human brain endothelial cell line (HCMEC-D3) (Fig
2.1.A and B). Extracellular adenosine acts locally due to its short half-life
(approximately ten seconds) [8, 10]. Hence, to mediate its function, adenosine
receptors and the enzymes that generate it must also be present on the same cell or on
adjacent cells. We confirmed that both CD39 and CD73 (ecto-enzymes responsible for
generating extracellular adenosine), are highly expressed on both primary human brain
endothelial cells and the human brain endothelial cell line HCMEC-D3 (Fig 2.1.C).
Taken together, these results suggest that human brain endothelial cells have the

capacity to respond to AR-mediated signaling both in vivo and in vitro.

A2A AR activation increases paracellular permeability in primary human brain

endothelial cell monolayers.

To begin to evaluate the role of the A2A AR in human brain endothelial cell

permeability, HBMVEC cells were cultured on a porous membrane to form a
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Figure 2.1.
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Figure 2.1. A2A AR is expressed in primary human brain endothelial cells and

human brain endothelial cell line.

Western blot (A) and immunofluoresecence assay (IFA) (B) show the presence
of A2A adenosine receptor (AR) expression on human primary brain endothelial cells
(HBMVEC) and human brain endothelial cell line (HCMEC-D3). For IFA, cells were
stained with anti-A2A AR antibody (Green) and anti-human CD31 as endothelial cell
marker (Red). Nucleus was counter stained with DAPI (Blue). Scale bar indicates 25
um. (C) FACS analysis (Dot-plot and histogram) shows expression of the extracellular

enzymes, CD39 and CD73, in HBMVEC and HCMEC-D3.
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monolayer to measure transendothelial resistance (TEER), which is a measure of
endothelial cell monolayer permeability. Decrease in TEER correlates with increased
paracellular space between adjacent endothelial cells and hence with increased
permeability [17]. We next treated monolayers with an FDA-approved A2A AR
agonist Lexiscan or a broad spectrum agonist NECA. Both Lexiscan and NECA
induced rapid decrease in TEER by ten minutes after treatment with AR agonists,
consistent with increase in paracellular permeability (Fig 2.2.A). This was compared
to vehicle, which showed no change, and S1P and VEGF controls which increased and
decreased TEER, respectively[16]. Subsequently, TEER values gradually declined
post-treatment in HBMVEC monolayers. A similar trend in TEER was observed in the
mouse brain endothelial cell line, bEnd 3, although the kinetics was somewhat
different (Fig 2.2.B). These studies clearly indicate that human brain endothelial cells
are capable of responding to AR modulation and that activation of the A2A receptor

decreases brain endothelial paracellular permeability.

To further evaluate the effects of AR activation on human brain endothelial
cell permeability, we generated an in vitro human BBB (hBBB) model, to examine the
passage of high molecular weight Dextrans. 10 kDa FITC-Dextran concentration in
bottom chamber increased in a time dependent manner up to 90 minutes after NECA
treatment in hBBB (Fig 2.2.C). NECA’s effect on increased permeability was
significantly abrogated at 60 and 90 minutes when SCH58261 was concomitantly
treated which is an A2A AR specific antagonist. This suggested that the A2A AR
activation has an important role in increase the permeability of hBBB. However,

Lexiscan did not increase permeability to FITC-Dextran over the 30-90 minutes time
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Figure 2.2.
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Figure 2.2. AR agonists increased trans-endothelial electrical resistance and

endothelial cell permeability to passage of 10 kDa FITC-Dextran.

(A) Measurement of trans-endothelial electrical resistance (TEER) in primary human
brain endothelial cells (HBMVEC) treated with AR agonists, Lexiscan or NECA or
VEGF and SIP as positive and negative controls respectively, and vehicle (control).
TEER measurement in primary human brain endothelial cell monolayer (HBMVEC)
Data represents mean + s.e.m. (n=3, + (S1P), § (VEGF), * (Lexiscan), # (NECA)
indicate p<0.05 by two-tailed student t-test). (B) TEER measurement in mouse brain
endothelial cell monolayer (bEnd 3) after treatment with AR agonists. Data represents
mean + s.e.m. (n=3, + (S1P), T (VEGF), * (Lexiscan), # (NECA) indicate p<0.05 by
two-tailed student t-test). (C) FITC-Dextran extravasation through primary human
brain endothelial cell monolayer in the presence of Lexiscan, NECA or NECA and
SCH58261 at 30, 60, 90 minutes. Data represents mean + s.e.m. (n=3, * p<0.05, **
p<0.01, *** p<0.001 two-way ANOVA with Bonferroni multiple comparison test).
(D) Early time course measurement of FITC extravasation by Lexiscan. Data
represents mean = s.e.m. (n=3, * p<0.05, ** p<0.01, *** p<0.001 by two-way
ANOVA with Bonferroni multiple comparison test). (E) 10 kDa FITC-Dextran
extravasation in the presence of Lexiscan or NECA in mouse brain endothelial cell
monolayer. Data represents mean * s.e.m. (n=3, * p<0.05, ** p<0.01, two-way

ANOVA with Bonferroni multiple comparison test).
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course. We then examined earlier time points as we observed that Lexiscan decreased
TEER within 5 minutes (Fig 2.2.A). Indeed, by 10 minutes, Lexiscan induced a robust
increase in FITC-Dextran extravasation across hBBB, which declined by 30 minutes
(Fig 2.2. D). These collective data indicate that A2A AR activation by Lexiscan
causes a rapid and potent increase in hBBB permeability which is followed by a rapid
reversal. NECA, by contrast, showed a more gradual reversal in hBBB permeability.
These properties were similarly observed in mouse brain endothelial cells (Fig 2.2.E).
These data are the first to demonstrate the effects of an FDA-approved A2A AR
agonist in primary human brain endothelial cell permeability which has strong

translational potential for drug delivery.

A2A AR signaling promotes paracellular trans-endothelial migration of T cells

across an in vitro human primary BBB.

Transendothelial-migration (TEM) of leukocytes across the BBB occurs by
transcellular or paracellular routes[18-19]. We investigated whether activation of A2A
AR has any impact on paracellular versus transcellular TEM of leukocytes across
hBBB. Lexiscan (1 uM) increased Jurkat T cell TEM up to 3-fold more than controls
by 1 hr and up to 5-fold by 24 hrs (Fig 2.3.A). NECA increased Jurkat T cell TEM by
24 hrs (Fig 2.3.A). To determine whether TEM of these T cells occurred by
transcellular and/or paracellular routes, we treated monolayers of primary human brain
endothelial cells plated on coverslips with Lexiscan or NECA. Subsequently, Jurkat T

cells were plated on endothelial cells monolayer and projections of Jurkat T cells
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undergoing paracellular diapedesis were determined by the disruption of junctional
VE-Cadherin and the formation of paracellular gaps between adjacent endothelial cells
(Fig 2.3.B). Confocal microscopic analysis showed that treatment with Lexiscan or
NECA promoted primarily paracellular diapedesis of Jurkat T cells (Fig 2.3.B and C).
This was in stark contrast to controls and to previous studies showing that leukocytes
undergo TEM across the brain endothelium by both paracellular and transcellular
TEM [18-19]. These data indicate that activation of A2A AR preferentially promotes

paracellular TEM.

A2A AR activation induces rapid increase in RhoA activity and stress fiber

formation in human brain endothelial cells.

Actin-cytoskeletal reorganization is tightly regulated by RhoA[20-23], which
is a family of small GTPases activated by G-protein coupled receptor signaling,
including ARs[14, 24]. Activation of A2A AR stimulates increase in cyclic
adenosine monophosphate (CAMP)[12], which increases RhoA activity[25]. We
measured intracellular cAMP activity upon AR activation in primary human brain
endothelial cells and observed that Lexiscan induced a rapid increase in cAMP
within 1 minute which decreased within 5 minutes and was back to baseline levels by
15 minutes. By contrast, NECA induced a more gradual and modest increase in
CAMP that declined by 15 minutes (Fig 2.4.A). Thus, the kinetics of CAMP levels in

primary brain endothelial cells demonstrates Lexiscan’s is rapid and robust, while
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Figure 2.3. AR signaling increases transendothelial migration (TEM) of Jurkat T cells

and promotes paracellular TEM across human primary brain endothelial cell barrier.

(A) Transendothelial migration (TEM) of Jurkat T cells across primary human in vitro BBB in
the presence of varying concentrations (0.1 or 1 uM) of Lexiscan or NECA treatment. TEM of
T cell migration was analyzed at 1 hr and 24 hours. Data represents mean + s.e.m. (**
indicates where p<0.01, two tailed student t-test). (B) IFA analysis of Jurkat T cells in the
process of TEM across a human primary in vitro BBB after treatment with AR agonists,
Lexiscan or NECA. After treatment with 1uM of Lexiscan or NECA for 2 hours on primary
human brain enoothelial cells, cells were washed and 2x10° of Jurkat cells were plated on the
endothelial cells for 5 minutes and samples were fixed with 4% paraformaldehyde (PFA). F-
actin was stained with AF568 conjugated phalloidin (Red) and VE-Cadherin was stained with
anti VE-Cadherin antibody (Green). Nucleus was counter stained with DAPI (Blue). Arrows
indicate the nucleus of Jurkat T cells in the migratory process. Arrow heads indicate the
disrupted junctional spaces between endothelial cells. Scale bar indicates 50 um. (C)
Quantification of T Jurkat cells in the process of paracellular or transcellular TEM across on in
vitro human primary BBB after treatment with Lexiscan or NECA. Data represents mean +
s.e.m. (** indicates where p<0.01, two tailed student t-test). NECA’s is gradual. This profile is

consistent with TEER (Fig 2.2. A), and BBB permeability induction (Figure 2.2. C and D).
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Figure 2.4. A2A AR signaling activates RhoA in human brain endothelial cells and

induces stress fiber formation.

(A) Changes in the level of cyclic AMP (cAMP) by Lexiscan or NECA were
determined in human brain endothelial cells. Intracellular cAMP levels in primary human
brain endothelial cells were measured using a CAMP screening kit (Applied biosystems) after
treatment with 1 uM of Lexiscan or NECA. 1 uM of Forskolin (FSK) was used as a positive
control. (B) RhoA pull down assay performed in HBMVEC, or primary human brain
endothelial cells with Lexiscan and NECA stimulation up to 15 minutes. M indicates media
only control. (C) Densitometric analysis of western blot data from (B). The band intensity
from each treatment group was divided by that of control group from each time point. (D and
E) Western blot analysis of active RhoA levels using a pull down assay performed in the
human brain endothelial cell line. HCMEC D3 cells lysates were activated with Lexiscan (D),
or NECA (E). M indicates media only control. (F) Densitometric analysis of western blot data
from (D) and (E). Intensity of band from treated group was divided by that of control group
from each time point. (G) IFA analysis of stress fiber formation by Lexiscan and NECA
treatment in HBMVEC which was visualized with AF568 conjugated phalloidin (Red).
Nucleus was counterstained with DAPI (Blue). Induction of stress fiber formation was

determined up to 30 minutes. Scale bar indicates 50 um.
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To determine the effect of AR activation on RhoA activity, we performed a RhoA pull
down assay using primary human brain endothelial cells and human brain endothelial
cell line (HCMEC-D3). In primary human brain endothelial cells, RhoA activity
increased rapidly by both Lexiscan and NECA compared to DMSO control (Fig 2.4.B
and C). Lexiscan increased RhoA activity within 1 minute, which began to decline
after 5 minutes, whereas NECA treatment induced RhoA activity by 5 minutes and it
was maintained up to 15 minutes post-NECA treatment (Fig 2.4.B and C). This
suggests that the kinetics of cAMP levels in primary brain endothelial cells by
Lexiscan and NECA activation follows a similar trend in RhoA activity. Similarly, in
HCMEC-D3 cells, Lexiscan induced a rapid increase in RhoA activity within 5
minutes and it peaked at 30 minutes, and declined by 60 minutes in HCMEC-D3 cells
(Fig 2.4. D and F). By contrast, NECA induced a modest increase in RhoA activity
within 15 minutes and it began to decrease thereafter up to 60 minutes (Fig 2.4.E and
F). As the activity of RhoA is directly correlated to stress fiber formation that is
coupled with BBB permeability[21], we performed immunofluorescence assay (IFA)
to visualize F-actin formation using AF568-conjugated phalloidin (Fig 2.4.G).
Lexiscan induced abrupt and rapid stress fiber formation that was maintained up to 15
minutes. In contrast, NECA’s formation of stress fibers was maintained up to 30
minutes. Also, more rapid incereases of RhoA activity and F-actin by Lexiscan may
explain the rapid increase in the permeability to FITC-Dextran (Figure 4.2.D). These
data suggest that activation of A2A AR, either by Lexiscan, or NECA, induced
changes in human brain endothelial cells that is consistent with changes in hBBB

permeability. Importantly, this permeability in hBBB is reversible. It suggests that the
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kinetics of AR activation/de-activation window on BBB endothelial cells can be

exploited for drug delivery to the brain.

Signaling through A2A AR down-modulates phosphorylation of focal adhesion in

primary human brain endothelial cells.

Focal adhesion is critical in maintaining brain endothelial cells monolayer
resistance [26-27]. We next determined the effect of A2A AR activation in
phosphorylation of focal adhesion proteins. In primary human brain endothelial cells,
the level of phosphorylated Ezrin-Radixin-Moesin (ERM) was transiently decreased
by Lexiscan, increased by 15 minutes and decreased again at 30 minutes. In contrast,
phosphorylation of focal adhesion kinase (FAK), which is another representative focal
adhesion molecule, gradually decreased up to 30 minutes (Fig 2.5.A and B). This
indicates that Lexiscan treatment decreased focal adhesion over a short time frame
followed by rapid recovery. However, NECA increased phosphorylated ERM, which
was maintained for up to 60 minutes after which it decreased by 120 min. Meanwhile,
phosphorylated FAK began to decrease at 60 minutes (Fig 2.5.C and D). These results
indicate that the phosphorylation of ERM and FAK Kkinetics correlates with the
increased permeability window of Lexiscan and NECA observed in primary human
brain endothelial cells (Fig 2.2.C and D). Similar kinetics was observed in HCMEC-
D3 cells, which showed that phosphorylated ERM decreased very rapidly after
Lexiscan treatment (within 5 minutes), and this decrease was maintained up to 60

minutes (Fig 2.5.E and F). By contrast, NECA increased rapid phosphorylation of
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Figure 2.5. Activation of A2A AR decreases the focal adhesion activity of human brain
endothelial cell mediated by decrease in phosphorylation of ERM and focal adhesion

kinase.

(A) Western blot on phosphorylated ERM (p-ERM) and phosphorylated focal
adhesion kinase (p-FAK) were performed in Lexiscan treated primary human brain endothelial
cells (HBMVEC) upto 30 minutes. (B) Intensity of the band of phosphorylated form was
divided by that of total protein to obtain the ratio. Ratio from treated group was normalized by
GAPDH and was divided by the value of control group at each time point (from A) and plotted
as graph. (C) Western blot analysis of p-ERM, p-FAK were performed in NECA treated
HBMVEC upto 120 minutes. (D) Intensity of the band of phosphorylated form was divided by
that of total protein to obtain the ratio. Ratio from treated group was normalized by GAPDH
and was divided by the value of control group at each time point (from C) and plotted as graph.
(E) Western blot analysis of p-ERM in Lexiscan treated HCMEC-D3 cells up to 60 minutes.
(F) Intensity of the band of phosphorylated form was divided by that of total protein to obtain
the ratio. Normalized ratio by GAPDH from treated group was divided by that of control
group at each time point (from E) and plotted as graph. (G) Western blot analysis of p-ERM
in NECA treated HCMEC D3 cells up to 120 minutes. (H) Intensity of the band of
phosphorylated form was divided by that of total protein to obtain the ratio. Normalized ratio
by GAPDH from treated group was divided by that of control group at each time point (from

G) and plotted as graph. In all images M indicates media only control.
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ERM that was maintained up to 60 minutes, and began to decrease thereafter (up to
120 minutes) (Fig 2.5.G and H). These data suggest that stimulation of A2A AR
caused suppression of micro-adhesion between human brain endothelial cells and their

matrix.

Activation of A2A AR disrupts tight and adherens junctional molecules, increases
the permeability of chemotherapeutic agents and induces glioblastoma cell death

in human brain endothelial cell monolayer.

Claudin-5[28] and vascular endothelial (VE)-Cadherin[29-30], play a major
role in formation of vascular network and is necessary for endothelial barrier integrity.
We examined the effect of AR signaling on the expression level and/or distribution of
VE-Cadherin and Claudin-5 in our human and mouse brain endothelial cell
monolayers. In primary human brain endothelial cells, Lexiscan decreased VE-
Cadherin expression within 1 minute. It was maintained up to 15 minutes, recovered
rapidly by 30 minutes, and lasted up to 90 minutes. The expression level of Claudin-5
gradually decreased up to 30 minutes after Lexiscan treatment (Fig 2.6.A and B).
Similar kinetics of VE-Cadherin expression was observed with NECA treatment (Fig
2.6.C and D). In fact, NECA caused a dramatic decline in VE-Cadherin that lasted for
60 minutes and was recovered by 90 minutes. Claudin-5 expression also gradually

decreased over 2 hrs with NECA.

In mouse brain endothelial monolayer (bEnd 3 cells), Lexiscan down-regulated

VE-cadherin expression in a time dependent manner, from 30 minutes to 1 hr, after
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Figure 2.6. Activation of A2A AR decreases expression level of tight and adherens

junction molecules in human and mouse brain endothelial cell.

(A-D) Western blot result of VE-Cadherin and Claudin 5 in primary human brain
endothelial cells with Lexiscan and NECA activation. (A and B) Western blot analysis of
Claudin-5 and VE-Cadherin was performed on the HBMVEC cells treated with Lexiscan upto
30 minutes (A). Normalized intensity of band by GAPDH from treated group was divided by
that of control group at each time point and plotted as graph (B). (C and D) Western blot on
Claudin-5 and VE-Cadherin was performed on the HBMVEC cells treated with NECA upto
120 minutes (C). Normalized intensity of band by GAPDH from treated group was divided by
that of control group at each time point and plotted as graph (D). (E-H) Western blot analysis
of Claudin-5 and VE-Cadherin levels in mouse brain endothelial cell line (bEnd3). (E and F)
Western blot analysis of Claudin-5 and VE-Cadherin was performed on the bEnd 3 cells
treated with Lexiscan upto 4 hours (E). Normalized intensity of band by GAPDH from treated
group was divided by that of control group at each time point and plotted as graph (F). (G and
H) Western blot on Claudin-5 and VE-Cadherin was performed on the bEnd 3 cells treated
with NECA upto 4 hours (G). Normalized intensity of band by GAPDH from treated group
was divided by that of control group at each time point and plotted as graph (H). In all western

blot images M indicates media only control.
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which it increased to baseline levels and was maintained steadily up to 4 hrs (Fig 2.6.E
and F). In contrast to VE-cadherin, Lexiscan induced a transient increase in Claudin-5,
which returned to baseline and remained at steady state up to 4 hours (Fig 2.6.E and F).
NECA treatment decreased VE-Cadherin levels after 2 hrs, which is much later than
Lexiscan, with a gradual return to baseline levels by 4 hrs. Claudin-5 expression was
gradually decreased after 1 hr with significant decrease by 4 hrs after NECA treatment
(Fig 2.6.G and H). This is in striking contrast to Lexiscan which induced a rapid and
robust decrease in VE-cadherin levels but had minimal effect on Claudin-5. This
indicates that the expression level of adherens junction molecules, is decreased by
both Lexiscan and NECA, but Lexiscan’s effect is more potent and occurs much
earlier than NECA’s. Thus in mouse brain endothelial cells, A2A AR specific agonist

Lexiscan, exerts its effect specifically through down-regulation of VE-Cadherin.

IFA analysis showed that treatment with Lexiscan or NECA caused junctional
disruption of VE-Cadherin (Fig 2.7.A and B).We also confirmed that VE-Cadherin
disruption was mediated by A2A AR, as a specific A2A AR antagonist, SCH58261,
concomitant with NECA treatment inhibited NECA’s effects (Fig 2.7.A and B, 5 and
30 minutes post-treatment, respectively). This indicates that the window of increased
permeability to polymerized Dextran observed in primary brain endothelial cells by
Lexiscan (up to 30 minutes) and NECA (30-90 minutes) (Fig 2.2.C and D) matches
the window of VE-Cadherin and phosphorylated focal adhesion molecules down-

regulation (Figure 2.6.F and H).
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Figure 2.7. Activation of A2A AR disrupts adherens junction molecules in primary
human brain endothelial cell and increases the permeability to chemotherapeutics,

Gemcitabine.

(A and B) IFA of VE-cadherin (Green) and F-actin (Red) in HBMVEC cells 5 and 30
minutes post-treatment with Lexiscan and NECA. Additionally, NECA was treated
concomitantly with SCH58261 which is A2A specific antagonist. Arrows indicate the
disrupted junction formation. Nucleus was counterstained with DAPI (Blue). Scale bar
indicates 25 um. (C and D) AR agonists increase the permeability to chemotherapeutics,
Gemcitabine, in primary human brain endothelial monolayer. Changes in permeability to the
chemotherapeutic drug, Gemcitabine, after AR activation was determined using primary
human brain endothelial cell monolayer. Donor chamber was treated with Gemcitabine (Gem)
(20 ug/ml) for 5, 15, 30, 60 minutes with or without 1uM of Lexiscan or NECA and donor
chambers were removed. Receiver chambers on which the YFP-transfected human
glioblastoma cells (U251) were cultured and further incubated for 96 hrs and cell viability was
measured by the relative intensity of YFP signal compared to untreated YFP-U251 (n=3).
Lexiscan or NECA only treatment group was also set as control to test its effect on glioma cell
viability (n=3). Data represents mean + s.e.m. (* indicates where p<0.05, two tailed student t-
test). (E) Selective A2A AR agonist Lexiscan increases the permeability of the BBB to 10 kDa
FITC-Dextran in mice. Lexiscan (0.05 mg/kg) was intravenously administered concomitantly
with 10 kDa FITC-Dextran and perfused with ice-cold PBS at different time point (n=10).
Brain was collected and processed for analysis of FITC-Dextran concentration using fluometry
(** indicates where p<0.01, two tailed student t-test). Graph from Figure 2D showing the

effect of Lexiscan on hBBB permeability to 10 kDa FITC-Dextran was juxtaposed as inset for
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comparison. Arrows indicate the time point with maximal FITC-Dextran concentration from
two different graphs. (F) Adenosine increases the peremeability of the BBB to 10 kDa FITC-
Dextran in mice. Adenosine was intravenously administered three times (0.138 mg/kg, 20
seconds apart) concomitantly with 10 kDa Dextran and perfused with ice cold PBS at 1 minute
after treatment (n=2). Brain was collected and processed for analysis of FITC-Dextran

concentration using fluometry (* indicates where p<0.05, two tailed student t-test).
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Glioblastoma multiforme (GBM) is an aggressive type of brain tumors whose
treatment is limited by the BBB that blocks the entry of chemotherapeutic agents into
the brain[1, 31]. We next determined whether AR activation could increase the
permeability of hBBB to the chemotherapeutic drug, Gemcitabine which is effective
in killing GBM (in vitro) but does not cross the BBB. Both Lexiscan and NECA
decreased glioblastoma cell viability from 30 to 60 minutes. This is compared to
DMSO that did not induce any changes in glioblastoma cell viability. Further, we
tested the effect of Lexiscan or NECA without Gemcitabine on the glioblastoma
viability and we did not observe any significant effect. (Fig 2.7.C and D). Based on
this result, we speculate that the decrease in glioblastoma cell viability observed by
Lexiscan and NECA s attributed to increased hBBB permeability to Gemcitabine at

the indicated time points.

To determine whether the kinetics of Lexiscan modulation of the human BBB
coincides with in vivo BBB permeability, we treated mice with 10 kDa FITC dextran
in the presence or absence of Lexiscan (Figure 2.7.E). We observed that Lexiscan
treated mice has significantly more FITC-Dextran in their brains compared to vehicle
treated controls. Moreover, the Kinetics of dextran entry in to the brain closely
correlates with the kinetics of Lexiscan modulation of the in vitro human BBB
permeability. We next tested the hypothesis that adenosine (with a half-life of 8-10
sec) is an endogenous modulator of BBB permeability that signals the recruitment of
substances to sites of damage or inflammation (Figure 2.7.F). We treated mice with
FITC-Dextran with or without adenosine for 1 minute in a triple-injection manner (20

seconds apart). Adenosine treatment increased FITC-Dextran in the brain up to 4 times
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more than vehicle treated animals. Because adenosine, like other purines, are danger
signaling molecules, these findings suggest that adenosine signaling at the BBB may
signal the recruitment of substances (cells and or molecules) into the brain under

conditions of inflammation or injury.
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2.5. Discussion

Drug delivery to the brain is one of the most challenging factors facing drug
development for CNS diseases [1, 4, 6]. Many efficacious drug candidates are
developed against neurological diseases but most are dropped from the pipeline
because they cannot cross the BBB to effectively treat diseases of the brain. To
circumvent this hurdle, a variety of approaches are used to make access to the brain
easier. These range from modification of drug properties to invasive delivery methods
[4]. Our goal in this study was to determine whether human brain endothelial cells
have the capacity to be permeabilized upon AR activation and to reveal the molecular
mechanism behind the increased BBB permeability. Also, we hoped to evaluate the
potential applicability of Lexiscan, which is an FDA-approved A2A AR agonist to
permeabilize human brain endothelial barrier cells and increase drug delivery to the
brain for treatment of neurological diseases. We used primary human brain endothelial
cells and a human brain endothelial cell line (HCMEC-D3) as in vitro models for
human BBB. We established that human brain endothelial cells highly and abundantly
express CD73, which produces extracellular adenosine and express the A2A AR. Our
findings indicate that not only do human brain endothelial cells have the capability to
produce and respond to adenosine, but that activation of the A2A AR, Lexiscan or
NECA potently permeabilize the in vitro human BBB. Importantly, the increase in
BBB permeability upon A2A AR activation is rapid and reversible, two key

components that are critical for patients’ safety.
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Activation of A2A AR induces a rapid increase in RhoA activity and actin
stress fiber formation [16, 32]. Also, upon AR activation, focal adhesion, which
enhances micro attachment between endothelial cells and their extracellular matrix,
decreases as the phosphorylation of ERM decreases [26]. Although we did not directly
test the relationship between changes in the phosphorylation level of focal adhesion
molecules and endothelial monolayer permeability, we speculate that these changes
possibly might be important factors affecting endothelial permeability as the Kkinetics
of phosphorylation level matches with kinetics of permeability. Also, we observed
rapid decrease of VE-Cadherin and Claudin-5 after Lexiscan treatment, while NECA
induced a more gradual decrease in their expression. Thus, increased RhoA activity,
and induction of stress fiber formation, is consistent with decreased TEER, increased
extravazation of polymerized Dextran and increased T cell TEM across our in vitro
human brain endothelial barriers in the presence of both Lexiscan and NECA
treatment. Most striking was A2A AR signaling promoted exclusively paracellular
TEM. This is notable as most studies show that leukocyte migration into the CNS or in
vitro BBB models occur by both paracellular and transcellular pathways [18-19]. Thus,
in vivo paracellular TEM under physiological conditions may be mediated by AR
signaling. As proof of principle that AR stimulation permeabilizes human brain
endothelial barrier cells, we determined the effect of BBB permeability to
Gemcitabine extravasation on glioblastoma viability. Gemcitabine is one of few
chemotherapeutic drugs that kill glioblastomas but it does not cross the BBB.
Consistent with the kinetics of BBB permeability induced by AR activation, we

observed time-dependent cell death of glioblastoma cells. We attributed this to be due
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to the increased permeability window, increasing Gemcitabine concentration in the
lower transwell chamber with glioblastoma cells. We further determined that Lexiscan
permeabilized the BBB in mice with very similar kinetics observed in the human in
vitro BBB model. Finally, we showed that despite the extremely short half life of
adenosine which lasts about 10 seconds, also significantly permeabilized the BBB to
FITC-Dextran in 1 minute. Taken together, we propose that adenosine modulation of
the BBB is an endogenous mechanism developed in response to stress, to recruit
substances to sites of inflammation or injury. This suggests that modulation of human

BBB by AR signaling may be a viable tool for the delivery of therapeutics to the brain.

These studies are the first to investigate A2A AR signaling in human primary
brain endothelial cells. Moreover, they are the first to utilize an FDA-approved AR
agonist and demonstrate its function in human primary brain endothelial cell function.
They make use of an endogenous mechanism for BBB control and they demonstrate
the potential for precise, time dependent modulation of BBB permeability. These
results strongly suggest that modulation of A2A AR, is a potential target for delivery
of therapeutic drugs to the brain, or the delivery of stem cells in treatment of a wide

range of neurological diseases including brain tumors, Alzheimer’s or HIV-AIDS.
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Chapter 3

A2A adenosine receptor signaling modulates the
trans-cellular permeability of the blood brain
barrier by regulating the multi-drug resistant

protein, P-glycoprotein expression.
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3.1. Abstract

The blood brain barrier (BBB) is critically important to protect the brain from
toxic insults from the peripheral circulation and to maintain normal brain physiology.
However the BBB poses a tremendous hurdle for drug delivery to the central nervous
system (CNS) to treat diseases such as brain cancer and neurodegenerative diseases
such as Alzheimer’s. The drug transporter, P-glycoprotein (P-gp), is highly expressed
on brain endothelial cells and blocks the entry of most drugs delivered to the brain. In
this study, we set out to determine whether adenosine signaling mediated by the A2A
adenosine receptor (AR) can alter the function of the efflux transporter, P-gp and
hence mediate transcellular permeability of the BBB. In human primary brain
endothelial cells and a human brain endothelial cell line, which we used as as in vitro
BBB models, we demonstrated that activation of the A2A AR with an FDA-approved
A2AAR agonist, Lexiscan, rapidly and potently decreased P-gp expression and
function in a time-dependent and reversible manner. In addition, a broad-spectrum AR
agonist NECA, also decreased P-gp expression and function albeit at slower Kinetics
than Lexiscan. We showed that the downregulation of P-gp expression/function
coincides exquisitely with the accumulation of a chemotherapeutic drug, Epirubicin in
the brains of wild type mice. Based on these data, we propose that activation of A2A
AR on BBB endothelial cells offers a kinetic window for drug delivery to the brain in
a relatively safe manner. We propose that AR-mediated signaling at the BBB is an
endogenous mechanism designed to transiently open the BBB to deliver substances to

the CNS during CNS stress and damage. We believe this study would potentially open
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the door to studies on AR modulation of the BBB to deliver drugs into the brain to

treat diseases such as brain cancers and Alzheimer’s.
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3.2. Introduction

The brain is one of the most vascularized organs in the body. This high
vascularity enables the efficient and constant supply of oxygen and nutrients from the
peripheral circulation to the brain to maintain its proper function [1-2]. The brain
vasculature is lined by a single layer of specialized endothelial cells that provide a
physical barrier against entry of unwanted substances from the circulation. In addition,
tight and adherens junction molecules seal the spaces between adjacent endothelial
cells generating even greater resistance. This physical separation by endothelial cells
and junction molecules forms the blood brain barrier (BBB). The BBB is insulated
with extracellular matrix proteins, pericytes and astrocytic end-feet processes, creating
stability, insulation and extremely high resistance and together they are referred to as
the neurovascular unit (NVU) [2-3]. In addition to providing a physical barrier, brain
endothelial cells are equipped with efflux and influx transporters and receptors. These
influx and efflux proteins are also expressed on astrocytic endfeet processes and thus
selectively regulate the entry of substances into the brain [3]. The high resistance of
the BBB does not allow the entry of molecules larger than 450 Da to cross the BBB.
This is critical limit entry of harmful substances including infectious agents and toxins,
and to maintain the complex brain physiology and strict ionic environment [2, 4].

However, while the protection provided by the BBB is essential to the health
of the host, it hampers the delivery of drugs into the brain to treat neurological
disorders such as Alzheimer’s Disease (AD) or primary brain cancers [5-6]. Many

available drugs with the potential to treat these diseases are not effectively delivered to
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the brain due to the physical hindrance and efflux transporters imposed by the BBB.
There have been numerous attempts to overcome the hindrance of drug delivery by the
BBB which include physical disruption of the BBB, drug modification, and intrathecal
injection of drugs into the brain [7-10]. However, these approaches have suffered from
shortcomings including toxicity, decreased drug efficacy, and invasiveness that can
result in brain damage.

Cells and soluble factors cross the BBB through the paracellular or
transcellular pathways [11-12]. Passage across the paracellular pathway disrupts cell-
to-cell junction to gain access to the brain. On the other hand, the transcellular
pathway is mediated through transporters highly expressed on the luminal side of
brain endothelial cells that allows for selective entry of molecules into the brain while
maintaining normal brain physiology [12-13]. However, multidrug resistant (MDR)
transporters, especially drug efflux transporters, are highly expressed in brain
endothelial cells and hinder the effective delivery of drugs into the CNS [5, 9, 14].
One of the most widely known drug transporter expressed in brain endothelial cells is
P-glycoprotein (P-gp) [15-16]. P-gp was first observed and described in drug-resistant
cancer cells that highly express it. In breast cancer cells, P-gp prevents effective
chemotherapeutic treatment by blocking chemotherapeutic drug uptake [17-19]. Later
studies showed that P-gp is also highly expressed on capillaries of liver, sex organs,
and the brain and is involved in expulsion of xenobiotics from the CNS [20-23]. P-gp
is composed of two ATP binding cassettes (ABC) and two trans-membrane domains.
The drug binding pocket of P-gp is non-specific and this allows for a broad spectrum

of drugs as substrates [24-26]. Many drugs developed for treatment of brain disorders
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are largely classified as P-gp substrates thus, significant efforts are placed on
developing methods to bypass the hindrance posed by P-gp [27-29]. Recent studies
from our lab showed AR signaling regulates the permeability of the BBB [30-31].
Adenosine is a purine nucleoside that functions as an important local signaling
molecule, and is involved in various physiological functions including
neurotransmission, cardiac pace, and immune regulation [32-34]. Extracellular
adenosine is generated by conversion of adenosine triphosphate (ATP) into adenosine
di- and mono phosphates (ADP and AMP) by nucleoside triphosphate
diphosphohydrolase-1 (CD39), and AMP is further converted into adenosine by the
action of 5’-Ecto-nucleotidase (CD73). Extracellular adenosine mediates its action
through its four receptors, A1, A2a, A2b, and A3. ARs are 7-transmembrane G-protein
coupled receptors that are widely distributed on various cell types in the body and
their activation induce changes in the level of second messenger signaling including
Ca®" or cyclic AMP (cAMP) [34-36]. In our previous study, we showed that mice
lacking CD73 and are unable to synthesize extracellular adenosine have tighter BBBs
and are protected from experimental allergic encephalitis (EAE), the animal model for
multiple sclerosis [37-38]. More recently, we showed that activation of A2A AR with
a broad spectrum AR agonist or an FDA-approved specific A2A AR agonist, Lexiscan,
increased accumulation of drugs into the brain in a time- and dose-dependent, manner
[31]. BBB opening under AR signaling was reversible. We showed that the duration
of BBB permeability was dependent on the half life of the AR agonist. In our recent
work, we showed that activation of AR signaling exerted its effects on the paracellular

pathway by altering VE-Cadherin and Claudin-5 expression to promote BBB
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permeability in human primary brain endothelial cells. We demonstrated that
activation of AR signaling with Lexiscan or NECA mediated BBB permeability by
RhoGTPase modulation [30].

In this study, we wish to determine whether activation of AR signaling exerts
its effects on the transcellular pathway by way of P-gp modulation. We hypothesized
that AR-mediated signaling may increase trans-cellular permeability of the BBB by
down-regulating P-gp. To test our hypothesis, we used the FDA-approved A2A AR
agonist Lexiscan or the broad spectrum AR agonist NECA to determine the impact of
A2A AR activation on P-gp expression and function. We observed that activation of
the A2A AR by Lexiscan, or NECA downregulates the expression level of P-gp in
primary mouse and human brain endothelial cells. P-gp expression was downregulated
by A2A AR signaling, and this downregulation coincided with increased accumulation
of Rhodamine 123 (Rho123), a classical P-gp substrate. Further, we observed that
A2A AR activation by Lexiscan increased accumulation of the P-gp substrate,
Epirubicin, in the mouse brain in a rapid and reversible manner. NECA also increased
the accumulation of Epirubicin which was observed at later time points. These data
strongly suggest that A2A AR signaling potently increases the trans-cellular
permeability of BBB endothelial cells. We anticipate that these studies in the future
could exert a high impact in the field of drug delivery to the brain to treat

neurodegenerative diseases.
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3.3. Materials and Methods

Cells and materials

Human Brain Endothelial Cell (HCMEC-D3) was kindly provided by Dr.
Weksler in Weill Medical Center (New York, NY). Primary human brain endothelial
cells were purchased from cell sciences. Lexiscan (A2a specific agonist) was
purchased from Toronto research chemicals. Rhodamine 123 was purchased from
Sigma-Aldrich. Epirubicin, PSC 833, Verapramil, NECA was purchased from Tocris.
Lexiscan was purchased from Toronto Chemicals. Anti-CD31 antibody was purchased
from R&D bioscience. P-glycoprotein and C219 antibody was purchased from genetex.
Ubiquitin and GAPDH antibodies were purchased from cell signaling technology.
Mouse anti-Caveolin 1 antibody was kindly provided by Dr. Gary Whittaker from

College of veterinary medicine in Cornell University (Ithaca, NY).

Mouse Primary Brain Endothelial Cell Culture

Mouse was sacrificed under the IACUC protocol of College of Veterinary
Medicine in Cornell University. Meninges of brain were removed and ground using
plunger and centrifuged at X 3,000 g for 5 mins. Obtained pellet was dissolved in
18 % dextran and centrifuged at X 10000 g for 10 mins and digested with DMEM
containing collagenase, DNAse, Dispase at 37°C for 75 mins. Sample was centrifuged
for 5 mins at X 3200 g and the pellet was washed with warm PBS. Pellet was
resuspended in DMEM/F12 with puromycin, heparin, 20 % PDS, L-glutamine and

plated onto the proper plate.
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Subcellular localization analysis of P-glycoprotein in brain endothelial cells

To analyze the subcellular localization of P-glycoprotein in the HCMEC-D3
and primary brain endothelial cells, we plated cells on the coverslip and fixed with
PFA for 20 mins. Cells were washed with 0.5 % BSA two times and incubated with
5% goat serum for 45 mins. Cell was incubated with 1:200 anti P-glycoprotein (BD-
bioscience) for overnight. Coverslip was washed two times and incubated with anti-
mouse secondary antibody conjugated with AF 647 for 1 hr. Cell surface and was
stained with AF 568 Wheat Germ Agglutinin (WGA, invitrogen, 1:200) or anti-
CD31(R&D bioscience, 1:200). For co-staining for caveolae, cells were stained with

mouse anti-caveolin 1 (BD bioscience, 1:200)

Immunoprecipitation assay

4G Sepharose beads were purchased from Invitrogen and incubated with
human P-glycoprotein antibody (BD-bioscience) for overnight at 4'C using rocking
shaker. Beads were washed with using lysis buffer containing protease inhibitor for
two times and lysates from primary brain endothelial cells were incubated for
overnight at 4'C using rocking shaker. Samples were spun down at 4,000 G for 2
minutes and washed with lysis buffer containing protease inhibitor for 3 times.
Samples were eluted with 0.1 M glycine (pH 2.8) and the eluent was mixed with
sample buffer which was loaded on the 10 % SDS-PAGE gel run for 2 hrs at 100 V

and subsequently transferred to nitrocellulose paper for western blot analysis.
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Western Blot

HCMEC-D3 and HBMVEC cells were plated in 12 well plates and were
grown until it reached 100 % confluency. The media was replaced with fresh media
containing 1 uM of lexiscan or NECA with proper vehicle control (DMSO) for upto
72 hrs. Cell was lysed by lysis buffer containing protease inhibitor cocktail and stored
for later use (-70’C). For brain samples, half of the brain was homogenized and lysed
with lysis buffer and centrifuged at 12,000 rpm for 20 minutes and 1:10 diluted
samples were used for analysis. Sample was loaded on 7 % SDS PAGE at 100 V for 1
hr and transferred to the nitrocellulose paper. It was blocked with 1 % BSA and
incubated with anti-P-glycoprotein antibody (Genetex, 1:2000) for overnight.
Subsequently it was washed with TBST and incubated with anti-Rabbit secondary
antibody (1:2000) for 1 hr. It was washed with TBST and developed with ECL
substrate and exposed to X-ray film. Anti- GAPDH antibody was used as loading
control. The intensity of band was analyzed with densitometric analysis and plotted as

graph for analysis of time course effect of AR signaling on P-glycoprotein expression.

Rho123 uptake assay

Human brain endothelial cells and primary brain endothelial cells were
plated onto 48 well plate until it reached 100% confluency and the media was replaced
with fresh media containing different concentration of lexiscan or NECA containing
Rho123 (2.5uM) with DMSO control upto 4 hrs (n=4). Reaction was terminated by
adding 250 ul of ice-cold PBS. Plate was washed with 250 ul of ice-cold PBS for 3

times and lysed with lysis buffer. Each sample was analyzed using Fluometer (Biotek)
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with excitation at 488 nm and emission at 523 nm. For microscopic analysis of
Rhodmaine 123 uptake, cells were cultured on coverslip and sae concentration of
Rho123 was treated with or without Lexiscan or NECA wit DSMO control. Reaction
was terminated by adding ice-cold PBS and washed with ice-cold PBS for 3 times.
Cells were fixed with PFA and co-stained with anti-human P-glycoprotein. Cells were

visualized with Zeiss fluorescent microscope and captured with axiovision software.

Rho123 extravasation assay

Primary human brain endothelial was plated on the 3 um of porous membrane
(Corning) until it reached to 100 % confluency. Media was replaced with HBSS and
acclimated for 4 hours before initiation of experiments. Rho123 (2.5uM) with or
without Lexiscan or NECA (0.25 uM) was applied on the upper chamber of porous
membrane upto 48 hrs (n=4). Media at the bottom chamber were collected at different
time points and each sample was analyzed using Fluometer (Biotek) with excitation at

488 nm and emission at 523 nm.

Epirubicin brain accumulation assay

For Lexiscan study, 10 mg/kg of Epirubicin was injected with or without
Lexiscan (0.05 mg/kg) at different time point and mice were sacrificed. For NECA
study, NECA (0.08 mg/kg) was treated along with control at different time point and
same concentration of Epirubicin was injected for 30 minutes and mice were
sacrificed. At indicated time point, mice were perfused with ice-cold PBS and brain

was collected for further analysis. Brain was grinded and spun down in Tris-HCl
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(pH=8.0) at 12,000 rpm for 30 minutes and supernatant was transferred to a new tube
and precipitated with same volume of MeOH. Samples were spun down at 12,000 rpm
for 30 minutes and the concentration for Epirubicin was analyzed with fluometry with

emission at 488 nm and excitation at 575 nm.

Immunofluorescence assay of frozen section

Mouse treated with Lexiscan (LuM) at different time point was infused with
ice-cold PBS and sacrificed. Half of the brain was cut and put in the cassette and filled
with OCT solution. Samples were snap frozen with liquid nitrogen and cut with
cryostat (10 um) and fixed with acetone for 5 minutes and incubated with C219 for P-
glycoprotein stain and Glutl (endothelial marker 1:100), at 4’C for overnight. Sections
were washed with PBS and additionally stained with secondary antibody conjugated
with fluorchrome. Full images of the brain sections were visualized and recorded

using Aperio Scan Scope (Leica Biosystems, Germany).

Statistical analysis
All statistical analysis was carried out using GraphPad 5.0 software. Statistical
significances were assessed using unpaired two tailed Student’s t-test. P values less

than 0.05 were considered to be statistically significant.
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3.4. Results

P-gp is highly expressed in primary human brain endothelial cells and a human
brain endothelial cell line.

Studies have shown that P-gp is highly expressed on the luminal side of BBB
endothelial cells, and on the plasma membrane due to its functional property as a
transporter. First, to confirm expression of P-gp in human brain endothelial cells, we
performed immunofluorescence staining (IFA) of endothelial cells with an antibody
specific for P-gp. We observed, HCMEC D3 cells, which is a human brain endothelial
cell line, expressed abundant P-gp in the cytoplasm and to a lesser extent on the cell
surface (Fig 3.1.A). Similarly, in human primary brain endothelial cells, HBMVEC,
we observed high P-gp expression (Fig 3.1.A). We next determined whether P-gp co-
localized with caveolaec which are plasma membrane proteins associated with
transcytosis. In human primary brain endothelial cells we observed strong co-
locaization with caveolin-1, which is the marker for caveolae (Fig 3.1.B). Moreover,
immuno-precipitation of P-gp showed that it interacts with caveolin-1 (Fig 3.1.C).
This suggests that P-gp may frequently circulate in these endothelial cells by caveolae-
protein transport system.

Since we observed mostly cytoplasmic localization of P-gp (in contrast to cell
surface localization observed in multi-drug resistant cancer cells), we next determined
P-gp functionality using a Rhodamine 123 (Rhol23) uptake assay. Rhol23 is a
substrate of P-gp and is widely used to measure the functionality of P-gp and has a

reciprocal relationship to P-gp. Brain endothelial cells were treated with a competitive
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Figure 3.1.
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Figure 3.1. P-gp is highly expressed in primary human brain endothelial cells
lines and a human brain endothelial cell line. (A) P-glycoprotein (Green) is
expressed in both human brain endothelial cell line (HCMEC-D3) and human primary
brain endothelial cell (HBMVEC). Cells were counter stained with wheat germ
agglutamin (WGA) for HCMEC-D3 and CD31 for HBMVEC (Red) for cell
membrane staining and DAPI for nucleus staining (Blue) (B) P-glycoprotein (Green)
is co-localized with caveolin-1 (Red) which is the marker for caveolae in primary
human brain endothelia cells. (C) Immunoprecipitation assay on Caveolin on the
lysate of primary brain endothelial cells. Lysate was pulled down using anti-P-gp
antibody and immunoblotted using anti-Caveolin antibody. (D and E) Inhibition of P-
glycoprotein with PSC 833 induces increased Rhol23 uptake in human brain
endothelial cell line HCMEC-D3 (D) and primary human brain endothelial cells (E). *

indicates where P<0.05 (n=3, two tailed student t-test).
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inhibitor of P-gp, PSC 833 and Rhol23 uptake was measured. We observed that
Rho123 accumulation was increased in a time dependent manner in both human
primary brain endothelial cells and the human brain endothelial cell line (Fig 3.1.D
and E). P-gp down regulation was observed beginning at 60 minutes and was
maintained up to 90 minutes indicating that P-gp function was effectively
downregulated in HCMEC-D3 by the functional inhibitor (Fig 3.1.D). P-gp down
regulation was observed in primary human brain endothelial cells beginning at 15
minutes and was maintained up to 90 minutes (Fig 3.1.E). These results indicated that
these cells are valid in vitro models to test the modulation and function of P-gp by AR

signaling.

Activation of A2A AR downregulates P-gp expression and function in brain
endothelial cells.

Previously, we have shown that AR-mediated signaling increases the
permeability of the BBB to entry of large molecules in vivo and in vitro [30, 39]. In
this study, to test the hypothesis that AR signaling regulates P-gp function, we used in
vitro BBB models to determine if AR signaling indeed can inhibit the expression and
function of P-gp. First, we tested the effect of AR signaling on P-gp expression level
in primary mouse brain endothelial cells that were grown to form monolayers and then
treated with or without 1 uM of the A2A AR agonist Lexiscan, or NECA, a broad
spectrum AR agonist, at different time point up to 72 hrs. Western blot analysis of P-
gp showed rapid down regulation of P-gp beginning at 30 minutes, which were

maintained up to 1 hour (Supplementary Fig 3.1.A). This was reversed at 4 hours and

98



began to decrease thereafter up to 48 hours then reversed at 72 hrs (Supplementary Fig
3.1.A). In NECA treated primary (mouse) brain endothelial cells, P-gp expression
decreased very rapidly and it remained downregulated for up to 4 hours, and by 8
hours it returned to baseline levels (Supplementary Fig 3.1.B).

We next performed similar experiments in the human brain endothelial cell
line and in human primary brain endothelial cells. Monolayers of HCMEC-D3 cells
were treated with NECA or Lexiscan and P-gp expression was analyzed by western
blot analysis. In HCMEC-D3 cells, Lexiscan treatment induced rapid decrease in P-gp
expression beginning from 30 minutes and was maintained up to 1 hr. Interestingly, at
24 to 48 hrs, P-gp expression decreased even more prominently (Fig 3.2.A). NECA
also decreased P-gp expression up to 4 hrs, and P-gp returned to basal levels at 8 hrs
and declined again from 48 hrs to 72 hrs (Fig 3.2.B). As proof that P-gp
downregulation by Lexiscan and NECA correlates with increased substrate
accumulation, we evaluated accumulation Rho123 in brain endothelial cells. Lexiscan
increased Rho123 accumulation in HCMEC D3 cell line from 15 minutes and was
maintained up to 90 minutes (Fig 3.2.C). NECA treatment showed similar trend in
Rho123 accumulation although it was not statistically significant (Fig 3.2.D). This
suggests that decrease in P-gp expression level by AR activation is consistent with
decreased P-gp functionality. As cell lines do not always faithfully reproduce all the
characteristics as primary cells, we next examined the effect of Lexiscan and NECA

treatment on P-gp expression in primary human brain endothelial cells.
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Figure 3.2.
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Figure 3.2. A2A AR activation decreases expression and functionality of P-
glycoprotein in human brain endothelial cell line and human primary brain
endothelial cell. (A and B) Western blot analysis of P-glycoprotein on HCMEC-D3
cells treated with Lexiscan (I uM) (A) or NECA (1 uM) (B) upto 72 hrs were
performed. GAPDH was used as loading control. (C and D) Rho123 uptake assay on
HCMEC-D3 cells treated with Lexiscan (1 uM) (C) or NECA (1 uM) (D) was
performed. Concentration of Rho123 was analyzed with fluometry with excitation at
488 nm and emission at 523 nm. *, ** indicate where P<0.05 and P<0.01, respectively
(n=4, two tailed student t-test). (E and F) Western blot analysis of P-glycoprotein on
primary brain endothelial cells treated with Lexiscan (1 uM) (E) or NECA (1 uM) (F)
upto 72 hrs were performed. GAPDH was used as loading control. (G and H) Rho123
uptake assay on primary brain endothelial cells treated with Lexiscan (1 uM) (G) or
NECA (1 uM) (H) was performed. Concentration of Rhol23 was analyzed with
fluometry with excitation at 488 nm and emission at 523 nm. . *, ** indicate where

P<0.05 and P<0.01, respectively (n=4, two tailed student t-test).
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Both Lexiscan and NECA treatment exerted similar effect on P-gp expression level in
human primary brain endothelial cells as was observed in human brain endothelial cell
line, HCMEC- D3 (Fig 3.2. E and F). Similar to HCMEC-D3 cells, Lexiscan induced
rapid downmodulation of P-gp expression which began to decrease at 30 minutes and
was recovered by 4 hours. This down- modulatory trend was once again induced up to
48 hrs and recovered by 72 hrs (Fig 3.2.E). In NECA treatment group, the expression
level of P-gp begins to decrease from 1 hour and was maintained up to 72 hrs (Fig
3.2.F). This was recapitulated in the Rhol23 uptake assay which showed Lexiscan
rapidly suppressed P-gp function beginning from 15 minutes and was maintained up to
4 hrs. NECA showed a trend in P-gp suppression but it did not reach statistical
significance (Fig 3.2.G and H). We next determined P-gp functionality in a
transmigration assay using primary human brain endothelial cells. Lexiscan induced
rapid increase in permeability to Rho123 beginning from 5 to 60 minutes, it returned
to the steady state by 2 hrs, it increased again by 4 hrs and was maintained up to 12 hrs.
NECA's effect occurred at 12 hours and maintained up to 24 hrs (Fig 3.3.A and B). To
further dissect the effect of AR signaling on the functionality of P-gp and Rho123
accumulation in primary human brain endothelial cells, endothelial cells were treated
with Rho123 with or without Lexiscan and Rho123 accumulation was visualized by
IFA at different time points. Lexiscan increased the accumulation of Rhol23
beginning from 15 minutes to 1 hr. NECA treatment increased Rho123 accumulation
at later time points, beginning from 4 hrs and was maintained up to 24 hours (Fig
3.3.C-F). This indicates that NECA treatment also increased Rho123 accumulation in

primary human brain endothelial cells as shown by IFA. Overall, these results indicate
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Figure 3.3. Activation of A2A AR by Lexiscan induces rapid transmigration of
Rho123 through in vitro human BBB and its accumulation in primary brain
endothelial cell. (A and B) Rho123 migration assay with in vitro blood brain barrier
model using primary human brain endothelial cells cultured on porous membrane.
Cells on porous membrane were treated with Lexiscan (0.25 uM) or NECA (0.25 uM)
concomitantly with 2.5 uM of Rhol123 and concentration of Rhol23 at the bottom
chambers was analyzed with fluometry with excitation at 488 nm and emission at 523
nm. Short time point upto 60 minutes (A) and long time point upto 48 hrs (B) are
plotted separately. * indicates where P<0.05 (n=4, two tailed student t-test). (C-F)
Primary human brain endothelial cells were cultured on the coverslip and treated with
2.5 uM of Rho123 with or without 1 uM of Lexiscan or NECA at different time point
(15 minutes, 1, 4, 24 hours). Cells were fixed with 4% PFA and co-stained with P-

glycoprotein and visualized with fluorescent microscope.
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that activation of A2A AR by Lexiscan, potently and rapidly increase the transcellular
permeability in human brain endothelial cells in a reversible manner. While NECA
exhibited similar effects, its permeability kinetics occurred later and was less potent
than Lexiscan's. These results indicates that AR activation, specifically, A2A AR
activation has a potent effect on P-gp expression and function and that this effect is
multi-modal suggesting that multiple mechanisms may be involved in P-gp

downregulation/function under AR signaling.

A2A AR activation induces rapid downmodulation of P-gp, by activation of
MMP9Y, ubiquitinilyation and translocation to insoluble fraction compartment.

To better understand the mechanism behind the rapid down regulation of P-gp
observed after Lexiscan treatment, we used CSK buffer which extracts insoluble
cytoskeletal materials to determine whether P-gp is contained in the insoluble fraction
as this might explain its rapid down-modulation upon Lexiscan treatment. Comparison
of P-gp expression level in cytoskeletal fraction to P-gp in whole lysate showed
increased P-gp in the cytoskeletal fraction compared to control (Fig 3.4.). P-gp levels
increased from 5 to 15 minutes, it returned to baseline by 30 minutes and was
maintained up to 60 minutes (Fig 3.4.A). By contrast, in whole lysate, P-gp levels
declined compared to DMSO control beginning at 5 minutes and was maintained up to
60 minutes (Fig 3.4.B). This suggests that P-gp in the soluble fraction may have been
translocated to the cyotskeletal fraction by the A2A AR signaling at early time point

and may explain the rapid decrease in P-gp level upon Lexiscan treatment.
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Figure 3.4. A2A AR activation induces rapid downmodulation of P-gp, by
activation of MMP9, ubiquitinilyation and translocation to insoluble fraction
compartment. (A and B) Western blot analysis of P-gp in human primary brain
endothelial cells upon activation with Lexiscan at different time point which was lysed
using RIPA buffer (A) and CSK buffer (B). GAPDH was used as loading control.
Intensity of band was normalized using GAPDH and plotted as graph. (C) Western
blot analysis of matrix metalloproteinase 9 (MMP9) in human primary brain
endothelial cells upon activation with Lexiscan at different time point. GAPDH was
used as loading control. Intensity of band was normalized using GAPDH and plotted
as graph. (D) Western blot analysis of secreted P-gp in human primary brain
endothelial cells upon activation with Lexiscan at different time point. Intensity of
band was plotted as graph. (E) Immunoprecipitation analysis of Ubiquitinylation of P-
gp in human primary brain endothelial cells upon activation with Lexiscan for 15
minutes. P-gp was pulled down with an anti P-gp antibody and immunoblotted with
anti ubiquitin antibody. (F) IFA of ubiquitinyltion of P-gp in human primary brain
endothelial cells upon activation with Lexiscan for 15 minutes. Cells were fixed and
permeablized and stained with anti P-gp (Green ) and anti-ubiquitin (Red) antibody.

Nucleus was counterstained with DAPI (Blue).
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We next explored the possibility that matrix metalloproteinase 9 (MMP 9) which can
be induced by various ARs, and degrades extracellular matrix molecules

may become activated and cleave P-gP, resulting in its rapid decrease as early as 5
minutes after Lexiscan treatment. We observed increased expression of MMP 9
beginning from 5 minutes that matched the same kinetics of P-gp decrease (Fig 3.4.C).
We also observed increase in secreted P-gp that was released into the media with
similar kinetics to MMP9 expression (Fig 3.4.D). This suggests that MMP?9 is at least
in part responsible for the early and rapid decrease in P-gp levels upon Lexiscan
treatment (Fig 3.4.C and D).

We next determined whether A2A AR activation by Lexiscan can activate
ubiqutinylation of P-gp and thereby results in its rapid decrease. Primary human brain
endothelial cells were treated with Lexiscan for 15 minutes, and immunoprecipitation
for P-gp was performed and the eluent was immunoblotted against an antibody for
Ubiquitin. The results showed that treatment of primary human brain endothelial cells
with Lexiscan for 15 minutes induced increased ubiquitinylation of P-gp compared to
vehicle control (Fig 3.4.E). This was further captured by strong colocalization of P-gp
with ubiquitin after 15 minutes of treatment of primary human brain endothelial cells
with Lexiscan, further indicating that Lexiscan can induce rapid ubiquitinilyation of P-

gp and helps to explain its rapid down-modulation by Lexiscan stimulation (Fig 3.4.F).
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Ablation of CD73 or ARs increased P-gp expression, and decreased P-gp
substrate accumulation in the brain.

To determine whether our in vitro data can be captured in vivo, we sought to
determine whether signaling via the A2A AR regulates P-gp expression and
functionality in brain of mice. First, we examined primary brain endothelial cells from
brains of mice with genetic deletion of A1, A2A AR or CD73 to determine whether P-
gp expression is altered in their absence compared to WT mice. We observed
increased expression of P-gp in primary brain endothelial cells from mice lacking A1l
or A2A AR or CD73 compared to WT controls (Fig 3.5.A). Moreover, we observed
significant decrease in the accumulation of P-gp substrate Rhol123 in brain primary
brain endothelial cells (Fig 3.5.A and B). We next determined if increased P-gp is
observed in the endothelial cells within the brains of these KO animals. We found that
A2A AR and CD73 KO animals showed stronger P-gp signal than A1 AR KO mice
which showed similar P-gp expression to WT. This indicates that extracellular
adenosine acting through its A2A receptor is the major signaling component involved

in P-gp expression/function (Fig 3.5.C and D).

AR activation down-modulates P-gp expression and function in brain endothelial
cells in vivo.

Since we observed endogenous expression of P-gp is decreased in brain
capillaries of CD73 KO and A2A AR KO mice, we next determined whether
activation of A2A AR with Lexiscan or NECA can induce downregulation of P-gp

expression and function in brain endothelial cells in these mice compared to WT.
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Figure 3.5.
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Figure 3.5. Ablation of ARs and §' ecto-nucleotidase induces the increase in the
P-glycoprotein expression and functionality in brain vascular endothelial cells.
(A) Western blot analysis of P-gp from primary brain endothelial cells of brains of
WT, Al, A2A, CD73 KO mice. Beta actin was used as loading control. (B) Rho123
uptake assay using primary brain endothelial cells from brains of WT, Al, A2A,
CD73 KO mice. Cells were cultured until it reached full confluency and treated with
2.5 uM of Rhol23 at 5, 15, 30, 60 minutes and analyzed by fluometry with excitation
at 488 nm and emission at 523 nm. *, ** indicate where P<0.05 and P<0.01,
respectively (n=4, two tailed student t-test). (C) Western blot analysis on the P-gp
expression level from the brain of WT, A1 KO, A2A KO, CD73 KO. Beta actin was
used as loading control. (D) IFA on the brain of WT, A1 KO, A2A KO, CD73 KO.
Brain frozen section was stained with GLUT1 (Red), P-gP (Green) and counterstained

with DAPI (Blue). Nucleus was counterstained with DAPI (Blue)
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Figure 3.6.
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Figure 3.6. A2A receptor activation by Lexiscan induces rapid and reversible
down regulation of P-glycoprotein expression and functionality in the brain
vascular endothelial cells in vivo. (A) Western blot analysis on the P-glycoprotein
expression level in the Lexiscan treated mouse brain. GAPDH was used as loading
control. (B) Densitometric analysis of the P-glycoprotein expression level normalized
by GAPDH. Intensity of bands from Lexiscan treated brains were divided by that of
DMSO treated brains. (C and D) Immnofluorescence assay on Lexiscan treated mouse
brain (15 and 30 minutes). Brain frozen section were stained with GLUT1 (Red), P-gP
(Green) and counterstained with DAPI (Blue). (E) Epirubicin brain accumulation
assay in the Lexiscan treated mice. 10 mg/kg of Epirubicin was injected retro-orbitally
with or without 0.05 mg/kg of Lexiscan. Mice were perfused with ice-cold PBS and
sacrificed at different time points and the accumulation of Epirubicin in the brain was
measured using fluormetry with excitation at 488 nm and emission at 590 nm. *
indicates where P<0.05 (n=4, two tailed student t-test). (F and G) Fluroescent
microscopic analysis of Epirubicin accumulation in the brain with Lexiscan treatment.
10 mg/kg of Epirubicin was injected retro-orbitally with or without 0.05 mg/kg of
Lexiscan for 15 minutes. Mice were perfused with ice-cold PBS and sacrificed and
brain was sectioned for microscopic analysis for full brain image (F) and focal
zoomed image (G). Epirubicin is in red and nucleus was counter stained with DAPI

(blue).
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Lexiscan treatment decreased P-gp expression from 5 minutes to 15 minutes
and was recovered at 30 minutes as shown by western blot and IFA (Fig 3.6.A-D).
Next, to test whether these changes in P-gp expression level in these KO animals
directly affect the functionality of P-gp and its substrate accumulation in the brain, we
used epirubicin which has auto-fluoresces, allowing us to quantify its accumulation in
the brain by fluormetry.

Consistent with P-gp down modulation, Epirubicin accumulation in the brain
begins to increase at 5 minutes and it was maintained up to 30 minutes and returned to
baseline by 60 minutes (Fig 3.6.E). This kinetic profile of P-gp downregulation
matched exactly with the kinetics of Epirubicin accumulation into the brain (Fig 6A
and B). Also, fluorescent images of brain sections showed that Lexiscan treatment
increased the accumulation of Epirubicin compared to control (Fig 3.6.F and G). This
indicates that A2A AR activation rapidly decrease P-gp expression and function,
resulting in the accumulation of P-gp substrate in the brain.

Similarly, NECA induced a gradual decrease in P-gp expression level
beginning from 2 hours and was maintained up to 18 hrs (Fig 3.7.A and B). The
kinetics of Epirubicin accumulation in the brain showed transient decrease at 2 hours,
peaked at 4 hours, and returned to baseline at 12 hours compared to controls (Fig
3.7.C). Interestingly, the kinetics of Epirubicin accumulation in the brain induced by
Lexiscan and NECA is very similar to the time window of P-gp down-regulation in
vitro (Fig 3.2). Based on these findings, we conclude that signaling via the A2A AR

on BBB cells activate the transcellular pathway mediated by P-gp. We believe that we
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have provided a compelling case for adenosine signaling via the A2A receptor that in

the future may lead us closer to drug delivery to the CNS.
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Figure 3.7. Broad spectrum AR agonist NECA induces gradual and delayed
down regulation of P-glycoprotein expression and functionality in the brain
vascular endothelial cells. (A and B) Western blot analysis (A) and IFA (B) on the P-
glycoprotein in NECA treated mouse brain at 2 and 18 hours after treatment. For
western blot analysis, GAPDH was used as loading control. Brain frozen section were
stained with GLUT1 (Red), P-gP (Green) and counterstained with DAPI (Blue). (C)
Epirubicin brain accumulation assay in the NECA treated mice. 10 mg/kg of
Epirubicin was injected retro-orbitally and treated for 15 minutes after indicated
treatment time of mice with or without 0.08 mg/kg of NECA. Mice were perfused
with ice-cold PBS and sacrificed at different time points and the accumulation of
Epirubicin in the brain was measured using fluormetry with excitation at 488 nm and

emission at 590 nm. * indicates where P<0.05 (n=4, two tailed student t-test).

117



3.5. Discussion

The BBB is necessary to protect the brain and maintain its homeostasis.
However, its restrictive nature hampers the ability to get therapeutics into the brain. As
the world population lives longer, the trend in neurodegenerative diseases increase,
especially Alzheimer’s. Billions of dollars are spent on drug development to bypass
the BBB or to modify drugs such that they would have easier access in traversing the
BBB which blocks the delivery of the vast majority of drugs to the brain. After
millions-to billions are spent on developing these drugs many of them are dropped
from the pipeline as they do not show efficacy or are too large to pass the BBB.

Cells and soluble molecules enter the brain through para-cellular or trans-
cellular pathways that are mediated by cell-to-cell junction or transporters,
respectively. A variety of transporters and receptors are highly expressed on brain
endothelial cells that selectively restrict or allow the entry of substances, some of
which are necessary for normal brain function, such as glucose and amino acids, while
others are expelled. Our previous studies showed that activation of the A2AAR
increases BBB permeability to entry of large molecules that is mediated by increased
paracellular permeability, induced RhoA activity and rearrangement of the actin-
cytoskeleton in brain endothelial cells. However, since molecules enter the CNS by
both transcellular and/or paracellular routes and the transcellular pathway is regulated
by efflux transporters, such as P-gp, we wished to determine whether AR signaling
also exerted regulatory effects on the trans-cellular pathway of the BBB mediated by
P-gp. Not surprisingly, many drugs are expelled by efflux transporters even before

entering the brain and therefore are dropped from the drug development pipeline in the
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course of their development. This poses tremendous economic loss and obstacles for
public health, in particular, for treatment of CNS diseases. Hence, it is imperative and
urgent that we better understand how these processes operate.

In this study, we used a human brain endothelial cell line and primary human
and mouse brain endothelial cells as in vitro models to investigate the impact of AR
signaling on P-gp function, and then we determined whether our in vitro data can be
racapitualted in vivo in mice. Our in vitro data showed that activation of AR
significantly and potently altered P-gp expression/function. P-gp expression was
rapidly down modulated in both primary human and mouse brain endothelial cells and
in a human brain endothelial cell line by activation of A2A AR with Lexiscan
treatment. In NECA treatment, down modulation of P-gp occurred later than that of
Lexiscan. We believe the difference in both Lexiscan and NECA'’s effects is a result of
the difference in their half lives: Lexiscan’s half life is approximately 2.5 minutes
whereas NECA’s is 5 hours. The down modulation of P-gp by AR activation
strikingly correlates with P-gp function that was confirmed by Rho123 accumulation
and extravazation assays in primary human brain endothelial cells.

As we observed a potent and rapid down modulation of P-gp that occured
over multiple time points after lexiscan treatment of primary human brain endothelial
cells, we hypothesized that AR activation may regulate P-gp expression and function
by multiple mechanisms. We next investigated the molecular mechanism behind the
rapid down modulation of P-gp. In an insoluble fractionation assay, we observed that a
significant amount of P-gp is moved into the insoluble fraction in the upon Lexiscan

treatment of primary human brain endothelial cells. Moreover, we observed soluble P-
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gp in brain endothelial culture supernatants suggesting P-gp is cleaved and released
into the extracellular environment. Consistent with this notion, we found concomitant
increase in MMP-9 levels which suggests that MMP9 may also be involved in
downregulation of P-gp upon AR activation. It is also reported that P-gp is regulated
by ubiqutinylation. In support of this, we observed rapid ubiquitinylation of P-gp by
Lexiscan both by IFA and immunoproecipitation analysis. Together, these findings
suggest that A2A AR activation of human and mouse brain endothelial cells regulate
P-gp expression/function by multiple mechanisms.

Consistent with our in vitro findings, we observed AR activation exerted
similar effects on P-gp expression and function in vivo. In mouse brain endothelial
cells, Lexiscan’s effects on P-gp was rapid, occurring within 5 minutes, whereas the
effect of NECA was observed 2 hrs later. These findings are consistent with findings
in our in vitro analyses in human brain endothelial cell models. As proof of principle
that AR activation causes P-gp downregulation resulting in increased accumulation of
P-gp substrates, we examined the effects of lexiscan treatment on the accumulation of
the chemotherapeutic drug Epirubicin, which is a P-gp substrate. We observed that AR
activation increased the accumulation of Epirubicin in the brain which coincides with
the kinetics of P-gp down-modulation. Consistent with our observation in vitro in
human brain endothelial cells, Lexiscan’s effect on accumulation of Epirubicin was
rapid whereas NECA’s was gradual. We believe this difference in permeability
kinetics between the two agonists stems from differences in their half-lives (Lexiscan,

2.5 minutes and NECA, 5 hrs).
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P-gp has long posed a tremendous hindrance to drug delivery to the brain and
across biological barrier in general. This molecule functions by expelling drugs and
xenobiotics from cells and it alters drug Pharmacokinetics. Its broad substrate
spectrum allows it to expel drugs from almost all different classes. Moreover, P-gp
expression or upregulation in various cancers and cell types poses a poor prognosis for
cancers. Therefore, our data showing that signaling via the A2A AR alters P-gp
function has very broad appeal beyond the CNS. It suggests that AR modulation may
be a bona fide mechanism of altering P-gp function to effectively treat all major
cancers in general. We propose that these studies stands to open the door to studies
well beyond just modulation of the BBB.

Until recently, the brain was considered a formidable fortress that doesn't allow
the entry of molecules or cells into the CNS. However, with technological
advancement and emerging studies revealed that the brain is not totally cutoff from the
rest of the body, rather, it is selectively separated in order to maintain proper brain
physiology. Adenosine is a damage/danger-signaling molecule that responds to cell
stress or tissue damage by inducng a cascade of events involving recruitment of cells
and substances across biological needed to repair damage tissues. Therefore,
adenosine is an endogenous (built in system) modulator that regulates the BBB
permeability to recruit molecules into the CNS (to repair it) during CNS damage or
stress. We posit that this system operated by AR signaling operates as a door and
adenosine is the key that signals its opening. We propose that this built in mechanism
relies on the extremely short half life of adenosine (about 10 secs) to reverse the BBB

permeability.
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Taken together, we believe that in future, AR modulation of the BBB may
offer a safe means of delivering drugs into the CNS. Based on these studies, AR
signaling in modulation of BBB permeability offers a time line of drug delivery to the
brain. This can be transient or gradual depending on A2A AR agonist used. ARs, and
the enzymes that generate it are expressed directly on BBB cells. AR pharmagological
agents are abundant and some are already FDA-approved and removes some potential
hurdles for use. In summary, our data showing that AR mediates P-gp function in
BBB permeability is exciting, highly translational and stands to have a high impact on
public health. In future, A2A AR modulation of BBB via regulation of P-gp may
provide a real alternative to treating brain tumors like gliomas for which there is no

cure and where the life span of glioma patients is 18 months.
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Supplementary Figure 3.1. A2A AR activation decreases expression of P-
glycoprotein in primary mouse brain endothelial cell. (A) Western blot analysis of
P-glycoprotein on primary brain endothelial cells treated with Lexiscan (1 uM) upto
72 hrs were performed. GAPDH was used as loading control. (B) Intensity of P-
glycoprotein from western blot (A) was measured and divided by that of GAPDH
from each time point and plotted as graph. Short time point (up to 4 hrs) were plotted
separately and put as inlet. (C) Western blot analysis of P-glycoprotein on primary
brain endothelial cells treated with NECA (1 uM) upto 72 hrs were performed.
GAPDH was used as loading control. (D) Intensity of P-glycoprotein from western
blot (C) was measured and divided by that of GAPDH from each time point and

plotted as graph. Short time point (u pto 4 hrs) were plotted separately and put as inlet.
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Chapter 4

Discussion and Conclusion

129



Since the finding of the existence of blood brain barrier (BBB) by Paul
Ehrlich over a hundred years ago [1], the brain has been considered a privileged organ
that prevents the entry of molecules and cells [2-6]. This mysterious and unique
barrier system protects the brain from aberrant immune responses and assault by toxic
substances and pathogens from the periphery [7-10]. Also, this selective transport
system allows for the maintenance of nutritional status and an ionic environment, both
of which are critically important for normal brain neuronal electrophysiology [11-13].
However, the BBB also acts as a bottleneck for drug delivery into the CNS [14-15].
As life expectancy increases, the number of patients with neurodegenerative diseases
is expected to increase to 13.8 million people. The social cost for treatment and care
of these patients is estimated to cost around 1.3 trillion dollars [16]. In such
circumstances, the need for the development of drugs for CNS diseases, especially
neurodegenerative diseases, is increasing tremendously [14, 17]. However, many
CNS drugs are dropped out of the pipeline because they do not show the desired
effects of crossing the blood brain barrier [15, 17-18]. This has created a new avenue
of research on regulating the permeability of the blood brain barrier and increasing
drug delivery to the brain to enhance the treatment efficacy for brain diseases [18].
Many studies have attempted to develop a method for increasing the permeability of
the BBB, including increasing the osmotic pressure in the peripheral circulatory
system, modifying drugs, producing hybrid antibodies, applying focal ultrasonics and
drug transporter blockers, and injecting directly into the cranium [17, 19-21]. However,
these methods have been found to be 1) invasive, 2) hard to predict in terms of a

window of action, 3) irreversible, and 4) ineffective [17, 22]. Shortcomings of the
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aforementioned methods have brought up the need to develop a potent, safe, and
reversible method for increasing blood brain barrier permeability [17-18, 22].

In a study by Mills et al. (2008), CD73 KO mice, lacking endogenous
extracellular adenosine, showed reduced severity against experimental autoimmune
encephalitis (EAE) compared to wild type mice [23]. The reduced severity of disease
was correlated with brains from these knockout animals, showing less infiltration of
pathogenic CD4 T cells, which are a major inducer of EAE. Also, the pathogenicity
of the immune cells was stronger than that of wild type mice, suggesting reduced
permeability of the blood brain barrier in these mice [23]. Additionally, blockade of
A2A AR using SCH58216, which is an A2A AR specific blocker, induced less severe
EAE compared to the vehicle control, suggesting the critical role of A2A AR in
tightening the barrier that prevents transmigration of immune cells through the blood
brain barrier [23]. This study led us to explore the effects of adenosine receptor
signaling/endogenous adenosine in regulating the permeability of the blood brain
barrier [22]. We found that blood brain barrier permeability is increased by the broad
spectrum adenosine receptor agonist NECA, which gradually increases permeability to
large molecules beginning from 1 hour and peaking at 5 hours [22]. The FDA
approved A2A AR agonist Lexiscan also increased permeability rapidly, beginning at
5 minutes and peaking at 30 minutes, and declining thereafter [22]. The effect is safe,
reversible, and potent, showing promise for clinical application [22]. This study
opened a new avenue for demonstrating the important and critical role of extra-

cellular adenosine in the regulation of blood brain barrier permeability.
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The activation of adenosine receptors can be an efficient method for
enhancing drug delivery. We hypothesized that an influx of large molecules would be
mediated by an increase in paracellular permeability. However, questions still
remained: 1) If adenosine receptor signaling can indeed increase the permeability of
the blood brain barrier, what are the mechanisms behind this increased paracellular
permeability? and 2) Can adenosine receptor signaling increase transcellular
permeability by downregulating drug transporters, which are highly expressed on the
brain endothelial cells? To address these fundamental questions, we first used human
primary brain endothelial cells to test our hypothesis [24]. Similar to the results
observed from the in vivo study by Carman et al., human brain endothelial cells
showed increased permeability from A2A AR activation by Lexiscan and the broad
spectrum agonist NECA [24]. The kinetics of permeability for NECA increased
beginning at 60 minutes and were maintained for up to 90 minutes, whereas those of
Lexiscan began at 5 minutes and were gone by 30 minutes. These results show that
the kinetics of permeability were similar to what was observed in vivo in the study by
Carman et al. Also, such a short time window showing an increase in the permeability
of the BBB and its reversibility by the Lexiscan treatment is critically important and
beneficial for safety issues, as it can reduce the entry of unwanted molecules into the
brain that can be potentially harmful for its physiology [12, 18, 22, 24].

To further study the mechanisms behind increased permeability in human
brain endothelial cells by AR mediated signaling, we focused on the Rho-GTPase
signaling pathway. Rho-GTPase is well known for its regulatory effect on determining

cell morphology and is dependent on actin-cytoskeletal reorganization [25-27].
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Activation of Rho-GTPase induces stress fiber formation, creating centripetal traction
and causing increased junctional spaces [28-29]. Indeed, Lexiscan induced a very
rapid increase in the RhoA activity of the human primary brain endothelial cells that
diminished after 5 minutes, whereas NECA gradually increased the activity for up to
15 minutes [24]. This observation is opposite from the research of other groups, which
has shown that AR activation is actually reversed when mediated by the inhibition of
Rho-GTPase [30]. This might occur due to the different roles of AR signaling on Rho-
GTPase activation in different cell types, suggesting that the phenomenon is brain
endothelial cell specific. Adenosine receptor signaling increased the cyclic AMP level
by activating Gs protein, as we have observed, and such increased cyclic AMP level
may have induced the increased activity of RhoA [31-33]. Lexiscan increased the
CAMP level very rapidly, whereas that of NECA was delayed, which can explain the
early window of permeability [24]. Rapid increase of RhoA activity was correlated
with an increase in stress fiber formation, which disrupted the adherens and tight
junction molecules VE Cadherin and Cluadin-5 as well as focal adhesion molecules
such as ERM and FAK, which are critically important for maintaining the integrity of
the brain vascular endothelial layers [34-38]. Therefore, the disruption or decreased
expression level of these proteins may partially explain the increased permeability of
the human brain endothelial layer.

The transcelullar pathway comprises the majority of selective transport of
molecules to the brain, and we wanted to determine the effect of AR signaling on the

regulation of transcellular permeability by regulating the drug transporter P-
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glycoprotein [13, 39-45]. P-glycoprotein is highly expressed on brain endothelial cells,
blocking the entry of the xenobiotics to the brain [41, 46-47].

First, we used our in vitro human and mouse primary brain endothelial cells
to address our questions. Lexiscan, which is the A2A receptor agonist, indeed
decreased very rapidly and potently the P-glycoprotein expression level and the
functionality of the in vitro model. NECA, which is the broad spectrum AR agonist,
also decreased the expression level and functionality of this drug transporter, but it
was in a gradual and delayed manner. Such a downregulatory effect of P-glycoprotein
by AR signaling was also observed in a later in vivo study. In the Lexiscan-treated
mice, the kinetics of epirubicin (the P-glycoprotein substrate) accumulation was
increased very rapidly at early time points (5 and 30 minutes), and returned to basal
levels at 60 minutes. In contrast, in NECA treated mice, the epirubicin accumulation
was increased at a 4 hour time point and returned to its basal level at 8 and 12 hours.
The kinetics of the epirubicin uptake assay are very similar to those of the FITC-
Dextran accumulation assay, which was performed by Carman et al. and might be
attributed to the different half-lives of Lexiscan (2.5 minutes) and NECA (5 hrs).
Recent studies from other groups have demonstrated that disruption of endocytic
circulatory pathways can decrease the functionality of P-glycoprotein [48]. Also,
pregnane X receptor localized at the nucleus can recognize the signal and regulate the
P-glycoprotein expression level [49]. Further studies are required to reveal the
mechanism behind AR induced regulation of P-glycoprotein expression. Our studies

strongly suggest that adenosine receptor signaling can increase not only the
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paracellular pathway but also the transcellular pathway as a mode of action to increase
the delivery to the brain.

Our current study is heavily focused on the role of adenosine receptor
signaling in regulating the permeability of brain endothelial cells, which compose the
front line of the blood brain barrier. However, future study requires understanding its
role in the regulation of other components of the blood brain barrier, including
pericytes and astrocytes. Since these components help to increase the resistance of the
blood brain barrier, studying whether extracellular adenosine plays a significant role in
regulating the permeability or integrity of these components would provide important
information for the enhanced delivery of therapeutics to the brain. Also, the
transcellular pathway is mediated by a variety of transporters, not just by P-
glycoprotein, indicating a further avenue for study. Indeed, some transporters use
transcytosis to mediate export to the parenchyma of organs; hence, increased
transporter activity may be beneficial in increasing delivery of molecules to the brain.
Further studies would be required to determine whether AR signaling can increase the
activity of these transporters and used to enhance the delivery of molecules to the
brain. Furthermore, it would be worthwhile to study the mechanisms behind the
delivery of molecules across the endothelial barriers. It is our key finding that the
downmodulation of P-glycoprotein by adenosine receptor signaling can increase the
permeability of P-glycoprotein substrates, though how the substrates that have entered
the endothelial cells can escape its borders is not clearly understood. In future studies,
it would be interesting to explore whether such migration is mediated through active

or passive pathways.

135



For possible future application of AR signaling in the clinical field, it would
be necessary to determine the time window for maximizing drug delivery to the brain.
Since the half-lives of target drugs vary tremendously, determining the proper time
point of AR agonist injections for augmenting certain drugs would be a prerequisite
for effective drug delivery. Studying the possible drug-to-drug interaction is also
important for further increasing the applicability of AR activation.

Regulating blood brain barrier permeability is not just confined to increasing
drug delivery to the brain. Our findings demonstrating the increased paracellular
permeability of Jurkat T cells through human brain endothelial cells by AR signaling
also suggest increased permeability of cells to the brain[24]. Future regenerative
therapeutic plans will require the delivery of neuronal stem cells to the brain, which
might be injected from the periphery. Our findings can be used to test whether AR
signaling can indeed increase the transmigration of these stem cells to treat
neurological diseases.

For several decades, the mysterious existence of the blood brain barrier was
considered a formidable fortress that did not allow the entry of cells and molecules.
However, several seminal studies, including ours, show that we can indeed regulate
the permeability of the BBB. We strongly believe that further in-depth study will
allow us to increase the permeability in a safer and potent manner, potentially saving

millions of people suffering from neurological diseases.
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Figure 4.1. Summary of the effect of adenosine receptor signaling on the
paracellular and transcellular permeability of the blood brain barrier. Upon
activation, the adenosine receptor (a) induces conformational changes of endothelial
cells and disrupts tight junction molecules (b). This leads to increased paracellular
permeability of the blood brain barrier, enhancing the influx of large molecules (c).
Also, it induces the downmodulation of P-glycoprotein, which is the major drug
transporter expressed on the brain endothelial cells (d) and increases the influx of

drugs that are P-glycoprotein substrates (e).
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Itk signals promote neuroinflammation by
regulating CD4" T cell

activation and trafficking
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Al.l. Abstract

Here we demonstrate that Itk signaling in CD4" T cells promotes experimental
autoimmune encephalomyelitis (EAE), the animal model of multiple sclerosis (MS).
We show that Itk” mice exhibit reduced disease severity, and transfer of Itk’ CD4* T
cells into T cell deficient recipients lower disease severity. We observed a significant
reduction of Itk CD4"* T cells in the central nervous system (CNS) of Itk” mice or
recipients of Itk’” CD4" T cells during EAE, which is consistent with attenuated
disease. Itk” CD4" T cells exhibit defective response to myelin antigen stimulation
due to displacement of F-actin from the CD4" co-receptor. This results in inadequate
transmigration of Itk”"CD4" T cells into the CNS and across brain endothelial barriers
in vitro. Finally, Itk” CD4" T cells show significant reduction in production of Thi
and Th17 cytokines, and exhibit skewed Teff:Treg cell ratios. These results indicate
signaling by Itk promotes autoimmunity and CNS inflammation, suggesting that it

may be a viable target for treatment of MS.
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Al.2. Introduction

Tec family non-receptor tyrosine kinases are critical for the regulation of
intracellular signaling in lymphocytes for proper immune responses. The Tec kinase
Itk regulates signaling via the T cell receptor (TCR) and has been shown to be
involved in the activation of intracellular calcium signaling pathways, MAPK
pathways, and TCR-induced polarization of actin cytoskeleton, supporting an integral
role for Itk in T cell activation and function [1-2]. Mice deficient in Itk exhibit
significant alteration in T helper (Th) cell development and function, including Th2
and Th17, as well as T regulatory cell development [3-5]. Itk also regulates the
development of iINKT cells and their ability to produce cytokines. This has made Itk a
promising target for the development of drugs that target Th cytokine mediated
diseases [6-7].

Multiple sclerosis (MS) is a multifaceted neuroinflammatory disease impacted
by environmental factors such as infection, vitamin D deficiency and gonadal
hormones [8-10]. Although the etiology of MS is unknown, it is evident that
aberrations in the immune response compartment can either trigger its onset or
exacerbate its pathogenicity [11]. Thus, imbalance in factors that induce and/or
prolong inflammation versus those that resolve and/or suppress inflammation impacts
disease outcome. MS is characterized by infiltration of inflammatory immune cells
into the CNS [12]. CD4" and CD8" T cells play critical roles in the disease
pathogenesis [13]. CD4" T cells in MS lesions have been determined to be largely of

the Thl and Thl7 lineages [14]. The murine model of MS, EAE, is induced in
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susceptible mouse strains following immunization with myelin components, such as
myelin oligodendrocyte glycoprotein (MOG), or by passive transfer of myelin antigen-
specific T cells [15]. Like MS, the neuroinflammatory response in EAE is mediated
mainly by effector Thl and Th17 cells that migrate to the CNS where they attack
myelin sheath resulting in demyelination and subsequent paralysis [16]. These
pathogenic effector Th cells can be controlled by T regulatory cells (Tregs) that
suppress inflammatory responses [17].

We investigated the role of Itk in the development of EAE and found that Itk”
mice are significantly protected from EAE and have diminished frequency of immune
cells in their CNS. Similarly, in a transfer model of EAE, recipients lacking CD4" T
cells and are reconstituted with Itk” CD4" T cells develop attenuated EAE compared
to recipients reconstituted with WT CD4"* T cells. We also found that Itk CD4* T
cells are defective in their ability to migrate across an in vitro BBB. Itk” CD4" T cells
exhibit defects in actin cytoskeleton reorganization in response to myelin antigen
stimulation, resulting in diminished ability to proliferate, and also show defective Thl
and Th17 cytokine production. Based on these findings, we conclude that Itk promotes
CD4" T cell migration into the CNS and contribute to neuroinflammation. We propose

that inhibitors of Itk signaling have strong potential as therapeutics against MS.
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Al.3. Materials and Methods

Mice. Wild-type (WT) mice were obtained from Jackson laboratories, and Itk” mice
were as previously described. All mice were on the C57BI/6 background and were
used when they were 6- to 8-weeks of age. Mice of both sexes were used and were
maintained in specific pathogen free environment. All experiments were approved by
the Office of Research Protection’s Institutional Animal Care and Use Committee at

Cornell University.

T cell purification. Natve CD4" T cells were isolated from spleens and lymph nodes
using the Miltenyi Naive CD4" T cell isolation Kit according to manufacturer’s

instructions.

Flow cytometry and intracellular cytokine staining. To stain for intracellular
cytokines and transcription factors, cells were stimulated with PMA/lonomycin (P/1,
Sigma, 50 ng/1 ug/ml) and Brefeldin A (Sigma) for 5 hours. To examine antigen
specific recall responses, single cell suspensions of splenocytes or lymph node cells
were cultured with indicated concentration of MOG peptide for 72 hours and
restimulated either with 10  g/ml of peptide from Myelin Oligodendrocyte
Glycoprotein (MOGss.s5) or with PMA/Ionomycin (P/I, Sigma, 50 ng/1 pg/ml) in the
presence of Brefeldin A (Sigma) for 5 hours. Cells were then fixed/permeabilized
using the Foxp3 fixation/ permeabilization kit and stained with the indicated

antibodies against surface/ intracellular proteins. Data was acquired and analyzed
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using LSRII (BD Biosciences) and FlowJo (TreeStar) respectively. Cells were
identified by gating on forward scatter vs. side scatter, gating on the lymphocyte
population, followed by gating on TcRB'CD4" T cells, and analysis if intracellular

cytokine or Foxp3 expression.

Enzyme-linked immunosorbent assay (ELISA). The protein concentrations of
cytokines IFNy and IL17A in cell culture supernatants were quantified using
commercially available kits for two-site ELISA (eBioscience) according to

manufacturer’s instructions.

CFSE labeling and H3-thymidine Incorporation assay. Splenocytes from
immunized WT and Itk” mice were incubated at 37°C for 10 mins in PBS containing
5 mM CFSE (Molecular Probes). Subsequently, the cells were washed twice with
complete RPMI 1640 and cultured in the presence of the MOG peptide for 72 hours.
For analysis of H>-thymidine incorporation, cells were seeded at 2x10° cells/ml and
left unstimulated or stimulated with MOG peptide for 72 hours with [H]*-thymidine (1
nCi) added for the last 18 hours. Following which cells were washed, pelleted and the

radioactivity was quantified and expressed as fold change.

EAE induction, scoring and in vivo CD25" cell depletion. EAE was induced as
previously described [18]. Briefly, a 1:1 emulsion of MOG peptide (3 mg/ml in PBS)
(Anaspec) and complete Freund’s adjuvant (CFA, Sigma) was injected subcutaneously

(50 ul) into each flank (100 pg). Pertussis toxin (PTX, 200 ng in 200 ul PBS)
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(Biological Laboratories Inc.) was given intravenously at the time of immunization
and again two days later. Mice were scored daily for EAE based on disease symptom
severity; 0=no disease, 0.5 = weak tail (cannot curl tail completely), 1.0 = limp tail
(complete inability to move tail), 2=limp tail and partial hind limb paralysis, 3=total
hind limb paralysis, 4=both hind limb and fore limb paralysis, 5=death. Mice with a
score of 4 were euthanized. For in vivo depletion of CD25" cells, we administered
either vehicle (PBS) control or 200 ug of a-CD25 (PC61 mAb) antibody every four

days.

Actin cytoskeleton analysis. CD4" T cells were isolated from MOG peptide-CFA
immunized WT or Itk mice and stimulated with the MOG peptide, or o-CD3
antibodies for 24 or 72 hours. Cells were then fixed with 4% paraformaldehyde for 15
mins and permeabilized with 0.2 % Triton X-100. F-actin was stained with Alexa
Fluor 568-conjugated Phalloidin (1:200, Invitrogen) and CD4 was detected using
APC-conjugated a-CD4 primary antibody (1:100, BD bioscience) for 30 mins. Image
was visualized by Leica SP5 confocal microscope and the localization of F-actin and

CD4 was analyzed by Leica suite image analysis program.

CD4" T cell transmigration assay.

For transmigration assays, mouse brain endothelial cell line (bEnd 3, ATCC) was
cultured on 8 um porous membrane insert (BD bioscience) as an in vitro model of
blood brain barrier [19]. 2.5x10° CD4" T cells isolated from MOG and CFA

immunized WT and Itk” mice were placed in the cell containing insert, with media at
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the bottom well. The media at the bottom well was collected at 1, 24 hrs after
treatment and number of cells that crossed the barrier was counted. For Latrunculin B
(LatB) induced transmigration recovery assay, cells were pretreated with DMSO or
LatB (1 uM) for 1 hour, washed with media and loaded on the in vitro blood brain
barrier insert. Cells were collected at 1 and 24 hours after treatment and the number of

cells that crossed the barrier was counted.

Thl and Th17 CD4" T cell transmigration assay using Itk inhibitor.

For transmigration assay of Thl and Th17 in the presence of Itk inhibitor, CD4" T
cells were isolated from MOG-T cell receptor (TCR) transgenic mice (2D2-TCR-Tg)
and were stimulated with MOG. Cells were further differentiated to Thl and Thl7
CD4" T cells as was previously described [16]. 5 x 10° of Th1 or Th17 CD4" cells
were pretreated with DMSO or Itk inhibitor (1 uM) for 2 hours and loaded onto mouse
brain endothelial cells cultured on porous membrane insert containing DMSO or Itk
inhibitor (1 pM) with media at the bottom well. Cells at the bottom well were

collected at 1 and 24 hrs after treatment and enumerated.

Statistical Analysis.

Results are expressed as means + SEMs and statistical significance between groups
determined either by unpaired Student’s t test or two-way ANOVA analysis using
GraphPad Prism version 5.00 for Windows (GraphPad, San Diego, CA). Values with a

probability of p < 0.05 are considered statistically significant.
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Al.4. Results

Itk promotes development of EAE

We investigated the role of Itk in the MOG-induced model of EAE. We
observed that disease in Itk” mice was significantly attenuated compared to their WT
counterparts (Fig. Al. 1A). Moreover, onset of symptoms of EAE in Itk” mice was
delayed by 10-20 days, and incidence of EAE was significantly less compared to WT
mice (Fig. AL. 1A and Table Al. 1). Clinical signs of EAE become evident after
inflammatory immune cells invade the CNS and cause destruction of myelin tissue.
Consistent with the absence of clinical signs of disease and delayed onset, Itk”™ mice
had very few cells in their brain and spinal cord on day 17 post-EAE induction
compared to WT mice as determined by immunohistochemistry (Fig. Al. 1B and C)
and FACS analysis (Fig. Al. 1D). Analysis of the small proportion of Itk” mice that
had developed disease by day 31 revealed that they had CD4" T cells in the brain and
spinal cord in similar numbers to WT mice (Fig. Al. 1D). The appearance of CD4" T
cells in the CNS of Itk” mice at day 31 post-EAE induction is consistent with the first
appearance of clinical signs of disease, which occurs between days 20-30 in those
mice. Taken together, these findings suggest that Itk signaling plays an important role
in the promotion of autoimmunity and neuroinflammation.

We next determined whether protection conferred by Itk deficiency was solely
due to the fact that Itk” mice have fewer CD4" T cells in the periphery [20]. We

transferred equal numbers of WT or Itk” CD4" T cells into mice that lack endogenous
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Figure Al. 1.
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Figure Al. 1. Itk promotes autoimmunity and lymphocyte migration into the
CNS. A) WT (n=17) and Itk” (n=14) mice were immunized to develop EAE and
scored daily for clinical signs of EAE based on a 5 point scale assessing ascending
paralysis. Values are means + SEMs, *p< .05 by 2-way ANOVA. B) CNS sections
(hippocampus, cerebellum, and spinal cord) from d17 post-EAE induction wild type
(top panels) and Itk (bottom panels) mice were stained with a-CDA45 to detect
immune cell infiltration in the CNS following disease induction (red) vs. a nuclear
background (blue/gray). C) CNS sections from d10, 17, and 31 post-EAE induction
wild type and Itk” were stained with a-CD4 and quantified using light microscope
from different regions of brain and spinal cord and quantified (n=3, each time point).
Values are means + SEMs, *p< .05 by unpaired student t test. D) Cells were isolated
from the brain and spinal cord of WT and Itk” mice at d17 and day 30 post EAE
induction and quantified for the number of CD4" T cells by FACS analysis. Values are

means £ SEMs, *p < .05 by unpaired student t test.
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Table Al.1. Itk signaling promotes EAE.

Genotype Incidence? Mean Day of Onset® | Mean Max Score€
WT 10/10 (100%) 10.06+0.5908 1.906+0.1043
Itk 6/13 (46%) 19.17+1.046 0.3125+0.1281

Alndicates the number of mice that achieved a score of 0.5 (weak tail) in the

experimental group.
BIndicates the average day of onset (an EAE score of 0.5, + SEM).

“Indicates the average of the maximum EAE score for each individual mouse (x

SEM.).
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T cells (TCRa™" mice) followed by induction of EAE. TCRo” recipients of WT CD4"
T cells had a higher EAE incidence and developed significantly more severe disease as
compared to recipients of Itk” CD4" T cells (Fig. Al. 2A and Table Al. 2). Consistent
with this, TCRa™ recipients of Itk’" CD4* T cells also had fewer immune cell
infiltrates in the CNS (Fig. Al. 2B). These results indicate that Itk signaling promotes
the development of autoimmune pathologies during EAE and this is due to a CD4"™ T

cell intrinsic requirement for Itk.

Reduced Thi and Th17 effector cells in the CNS of Itk”” mice

Signaling through Itk is critical for the production of IL-17A by Th17 cells [4], and
murine and human CD4" T cells that lack Itk rapidly up regulate IFNy [5]. Both IFNy
and IL-17A play important roles in EAE and MS pathogenesis [21]. To determine
whether Itk regulates the production of these cytokines in EAE, we isolated CD4™ T
cells from brain and spinal cord of WT and Itk mice on day 17 and 31 post-EAE
induction to assess their cytokine profile by intracellular cytokine staining. We found
fewer effector cells infiltrating the CNS of Itk” mice, with lower numbers of IFNy"
cells in the brain and spinal cord at day 17, and lower numbers of IFNy"and IL17A" T
cells at day 31 post-induction of EAE (Fig. Al. 3A and B). These results suggest that
Itk signaling is important for the generation and elaboration of effector responses of
auto-reactive CD4" T cells, and suggests that diminution in effector Th1l and Th17

cells may in part be responsible for the attenuated disease in Itk”” mice.

156



Figure Al. 2.
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Figure Al. 2. WT but not Itk” CD4" T cells confer disease to TCRa recipients.
A) 3-4x10° WT or Itk CD4" T cells were transferred into TCRa recipients that were
subsequently immunized to develop EAE and scored daily for clinical signs of EAE.
Values are means + SEMs, *p<.05 by 2-way ANOVA, n=5. B) CNS sections from the
indicated mice at d31 post-EAE induction were stained with a-CD4 (red) and the
hippocampal area (left panels) and cerebellar parenchyma (right panels) of the CNS
were assessed for the presence of CD4" T cell infiltrates from representative mice that
received WT or Itk donor cells. Arrows indicate areas with pronounced CD4"

staining.
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Table A1.2. Itk signaling plays a cell intrinsic role in CD4"T cells in promoting

EAE.
Donor Cells Incidence? Mean Day of Onset® | Mean Max Score®
WT 5/5 (100%) 12.20+1.715 1.200+0.3000
Itk 2/5 (40%) 20.00+2.000 0.4000+0.2915

Alndicates the number of mice that achieved a score of 0.5 (weak tail) in the

experimental group.

® Indicates the average day of onset (an EAE score of 0.5, + SEM).
© Indicates the average of the maximum EAE score for each individual mouse (+

SEM.).

159




Fi

B)

gure Al. 3.

A)
Day 17 Day 17
Brain Spinal cord
WT Itk WT Itk
{0 02| wi0 0 w0 0| {14 0.2
I‘ IE"! W“ \0.‘
| g
= 10°4 = 10 1074
X S | )
16.8) .,2187.3 12,7 102463.4 284 ,p2:i70 28.4
1w ot w® ‘m" |‘n' :nz :n“ :n‘ :ns 10° 1‘n' :nz :ng :n" :05 10? 1‘0‘ :o’ :o’ :n" 1‘05
IFNy IFNy
CD4*IFNy* Cells CD4*FNy* Cells
0.7
06
2 05
% 04
#* 03 *
3 02
O 01
0.0
WT Itk
Day 31 Day 31
Brain Spinal cord
WT Itk
<
~
|
IFNy
CD4*IFNy* Cells CD4*ILTA* Cells CD4*IFNy* Cells CD4*IL7A* Cells
9 7.5
8 50
W —— 50 &0
=5 X 30
4 * #
2 3 2.5 = 20 *
[ 1) 2 O
[§] 1 O 10
0 0
WT Itk

0.0
WT Itk WT

160




Figure Al. 3. Thl and Th17 effector cells are decreased in the CNS of Itk” mice.
Cells isolated from the brain and spinal cord of indicated d17 (A) and d31 (B)
immunized mice were stimulated with PMA/lonomycin the presence of Brefeldin A
for 5 hrs and CD4" T-cells analyzed for the expression of IFNy and IL17A by FACS
(top panels) and quantified for number of cytokine producing cells (bottom panels).

Values are means + SEMs, *p < .05 by unpaired student t test.
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Itk signaling is critical for regulating the differentiation and function of CD4"™ T
cells during EAE

Prompted by the paucity of pathogenic CD4" T cells (Th1 and Th17) in the
CNS of Itk” mice, we next determined whether there was a defect in Th1 and/or Th17
CD4" T cell generation in the peripheral lymphoid organs of Itk” mice. We found that
consistent with the attenuated disease and lack of infiltrating pathogenic Th1 or Th17
cells in the CNS, there were significantly higher numbers of effector Thl cells when
WT splenocytes were stimulated with MOG peptide compared to those from
immunized Itk” mice 10 days post-EAE induction. However, there was little evidence
of effector Th17 cells generated ex vivo at this time point (Fig. AL.4A-D). This is
especially interesting considering the fact that Itk” natve CD4" T cells are primed for
IFNy production, with higher basal levels of IFNy [5, 22]. Furthermore, by day 17 post
EAE-induction, WT CD4" T cells had undergone a switch from Thl to Thi7,
producing more IL-17A and less IFNy in response to MOG peptide restimulation in
vitro. However, we found little evidence for such a switch in Itk’” CD4" T cells.
Similarly, fewer Itk CD4" T cells expressed IL-17A ex vivo on day 31 post-EAE
induction (Fig. A1.4B and C). Similar results were obtained when cells were
restimulated with PMA and lonomycin (Fig. A1.4D). In vitro, WT splenocytes from
MOG peptide immunized mice also exhibited higher proliferation, incorporating more
H?® thymidine compared to Itk” splenocytes in response to MOG peptide. Additionally,
WT CD4" T cells underwent more divisions (as measured by dilution of CFSE) than
Itk”CD4" T cells in response to MOG peptide (Fig A1.4E). Collectively these data

suggest that WT CD4" T cells have better recall responses upon stimulation with
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Figure Al. 4.
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Figure Al. 4. Itk signaling is critical for regulating the differentiation and
effector function of CD4" T cells during EAE. A and B) Splenocytes isolated from
d10, d17 and d31 immunized WT and Itk”” mice were stimulated with 5 pg/ml MOG
peptide for 72 hrs. The cells were then restimulated with 10 ug/ml MOG peptide in the
presence of Brefeldin A for 5 hrs and CD4" T-cells analyzed for the expression of
IFNy and IL17A by FACS. Representative flow plots are shown in A and quantified
for IFNy (left panel) or IL17A (right panel) stimulation index (fold change in
percentage of IFNy or IL17A producing cells in response to MOG peptide compared
to media controls) in B. C) Cell culture supernatants of cells treated as in (A) were
analyzed for the levels of IFNy and IL17A protein by ELISA. D) Splenocytes from A
were stimulated with PMA/lonomycin (P/1, Sigma, 50 ng/ 1 pg/ml) in the presence of
Brefeldin A for 5 hours and quantified for IFNy (left panel) or IL17A (right panel)
stimulation index (fold change in percentage of IFNy or IL17A producing cells in
response to MOG peptide compared to media controls). E) Splenocytes obtained from
d17 immunized WT and Itk”” mice were stimulated with 5ug/ml of MOG peptide for
72 hrs with H3-thymidine added during the last 18 hrs of culture, and data represented
as fold increase in thymidine incorporation over media control (left). Splenocytes
obtained from d17 immunized WT and Itk”” mice were loaded with CFSE and
stimulated with 5 pg/ml of MOG peptide for 72 hrs and analyzed for proliferation of
CD4" T-cells by FACS (right), Values are means + SEMs, *p < .05 by unpaired

student t test.
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MOG peptide, and that Itk signaling regulates the generation of MOG- specific

effector Thl and Th17 cells.

Itk” CD4" T cells exhibit altered migration velocity and are ineffective in
crossing the blood brain barrier in vitro

In EAE and MS, pathogenic immune cells, in particular CD4" T cells, must
traverse the brain endothelium and enter the CNS parenchyma and participate in
immune responses resulting in tissue damage [23-25]. Given that Itk’” CD4"* T cells
exhibit defects in CNS infiltration, which is important for inflammation and resultant
CNS pathology, we next determined whether Itk signaling in CD4" T cells is
important for their traversal across the blood-brain barrier. We performed migration
studies using an in vitro BBB model, to evaluate the migratory capacity of WT and
Itk” CD4" T cells. Itk”CD4" T cells showed defective migration across the in vitro
brain endothelial barrier compared to WT CD4 T cells (Fig ALl. 5A). This was not due
to reduced mobility of Itk™ CD4" T cells, since these cells traveled at a rate of speed
~3 times faster than WT CD4" T cells on a planar surface (Fig Al. 5B). Thus reduced
ability to migrate across the BBB could partially explain the lack of CD4" T cells in
the CNS of Itk”” mice and suggest that Itk signaling may also play an important role in

T cell migration across CNS barriers.

Inhibition of Itk signaling decreases MOG-specific Thl and Th17 cell migration

across the BBB.
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Figure Al.5.
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Figure Al. 5. Itk” mice show inefficient migration across the blood brain barrier
during EAE and in vitro. A) 2.5x10° CD4"* T cells isolated from MOG peptide-
immunized WT and Itk”mice were added to a layer of mouse brain endothelial cells
(bEnd3) cultured as a model of the brain endothelial barrier and the number of cells
migrating across the layer was determined at 1, 24 hrs post addition of T cells.*p<.05,
means + SEMs, by unpaired student t test. B) WT or Itk™ CD4" T cells (1x10°) were
plated on cover glass and the movement of cells recorded by time lapse video
microscopy. The time (t) to travel 100 um (d) was measured and the velocity
calculated based on the equation (v=d/t). C and D) CD4" T cells isolated from MOG-
T cell receptor (TCR) transgenic mice (2D2-TCR-Tg) mice were stimulated with 5
ug/ml of MOG peptide for 72 hrs into Thl and Th17 cells. 5 X 10°cells were loaded
onto a layer of mouse brain endothelial cells (bEnd3) cultured as a model of the brain
endothelial barrier and the number of Thl (B) or Th17 (C) cells migrating across the
layer was determined at 1 and 24 hrs post addition of T cells.*p<.05, means + SEMs,

by unpaired student t test (n=3).
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We next determined whether inhibition of Itk signaling alters specifically the
migration of MOG-specific Itk-sufficient effector T cells. We isolated T cells from
MOG-T cell receptor (TCR) transgenic mice (2D2-TCR-Tg) and induced their
differentiation to Thl or Th17 in vitro. These Thl and Th17 cells were treated with an
Itk inhibitor evaluated for ability to migrate across our in vitro BBB. We found that
significantly lower numbers of both Th1 and Th17 cells treated with the Itk inhibitor
were recovered from the bottom of transwells at both early and later time points
compared to vehicle controls (Fig. A1.5C and D). This confirms that inhibition of Itk
signaling alters the migration of effector CD4 T cells across brain endothelial barrier
cells. These results are consistent with the initial observation of reduced numbers of
immune cells in the CNS and attenuated disease in Itk” mice and in recipients of Itk”

CDA4 T cells.

Displacement of F-actin in Itk” CD4 T cells occurs specifically under conditions
of peptide/MHC Class II: TCR interactions.

Cytoskeletal reorganization is necessary for cell movement, cell function and
communication with other cells [26]. Our data indicate that Itk plays a role in both
CD4" T cell response to myelin antigen (MOG) stimulation (Fig Al. 4), as well as in
their ability to migrate across the BBB (Fig Al. 5). Previous studies have shown that
T cells lacking Itk are defective in their ability to polymerize actin, to become
polarized and to reorganize their cytoskeleton in response to TCR engagement,
contributing to defective T cell activation [1, 27-28]. To further investigate the role of

Itk in actin cytoskeletal reorganization in CD4" T cells during myelin antigen
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restimulation, we isolated CD4" T cells from WT and Itk” mice previously
immunized with MOG peptide, then stimulated them in vitro with MOG peptide (in
the presence of APCs) and stained for F-actin and the CD4 co-receptor. We observed
that MOG peptide stimulated Itk” CD4" T cells exhibit distinct displacement of actin

away from the CD4

169



Figure Al. 6.
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Figure Al. 6. Antigen specific defect in F-actin/CD4 colocalization in the absence

of Itk. A) CD4" T cells isolated from WT or Itk” mice immunized with MOG peptide
were stimulated with 5 ng/ml of MOG peptide, or B) plate bound a-CD3 (coated at 10
ug/mL of a-CD3 in PBS) for 24 or 72 hrs. Cells were fixed and stained with Alexa
Fluor 488 o-CD4 and Alexa Fluor 568 phalloidin to visualize F-actin. Representative
images taken from each group. C) Images from each treatment group were analyzed to
quantify the co-localization or displacement of F-actin from CD4 co-receptor (n=100

per each group).
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co-receptor (Fig Al. 6A). This is in stark contrast to MOG peptide-stimulated WT
CD4" T cells, which showed complete co-localization between actin and the CD4 co-
receptor (Fig. Al. 6A and B). Unstimulated WT or Itk” CD4" T cells, or stimulation
with varying concentrations of anti-CD3 in the presence of APCs did not result in
displacement of F-actin from the CD4 co-receptor at the time points examined (Fig Al.
6 C and D). These findings strongly suggest that Itk signaling induces actin co-
localization with CD4 co-receptor specifically under conditions of antigen-MHC Class
II:TCR interactions. Put another way, actin displacement in Itk”” CD4" T cells occurs

maximally under conditions of peptide/MHC Class II: TCR interaction.

Latrunculin B partially rescues migration of Itk CD4" T cells across the BBB.
Cell migration strongly depends on the organization and degree of actin
filament polymerization [26]. Latrunculin B (LatB) is a marine toxin which dose-
dependently inhibits actin polymerization by sequestering G-actin and thus, prevents
F-actin assembly [29]. In order for cells to migrate efficiently, the actin cytoskeleton
needs to be dynamic, (i.e. polymerizing into F-actin and depolymerizing to G-actin).
At high concentrations, LatB completely prevents F-actin assembly and disrupts actin
polymerization, thus blocking cell migration. However, at the lower concentrations,
LatB it allows more dynamic changes in F-actin polymerization. Thus low
concentrations of LatB can enhance the dynamics of F-actin polymerization. We
wanted to determine whether mild disruption of actin polymerization using low
concentration of LatB, in Itk” cells would in part rescue signaling downstream of Itk

and promote more efficient migration across brain endothelial cell monolayers. We
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Figure Al. 7.
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Figure Al. 7. Latrunculin B partially rescues the transmigration capacity of
CD4" T cells by actin-cytoskeletal reorganization. A) CD4" T cells isolated from
Itk mice immunized with MOG peptide were stimulated with 5 pg/ml of MOG
peptide for 72 hrs and pretreated with DMSO or LatB (1 uM) for 1 hr. Cells were
loaded onto mouse brain endothelial barrier and the number of cells migrating across
the layer was determined at 1, 24 hrs post addition of T cells. *p<.05 means + SEMs,
by unpaired student t test (n=4). B) MOG peptide stimulated Itk™ CD4* T cells were
treated with DMSO or LatB (1 uM) for 1 hr and cells were fixed and stained with
Alexa Fluor 488 a-CD4 and Alexa Fluor 568 phalloidin to visualize F-actin. MOG

peptide stimulated WT CD4" T cells were also used as control.
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treated MOG peptide-activated Itk’” CD4" T cells with a low concentration (1 pM) of
LatB prior to their migration. We observed a significant increase in LatB-treated Itk”
T cells recovered at the bottom of the transwell after their transmigration across the in
vitro BBB (Fig Al. 7A). This is compared to lower numbers of vehicle treated cells.
These results further confirm that the lack of Itk signaling, at least in large part,
attenuated disease in Itk” mice by hampering the migration of pathogenic T cells into
the CNS, thereby reducing the collateral tissue damage in the CNS.

We next determined whether LatB induces discernable changes in F-actin
morphology. We observed that Itk” CD4* T cells activated with MOG peptide and
treated with LatB (as above), display a distinct change in expression and co-
localization of F-actin in relation to the CD4 co-receptor, compared to LatB untreated
Itk” CD4" T cells (Fig. Al. 7B). There was less detectable actin in LatB-treated Itk”"
CD4" T cells (Fig Al. 7B). Moreover, it appears that LatB sequestered F-actin in a
dense area in the cell that is positioned in close proximity to the CD4 co-receptor (Fig
Al. 7B). Thus, we hypothesize that Itk-regulated actin positioning in the proximity of

CD4 is critical for the function of CD4" T cells.

Itk signaling regulates Treg/ Th17 axis to exacerbate EAE

Foxp3* Treg cells can suppress inflammation and ameliorate pathogenesis
during EAE [30]. We wanted to determine if Treg cells played a role in the disease
phenotype observed in Itk” mice. The number of Treg cells in brain and spinal cord of
WT and Itk” mice at day 30 were not statistically significant (Fig. Al. 8A). However,

while there were no differences in the number of Tregs, we found that the ratio of
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Figure Al. 8.
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Figure Al. 8. Itk signaling regulates Treg/Th17 axis to exacerbate EAE. A) Cells
were isolated from the brain and spinal cord of d31 immunized mice and analyzed for
CD4"Foxp3” Treg cells by FACS analysis, 3 mice/group. B) Splenocytes from the
indicated WT and Itk” mice were analyzed for CD4* T cell (Tconv) and CD4" Foxp3*
T cells (Treg) and the number and relative proportion of Tconv to Treg cells was
calculated. C) Splenocytes of WT and Itk” mice isolated from d10 (left panel) and
d17 (right panel) immunized mice were stimulated with 5 ng/mL MOG peptide for 72
hrs and analyzed for the ratio of Tconv to Treg cells as before. Values are means *
SEMs, by unpaired student t test. D) WT or Itk mice were immunized to develop
EAE and scored daily for clinical signs of EAE. Itk” mice were injected with either
vehicle (PBS) or 200 ng a-CD25 (PC61 mADb) antibody every four days. Note that 4
of 5 mice injected with a-CD25 developed disease. Values are means + SEMs,

*p< .05 by 2-way ANOVA, n=5.
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conventional T cells to Treg was perturbed in the periphery of natve Itk” mice, and
this altered ratio was maintained during the progression of EAE (Fig Al. 8B).
Absence of Itk signaling also resulted in better expansion of Treg cells ex vivo in
response to MOG peptide, with a significantly higher proportion of Treg cells in
cultures of Itk”"splenocytes isolated either at day 10 or day 17 post EAE induction (Fig
Al. 8C).

To determine whether this Tconv/Treg cell ratio contributed to the reduced
susceptibility of Itk” mice to developing EAE, we depleted Treg cells in vivo by
administration of a-CD25 and then induced EAE in Itk” mice. Interestingly, ablation
of Treg cells resulted in increased disease severity in Itk” mice although the onset of
EAE was still considerably delayed (Fig Al. 8D), suggesting that Itk regulates

autoimmune pathologies during EAE in part by controlling the Treg/T effector balance.
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A1.5. Discussion

In this study, we investigated the role of Itk in the CD4" T cell mediated
neuroinflammatory disease, EAE, a murine model of MS. Both EAE and MS are
characterized by invasion of inflammatory Th1l and Th17 autoreactive cells into the
CNS that cause damage to myelin tissue, resulting in paralysis and neuronal damage
and loss [12-14, 17]. Furthermore, defects in T regulatory cell numbers or function are
also pathogenic for both EAE and MS [17, 30-32]. We found that the absence of Itk
signaling is protective in EAE, suggesting that Itk plays an important role in the
generation of autoreactive CD4" T cells that are pathogenic in EAE. This work
supports and extends previous work by Gomez-Rodriguez et al, showing that Itk is
essential for the production of IL17A by Th17 cells via activation and nuclear
translocation of NFATc1 [4]. In addition to potentiating Th17 responses in vivo, we
also show that Itk is essential for the elaboration of effector function of autoreactive
Th1 cells, and that Itk signaling regulates the balance between Treg and T effector
cells to exacerbate autoimmune pathologies during EAE. Furthermore, we show that
Itk is important for the ability of effector CD4" T cells to migrate into the CNS, and
critical for proper activation of CD4" T cells in part by regulating co-localization
between CD4 and F-actin.

The progression of EAE follows an initial Thl response, which transitions to
an IL-17 driven response [16]. Our results suggest that Itk may play a more critical
role in acute phase of EAE, since the clinical signs and number of CD4" T cells in the
CNS of the Itk” mice eventually catch up with the WT animals at later stages of

development of the disease. However, we also found that while Itk” T cells have the
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capacity to become producers of IFNy, they are less likely to migrate to the brain,
hence the reduced numbers of these cells in the brain and spinal cord, and contribute
to the pathology of the disease. We and others have suggested that Itk’ CD4" T cells
retain Thl responses, and so we were also surprised that Itk was also required for Thl
responses and IFNy secretion, since this has not been previously identified as a defect
in these cells [3]. This could be secondary to Itk regulation of Ca*" responses and
activation of nuclear factors such as NFAT [33], both of which are critical for the
rapid production of effector cytokines IFNy and IL17A by differentiated T helper cells
upon TCR stimulation [34]. It is also possible that Itk’s role in the initial stimulation
and differentiation of these cells to the Th1 lineage is different compared to its role in
already differentiated Thl cell. We are further investigating these roles of Itk in
already differentiated cells. Nevertheless, our results suggest that Itk T cells, either in
Itk mice or in the T cell transfer model, exhibit delayed induction of pathogenesis
related to reduced IFNy production, and the transition to IL-17A production does not
occur.

EAE development is dependent on the ability of inflammatory CD4™ T cells
(and other immune cells) to migrate to the CNS where they mount inflammatory
responses against myelin tissue resulting in tissue damage [24-25, 35-36]. We and
others have previously shown that Itk signaling can promote migration of T cells via
the chemokine SDF1a by driving actin rearrangements downstream of CXCR4 [37-
38]. Consistent with this, we found reduced numbers of Itk CD4" effector T cells in
the CNS and spinal cord. Moreover, we demonstrated that Itk” CD4" T cells isolated

from MOG-immunized mice were less efficient in migrating across brain endothelial
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cells in an in vitro blood brain barrier model. We also observed that treatment of WT
MOG-specific Thl and Thl7 cells with an Itk inhibitor led to a decrease in their
migration of across brain endothelial cell monolayers. Furthermore, treatment of Itk™
CD4" T cells with low concentrations of LatB, which enhances the turnover of actin
and facilitates cell migration, led to enhanced migration, suggesting that regulation of
the actin cytoskeleton by Itk in part regulates these events. This further confirms that
Itk signaling potentiates and/or promotes CD4" T cell migration into the CNS and
resultant neuroinflammation/neurodegeneration. We also found that activation of
effector CD4" T cells in the absence of Itk is affected by alterations in the actin
cytoskeleton. While the defects in actin cytoskeletal rearrangement downstream of the
TCR is well established in the absence of Itk [39], what is not known is how these
defects affect CD4 co-receptor localization. We observed disrupted interaction
between CD4 and F-actin in the absence of Itk, and this is only observed in MOG-
activated CD4" T cells but not under conditions of a-CD3 induced T cell activation.
This antigen-specific defect may contribute to the defect in activation of CD4" effector
T cells and could result in the reduced pathogenicity of these cells. This strongly
suggests that Itk signaling can be a therapeutic target for pharmacological modulation
to regulate inflammatory T cell entry into the CNS such as MS.

In this work we also observed that the ratio of Tconv:Treg cells is perturbed in
naive Itk” mice compared to WT controls. Itk” mice have fewer Tconv cells per Treg
cell at the basal level and maintain this altered ratio throughout the progression of
EAE. Gomez-Rodriguez et al have recently shown that Itk regulates the balance

between Treg cells and Th17 cells [40], and we have also shown that the absence of
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Itk signaling results in enhanced development of Tregs. Our data suggests that this
regulation of Th17 vs. Tregs may control, in part, the ability to develop EAE. Thus in
addition to dampening detrimental effector responses, absence of Itk signaling may
also favor the expansion and/or survival of Treg cells to the detriment of Th17 cells.
Foxp3™ Treg cells have been shown to be critical for suppression and regulation of
inflammation during EAE [17]. Consistent with this, we find that depletion of Treg
cells during and post EAE immunization resulted in more severe disease
pathophysiology in Itk” mice, albeit delayed. The fact that Treg depleted Itk” mice
still exhibit delayed disease onset would suggest that the protection we see is primarily
due to a defect in effector T cell function and that this is further enhanced by the
presence of a lower ratio of Tconv:Treg cells. These results suggest that inhibiting Itk
may tip the balance in favor of anti-inflammatory responses, which would be highly
favorable in conditions such as inflammatory, autoimmune diseases and prevention of
transplant rejection.

These results are interesting when taken in the context of published work on
the regulation of T helper cell fate by mTOR signaling. Recent work has suggested
that mTOR signaling can promote the differentiation of effector CD4" T cells while
absence of mTOR signaling results in preferential expansion of Treg cells [41-42].
MTORC1 and mTORC2 promotes differentiation of Thl and Th17 cells while
MTORC2 potentiates Th2 responses [42-44]. mTORC1 and mTORC2 have been
shown to inhibit induction of Foxp3 and subsequent differentiation of Treg cells [43-
45]. Our work is also of interest given Gomez-Rodriguez et al’s findings that Itk

signals represses the expression of PTEN, which can control mTOR signaling
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downstream of the TCR to affect the balance between effector Th17 CD4" T cell and
Treg responses [40]. Our recent work also supports this conclusion since we have
found that inhibition of the kinase activity of Itk enhances the development of Treg
cells. However, while the function of inducible Tregs are not affected by Itk [40], we
have shown that the function of natural or thymic derived Tregs is dependent on Itk.
Note that it is not clear whether Tregs involved in regulating the development of EAE
are inducible or thymic/natural Tregs, which may determine how effective the balance
between suppressive and pathogenic T cells responses are in the Itk” mice developing
EAE. Nevertheless, it is clear that absence of Itk signaling not only dampens effector
CD4" T cell responses but also tips the balance in favor of anti-inflammatory
responses by promoting the expansion of regulatory T cells.

CTLA-4 deficient mice spontaneously develop autoreactive T cells that
infiltrate various organs, and Jain et al recently reported that the absence of Itk results
in the accumulation of autoreactive CTLA-4 deficient T cells in secondary lymph
nodes, alleviating the autoimmune destruction of pancreas in models of type | diabetes
[46]. These data suggest that Itk may control the ability of activated T cells to leave
the lymph nodes and access sites of auto antigen for pathogenic destruction of tissue.
Our findings support these conclusions, but also indicate that Itk regulates other
aspects of the T cell immune response and biology. We propose that the absence of Itk
signaling protects against neuroinflammation during EAE through a number of
mechanisms. First, signaling through Itk is essential for the generation of autoreactive
effector Thl and Th17 cells that are central to neuroinflammation. Second, Itk

signaling regulates the balance between pathogenic Th1/Th17 and tolerogenic Treg
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cells to exacerbate EAE. Finally, Itk signaling may also play a role in how antigen
specific cells migrate across the blood brain barrier. This work therefore has
implications for understanding Itk as a potential therapeutic target. In light of this,
inhibitors of Itk could be attractive options for treatment of Th1/Thl7 mediated
autoimmune pathologies such as MS, and in treatment regimens where it would be

beneficial to expand regulatory CD4" T cells.
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Appendix 2.
Non-alcoholic fatty liver disease induces
Alzhimer’s disease (AD) in wild type mice and

accelerates AD in an AD model.

*This appendix was submitted to Journal of Immunology
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A2.1. Abstract

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease afflicting about
one third of the world’s population and 30% of the US population. It is induced by
consumption of high lipid diets and is characterized by liver inflammation and
subsequent liver pathology. Here, we investigated NAFLD-induced liver inflammation
in the pathogenesis of Alzheimer’s disease (AD). We fed AD-transgenic (APP-TQ)
and wild-type (WT) mice with high fat/lipid diet or a control diet. Chronic NAFLD
induced advanced AD in WT mice, accelerated advanced-AD in APP-Tg mice,
induced neuronal apoptosis and decreased brain expression of low-density lipoprotein
receptor-related protein-1, that is involved in beta-amyloid clearance, in both WT and
APP-Tg mice. Removal of mice from HFD during acute disease reversed liver
pathology, neuroinflammation and decreased beta-amyloid plaque load. These
findings are highly translatable, as they indicate chronic inflammation induced outside
the brain is sufficient to induce neurodegeneration in the absence of genetic

predisposition.

192



A2.2. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease
associated with decline in cognitive function, impairment in memory, language and
visual-spatial coordination, eventually resulting in complete loss of basic function [1].
Dementia of all forms affects about 5% of the population older than 65. There are
approximately 5.5 million cases of AD in the US alone and this number is estimated to
nearly triple by the year 2040. Moreover, as the world population lives longer, AD
and dementia are predicted to constitute a major global health problem in the aging
population of the world [2].

Major pathological hallmarks of AD present as senile amyloid plaques that are
composed of Amyloid B (AB) protein and intracellular neurofibrillary tangles with
characteristic reactive microgliosis and astrogliosis. AD is characterized by dystrophic
neuritis, neuronal loss, synaptic dysfunction and cerebral atrophy [1]. AD can be
largely divided into early and late onset forms. Early onset AD is induced in patients
carrying genetic mutation/s in amyloid precursor protein (APP) and/or Presenilin (PS1
or PS2) which induces formation of insoluble AP. Late onset AD, also known as
sporadic AD, is believed to be induced by aberrant processing of AP resulting in
pathological lesions. In general, APP is cleaved by a-secretase that generates soluble
AP that has neuroprotective function [3]. However when APP is cleaved by beta-
secretase-1 (BACELI) it produces AB1-42 Which is insoluble and forms amyloid plaques
that are proapoptotic and neurodegenerative and is believed to induce cognitive

impairment [4-5]. While the underlying cause of AD is not known, advancing age,
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environmental stressors and genetic factors appear to be important precursors [6-7]. In
addition to AP deposits, AD is characterized by neurofibrillary tangles which are
neuronal deposits of hyperphosphorylated Tau, also referred to as tauapathies that are
well correlated with cognitive impairment and advanced neurodegeneration [1, 8].
Due to this association, it is still debated whether the initiating factor for AD is AP
plaque or tauopathy [9].

In the United States, diets high in fats/lipids which are commonly known as
“fast foods,” are prevalent in a significant proportion of the population and is
becoming an important public health issue. High fat diets (HFD) are implicated in
various metabolic syndromes leading to obesity, atherosclerosis, insulin resistance,
dementia, cognitive decline and potentially, to AD [10-14]. HFD also induces liver
pathology called non-alcoholic fatty liver disease (NAFLD) that is characterized by
fatty liver, accumulation of lipids in hepatocytes and infiltration of inflammatory
immune cells in the liver parenchyma and secretion of proinflammatory cytokines
resulting in liver damage [11-12, 15-16]. NAFLD is the fourth largest cause of liver
disease in the Western hemisphere. It afflicts about 30% of the US population and is
the twelfth leading cause of death in the US amongst adults 45-54 years [17]. The
increase in NAFLD has been linked to increased prevalence of obesity and metabolic
diseases in the US and worldwide (7). NAFLD is associated with marked progressive
inflammation, fat deposition and fibrosis of the liver (8,10). Also, a clear association
exists between cardiovascular risk factors or carotid atherosclerosis and dementia

progression leading to AD [18].
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Cholesterol is an important building block of the brain [19], which is rich in
cholesterol and produces over 20% of total cholesterol in the body. This high
cholesterol content is needed for neuronal function, as the brain cannot access plasma
cholesterol due to restrictions posed by the blood brain barrier [20]. For this reason,
neuronal cells express high levels of cholesterol-uptake receptors such as LDLR, low-
density lipoprotein receptor-related protein 1 (LRP1) and apoliprotein-E (ApoE). Up
to 70% of the brain’s cholesterol make up the myelin sheath of oligodendrocytes and
the membrane of astrocytes, with the remainder contributing to neuronal function
including the myelin sheath of neurons that relay synaptic signals. ApoE, and LRP1,
are related to cholesterol metabolism and are important risk factors contributing to the
prevalence of AD [21-23]. The ApoE variant, ApoE4, increases AD risk and
accelerates AD onset (Bu, 2009; Liu et al., 2013). Multivariate analysis of metabolites
in the blood of AD patients when compared to age-matched controls, showed that of
the ten metabolites that distinguished AD from its age-matched cohorts, six of them
were long chain cholesteryl esters that were reduced in AD [24]. Also, several large
cohort studies showed that long-term treatment with statins, which lowers serum
cholesterol levels, could alleviate AD symptoms, suggesting that alteration in lipid
metabolism contributes to AD pathogenesis [25-26]. LRP1 is an endocytic receptor
highly expressed in the liver, on neurons and on vascular smooth muscle and glial
cells in the CNS vasculature and functions in the clearance of AP from the CNS. AP
clearance is impaired in neurons from LRP1-defificient mice [27]. Binding of APP to
LRP1 results in increased trafficking and clearance of APP. However, LRP1 is also

involved in AP production. Hence, its involvement in AP synthesis and clearance
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makes it a prime target in AD pathogenesis. Deletion of LRP1 exacerbated AP
deposition and increased CAA [28]. It is speculated that ApoE may inhibit or facilitate
LRPI1 endocytosis of AB. Since ApoE4 is linked to both sporadic and familial AD and
ApoE functions in the cellular transfer of lipids through LRP1 on the cell surface, it is
presumed that LRP1, ApoE or both are involved in dysfunction of the lipid transport
mechanism and AP clearance.

The increase in obesity and NAFLD prevalence in our society, both induced by
diets high in fats/lipids (HFD) and their link to chronic inflammation and metabolic
diseases, mirrors increase in AD and AD-like syndromes. We therefore decided to
investigate the impact of NAFLD in AD pathogenesis in an AD transgenic mouse
model (APP-Tg) and in C57BL/6, wild type (WT) mice.

To elucidate the effect of a diet with increased lipids, which we will refer to as
HFD, that manifests as NAFLD in AD pathogenicity, compared to standard mouse
diet (SD), we fed APP-Tg and WT mice with HFD for 2 months, 5 months and up to
one year. HFD induced systemic and CNS inflammation that accelerated AP plaque
deposition during acute NAFLD (2, 5 months) in APP-Tg mice and it induced
neuroinflammation but did not induce AP plaques in WT mice compared to SD
controls. Removal of APP-Tg mice from HFD after 2 months decreased AP plaque
load and reversed signs of systemic and CNS inflammation in both WT and APP-Tg
mice. APP-Tg and WT mice were kept on HFD for up to one year to determine the
impact of chronic NAFLD in AD induction in WT mice and progression in APP-Tg
mice. We observed advanced signs of AD, including accelerated cerebral amyloid

angiopathy (CAA), and increased tauopathy, and neuronal loss in APP-Tg mice. More
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importantly, long term HFD treatment induced plaque formation, CAA and tauopathy
in WT mice. The advanced signs of AD was associated with a decrease in CNS
expression of LRP1 during chronic disease. These studies indicate that HFD induced
inflammation plus aging is sufficient to trigger neurodegeneration and accelerate the

process of AD even in the absence of genetic predisposition.
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A2.3. Materials and Methods

Mice and diet

The APP-Tg mouse [B6.Cg- Tg(APPswe,PSEN1dE9)85Dbo/J] was generated
as previously described [29]. APP-Tg mice and their WT littermates were fed either a
standard diet (SD) (Harlan Teklad TD.7912), or a high-fat diet (HFD) (1.0%
cholesterol, 0.5% cholic acid, 18% triglyceride; Harlan Teklad TD.88051, “Paigen
diet”) [12] beginning at the age of 2 months. APP-tg and WT mice were fed for 2
months, 5 months, and 1 year either with HFD or SD or APP-Tg mice removed from
HFD after 2 months and were put back on SD for 3 months. All animal work was done
in accordance with PHS guidelines and was approved by Cornell’s institutional animal

care and use committee (Protocol # 2008-0092).

Tissue harvest and histology

Deeply anesthetized mice were weighed and transcardially perfused with ice
cold PBS then brain, spleen, and liver were collected for analysis. After macroscopic
photo documentation, all livers were weighed and used for leukocyte preparation,
except two 30 mg tissue sections which were used for histopathology and RNA
preparation. Approximately 30 mg of liver and one brain hemisphere were flash frozen
in Tissue-Tek O.C.T. (Sakura Finetek) and stored at -80°C. 10um thick frozen
sections were affixed to Supefrost/Plus slides (Fisher), fixed in acetone, and stored at -
80°C. For immunohistochemistry staining, slides were thawed and treated with 0.03%

H,0, in PBS to block endogenous peroxidase or fixed and permeabilized in acetone
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for immunofluorescence staining, blocked with casein (Vector Laboratories) in normal
goat serum (Zymed), and then incubated with anti- CD45, phospho Tau, ApoE, CD31,
LRP-1, 6E10, GFAP or NeuN primary antibodies. For immunohistochemistry, slides
were then incubated with biotinylated goat anti-rat Ig (Jackson ImmunoResearch) and
streptavidin-HRP (Zymed) and developed with an AEC (Red) substrate kit (Zymed)
and a hematoxylin counterstain then coverslips were mounted with Fluoromount-G.
For immunofluorescence, slides were instead subjected to AF488, TexRed, or AF647
conjugated secondary antibody and coverslips were mounted with Vectastain
containing DAPI (Vectorlabs). For TUNEL staining which was used for detecting cell
death, reaction mixture supplied by Roche’s In Situ Cell Death Detection Kit, AP (Cat.
No. 11 684 809 910) was used following the protocol provided from Roche.

Standard or frozen histological tissue sections were formalin fixed and
processed for hematoxylin and eosin (H&E) or Oil-Red-O staining and hematoxylin
counterstaining respectively, then examined by light microscopy. For the green
fluorescent Thioflavine S (ThioS) staining of plaques, frozen sections were incubated
with 1% ThioS (Sigma-Aldrich) in distilled water for 5 min, differentiated in 70%
ethanol for 5 min, washed three times for 5 min each with distilled water and cover-
slipped with Vectastain containing DAPI (Vectorlabs). Images were captured using a

Zeiss Axio Imager M1 microscope.

guantitative PCR

Brain and liver mRNA was extracted with TRIZOL (Invitrogen) and cDNA

was synthesized using High-Capacity cDNA Reverse Transcription Kits (Applied
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Biosystems) according to the protocols provided by the manufacturers. Quantification
of expression levels of ApoE, LRP1, TLR1, TLR2, TLR6 and of pro-inflammatory
cytokines (IL-6', TNFa, IL-17 and IL-1b) were performed using specific primers and
KAPA SYBR FAST gPCR Kit (KAPA biosystems) and ran on CFX96 thermocycler
(Bio-Rad). Relative mRNA expression levels of genes were analyzed using 2"%T
method, normalized with GAPDH as reference gene and fold change plotted was
relative to the respective SD controls. Specificity of reaction was analyzed using

melting curve analysis. Primer sequences can be viewed in supplemental table 1.

ELISA assay

Splenocytes were harvested from SD or HFD fed mice after 1 year and treated
with either PBS or ConA for 48-72 hrs. Supernatant was collected and used for ELISA
analysis using eBioscience Ready Set Go Kit. Briefly, plates were coated overnight at
4 °C with capture antibodies against IL-6, TNFa, IL-17 and then washed. Incubation
was repeated with added standards and samples and washed then subsequently
incubated with biotin conjugated detection antibodies. Plate was washed and
developed with 1X TMB substrate solution (ebioscience) and the optical density
(O.D.) was read at 450 nm using Biotek fluormetry (Biotek). O.D. values were

converted into absolute concentration using the standard curve.
Statistical Analyses
Data were analyzed by one-way-ANOVA, followed by Bonferroni’s Multiple

Comparison test or student t-test (two-tailed, unpaired) using GraphPad Prism 5
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software (Graphpad, La Jolla, CA). Plotted data shown represents mean + s.e.m where

significance is indicated by *, P<0.05; **, P<0.01; ***, P<0.001.
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A2.4. Results

Acute stage NAFLD accelerated beta-amyloid plague formation in APP-Tg mice.

It is becoming more and more evident that diets high in fats/lipids can cause
metabolic diseases such as NAFLD. Metabolic diseases are emerging as significant
contributors to dementia and cognitive decline [30-31]. To investigate the impact of
acute NAFLD in AD pathogenesis we induced NAFLD in age- and gender-matched
WT and APP-Tg mice, by feeding them a high fat/high cholesterol diet (HFD)
(consisting of 1% cholesterol and 18% triglicerides) (Table A2.1) beginning at 2
months old. Mice were fed HFD for 2 months, 5 months, or removed from HFD after
2 months and were put back on standard diet (SD) for 3 months, while control mice
(APP-Tg and WT mice) were fed SD for either 2 months or 5 months. To determine
whether HFD increased beta-amyloid (Ap) plaque burden in APP-Tg mice, or induced
AP plaques in WT mice, we analyzed brain sections of APP-Tg mice on HFD for 2
and 5 months, and of mice that were removed from HFD after two months and were
put back on SD, as well as of SD fed control mice (Fig A2.1). We observed a
significant increase in AP plaque load in HFD fed APP-Tg mice at 2 and 5 months
(Fig 1B and C) compared to SD fed controls (Fig A2.1.A) as visualized by Thioflavine
S stained plaques. APP-Tg mice that were removed from HFD after two months have
lower plaque burden than mice on HFD for 5 months (Fig A2.1.B-D). Not only was
the plaque burden in HFD APP-Tg mice greater, the plaque sizes were larger in

diameter than the average plaque size in control mice on SD and were
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Table A2.1. Fat composition of standard diet (SD) and high fat diet (HFD).

Fat Composition (%) SD HFD

Total Fat 5.8 15.8
Cholesterol 0 1.0
Cholic acid 0 0
Triglyceride 0 18
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Figure A2.1. HFD accelerated beta amyloid plaque burden in APP-tg mice.
Representative images of Thioflavin-S (green) and Iba-1 (red) stained cortical brain
sections from age-matched APP-Tg mice fed with either SD for five months (A), kept
two months on HFD then replaced with SD for three months (B), or kept on HFD for
five months straight (C). Right panel images are at 10x magnification showing plaque
cluster from lower 2.5x magnification of left panels. Bar = 100um. (D) Quantification
of plaque load in cortical sections of multiple fields (10 fields/mouse) from 5 mice

/group in one representative experiment.
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inundated with activated microglial cells (Fig A2.1.D). We did not observe Ap
plaques in WT mice on HFD either at two or five months (Supplementary Fig A2.1).
We conclude that HFD accelerated AP plaque formation in APP-Tg mice but did not
induce plaques in WT controls. Moreover, removal of APP-Tg mice from HFD to SD
lessened plaque load compared to mice on HFD for five months duration. This
suggests that if dietary intake is corrected early in disease (prior to advanced AD), that

signs of AD can be reversed.

Both APP-Tg and WT mice are susceptible to HFD-induced NAFLD
steatohepatitis and systemic inflammation
NAFLD induces severe liver inflammation and causes significant liver
damage [16]. To confirm NAFLD induction we examined the livers of mice and
observed that both APP-Tg and WT mice on HFD exhibited significant liver
abnormality, characterized by severe hepatomegaly, fat accumulation and significant
increase in liver size and weight in both APP-Tg and WT HFD fed mice (Fig A2.2.A
and B). Interestingly, when both APP-Tg and WT mice were removed from HFD after
2 months and put back on normal chow (SD) for three months, the fatty liver resolved
and the size of their livers was similar to control mice that were continuously on SD
(Fig A2.2.A). Notably, HFD consumption did not lead to abnormal body weight gain
in either APP-Tg or WT mice compared to control mice on SD (Fig A2. 2.B).
To further define the liver pathology in HFD fed mice, we performed
immunohistochemistry to examine immune cell infiltration in the liver (hepatitis), as

well as Oil-Red-O staining to evaluate fat deposition in the liver cells (steatosis) (Fig
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Figure A2.2
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Figure A2. 2. HFD induces acute liver pathology and inflammation in APP-tg and
WT C57BL/6 mice. (A) Representative images of livers from SD and HFD fed WT or
APP-tg mice, with corresponding liver and body weights of their respective age
matched SD fed controls (B). (C) Representative frozen tissue sections of livers from
either SD or HFD fed APP-tg and WT mice after two months: images depict leukocyte
infiltration into the liver parenchyma (left panels) after CD45 antibody staining (red)
(arrows indicate sites of lymphocyte infiltration); right panels depict Oil-red-O
staining of liver sections showing lipid droplets and lipid accumulation in HFD fed APP-
tg compared to WT mice, and SD controls. (D) Quantitative analysis of total leukocyte
numbers (CD45+ and CD45- populations) isolated from livers of 2 month SD or HFD
fed WT and APP-tg mice by flow cytometry. (E) Pro-inflammatory cytokines (TNF-a,
IL-6 and IL-17) mRNA expression in livers from 2 month SD or HFD fed APP-Tg

and WT mice.
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A2.2.C). We observed multifocal hepatitis and substantial steatosis in HFD fed WT
and APP-Tg mice, whereas livers of SD fed mice were devoid of hepatitis or steatosis
(Fig A2.2.C). Although livers of both HFD fed WT and APP-Tg mice showed marked
lipid droplet deposition, WT mice exhibited larger pockets of fat deposits than APP-
Tg mice (Fig A2.2.C). Analysis of inflammatory leukocyte subpopulations revealed
increase in CD4", CD8", B220", and F4/80" cells in livers of both HFD fed WT and
APP-Tg mice compared to their respective SD fed controls (Fig A2.2.D). We next
determined whether NAFLD induced a systemic proinflammatory state in HFD mice.
We performed gene expression analysis of proinflammatory cytokines from livers of
HFD and SD App-Tg and WT mice using quatitative PCR (qPCR). We observed
increased expression of TNF-alpha, IL-6 and IL-17 in both APP-Tg and WT mice on
HFD compared to SD controls (Fig A2.2.E). These findings indicate that HFD-
induced NAFLD caused an acute inflammatory state, in the absence of increased
weight gain in HFD APP-Tg and WT mice that accelerated the process of AD in APP-

Tg mice.

HFD induces neuroinflammation in both APP-Tg and WT mice in acute stage
NAFLD.

Peripheral inflammation, that is, inflammation induced outside the CNS, has
long been associated with inducing CNS inflammation leading to neurodegeneration
[10, 32]. To determine whether NAFLD-induced inflammation (which initially starts
in the liver) induces CNS inflammation in HFD fed mice, that may account for the

accelerated plaque burden in APP-Tg mice (Fig A2.1), we performed cytokine gene
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expression analysis on brains of HFD and SD fed WT and APP-Tg mice. We observed
higher levels of TNF-alpha and IL-6 mRNA in brains of APP-Tg mice on HFD
compared to SD controls (Fig AZ2.3.A). Interestingly, we observed a different
inflammatory profile in the CNS of WT mice on HFD that expressed higher levels of
IL-1beta and IL-17 mRNA in the CNS compared to SD controls (Fig A2. 3B). This
indicates that peripheral inflammation has a significant effect on induction of CNS
inflammation (Fig A2.3.B).

Toll-like receptors (TLRs), which are innate immune receptors that recognize
microbial components called PAMPS (pathogen-associated molecular patterns) or
endogenous ligands released by necrotic or injured cells called DAMPS (damage-
associated molecular patterns) and have been recently described in CNS inflammation
[33]. TLR association with specific DAMPs lead to receptor activation, which
subsequently leads to initiation of an inflammatory cascade such as we observed in Fig
A2. 3A and B. We investigated whether TLRs were altered in the CNS of APP-Tg or
WT mice on HFD compared to controls during acute NAFLD. We focused on TLRs 1,
2 and 6 as these TLRs are known to recognize lipoproteins and glycolipids among
others [34]. We observed significant upregulation of TLR 1, 2 and 6 in the brains of
HFD fed WT and APP-Tg mice compared to SD controls (Fig A2.3.C). This confirms
that HFD induced a potent inflammatory cascade inducing TLRs and culminating in
secretion of proinflammatory mediators in the CNS.

Microgliosis is characterized by an increase in the number and accumulation of
activated microglial cells around CNS lesions or during CNS injury and are believed

to contribute to CNS pathology in models of neuroinflammation [35-36]. We found
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that HFD fed WT and APP-Tg mice showed markedly pronounced staining for the
activated microglial marker Iba-1, in areas surrounding the choroid plexus and (Fig
A2.3.D). Interestingly, despite the absence of plaques in WT mice on HFD, these mice
showed intense Iba-1 staining and increased microglial cell numbers, suggesting that
the CNS of these mice are being primed for a neuroinflammatory or pathological event
(Fig A2.3.D and E). Quite interestingly, Iba-1 staining was significantly reduced in
mice that were removed from HFD after two months and put back on SD, indicating
HFD-induced systemic inflammation is the major factor contributing to CNS
inflammation and microglial activation (Fig A2.3D and E). We also observed Iba-1
staining in SD fed APP-Tg mice, albeit to a lesser extent (Fig A2.3.D and E),
suggesting preexisting pro-nflammatory conditions in the CNS of these mice as was

previously reported [37].

211



Figure A2.3.

*x
A ® 5, O sD m HFD B - - i
<24 g —
Z33 g5
% o 2 Eo,
T 1 2
L0 0
TNF(X, IL'6 TNFalL1b IL-6 IL17
C
<
£ & €5 E G
=525 55 o
T x o -
P 2 0.0 = =
D DAPI Iba-1
sD 2 mons HFD 23";‘°J‘:SHSFDD 5 mons HFD
o
o
< . . .
|—
=
E e

O sb
[ HFD 2 mons

B3 HFD 2mons
SD 3 mons

M HFD 5 mons

Iba1 fluoresence

212



Figure A2. 3. Increased inflammation and microglial activation in brains of HFD
fed mice. Pro-inflammatory cytokine mRNA expression in brains of APP-tg (A) and
WT mice (B); brain mRNA expression of TLR1, TLR2 and TLR6 of APP-tg or WT
mice after being on SD or HFD for two months (C). Representative
immunofluorescent, Iba-1 stained brain images from APP-Tg and WT mice fed either
SD or HFD for 2 or 5 months, or initially with HFD for 2 months and then put back on
SD for 3 months (D) and quantification of Iba-1 expression intensity (E). Iba-1

expression (red) and DAPI nuclei staining (blue) near the choroid plexus.
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Impact of HFD in chronic disease: NAFLD one year later caused advanced signs
of AD in both WT and APP-Tg mice.

To mimic the life-long diet pattern in human, we kept APP-Tg and WT mice
on HFD for up to one year to evaluate its impact on systemic as well as on brain
inflammation and consequent AD pathogenesis. Because we observed accelerated
plaque formation in APP-Tg mice at two and five months on HFD, that is comparable
with the plaque loads and sizes seen in these mice around 18-24 months on SD, we
anticipated an even greater plaque burden in APP-Tg mice on HFD after one year.
Surprisingly, instead of increased plaques, we observed a significant decrease in
overall plaque load in APP-Tg mice on HFD compared to those on SD (Fig A2.4.A).
We hypothesized that the reduced plaque load may be a result of neuronal and/or glial
cell death or due to increased plaque clearance by astrocytes, that can exert a
protective response to fibrillar Ap by removing/clearing it from the CNS [38]. We
examined and enumerated AP plaque deposition in the entire brain (Fig A2.4.A and
Supplementary Fig A2.2). We observed a dramatic reduction in both A plaques in the
midbrain, the hippocampus, the hypothalamus, the olfactory bulb and the cerebellum
of HFD fed mice compared to mice on SD (Fig A2.4.A and Supplementary Fig A2.2).
Moreover, when compared to SD fed aged APP-Tg mice (20 months old), APP-Tg
mice on HFD for one year (and 14 months old) had significantly reduced astrocyte

staining as shown in the hippocampus and is indicative of astrocyte loss (Fig A2. 4.B).
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Figure A2.4. Long term HFD feeding (1 year) markedly decreased NeuN" cells,
AP plague load and astrocytes in brains of APP-tg mice. (A) Representative brain
sections from 1 year SD or HFD fed APP-tg mice, stained with anti-6E10 anti-beta-
amyloid antibody (green) or anti-GFAP (red) antibody showing AP plaque or
astrocytes, respectively. (B) Immunofluorescence staining of representative frozen
brain hippocampal sections from 1 year SD or HFD fed APP-tg mice, stained with
anti-NeuN antibody that stain neurons (red), anti-GFAP antibody (gold), showing
neuronal cells, astrocytes, respectively. Representative images (C) and quantitative
analysis (D) of immunofluorescence in brain sections from SD or HFD fed APP-tg
mice double stained with NeuN (red), or TUNEL (green) which is a marker for
apoptosis. TUNEL/NeuN double positive cells were quantified as a percentage of total
cell count. (E) Representative image of brain sections from SD or HFD fed APP-tg
mice stained with anti-NeuN antibody (red). Dotted lines indicate the outline of NeuN
positive signal of the mid brain. (F) Quantitative analysis of E, showing the number of
NeuN positive cells from different fields of the brains from SD or HFD fed mice. (G)
Quantitative analysis of E, showing intensity of NeuN positive signal in dentate gyrus

of SD or HFD fed mice.
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To determine whether the decreased plaque load in the CNS of APP-Tg mice
was the result of neuronal death and consequently a decrease in AR production,
thereby reducing plaque formation in HFD fed mice, we stained frozen brain sections
with antibodies to TUNEL which stains DNA in dead or dying cells, and to NeuN
which stains neurons. We observed higher incidence of TUNEL positive NeuN cells in
HFD fed mice compared to SD fed APP-Tg mice (Fig A2.4.C and D). Further,
enumeration of neuronal cells in the cortex showed they were significantly decreased
in HFD APP-Tg mice compared to SD controls (Fig A2.4.E and F). Also, the
thickness of the cortex was shrunken in HFD fed APP-Tg mice compared to SD
controls. Moreover, the intensity of NeuN positive signal in the dentate gyrus was
reduced in HFD fed APP-Tg mice compared to SD fed controls (Fig A2.4.E and G).
Since astrocytes and neurons are major producers of AP, these findings suggest that
reduction in neuronal cells and astrocytes may be responsible for the reduced plaque

burden.
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Figure A2.5. Long term HFD feeding (1 year) induced AP plaque formation in
brains of WT mice and decreased NeuN" cells. (A) Representative images of brain
sections from HFD or SD fed WT mice stained with anti-NeuN (red) and anti-6E10
(green), antibodies for neurons and A plaque respectively. (B) Representative images
of immunofluorescent stained brain sections from SD or HFD fed WT mice double
stained with anti-NeuN (red) and TUNEL (green): double positive cells were
quantified as a percentage of total cell count (C). (D) Representative image of Brain
sections from SD or HFD fed WT mice stained with anti-NeuN antibody (red). Dotted
lines indicate the margin of NeuN positive layer in the brain. (E) Quantitative analysis
of D, showing numbers of NeuN positive cells from multiple fields of the brain from
SD or HFD fed mice. (F) Quantitative analysis of D, capturing the intensity of NeuN

positive signal in dentate gyrus from SD or HFD fed mice.
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HFD induces AD plaques and neuronal cell loss in WT mice.

WT mice developed fulminant inflammation both in the periphery and in the
CNS similar to and to some degree greater than APP-Tg mice in acute NAFLD (Fig
A2.2 and 3). Brains of WT mice had increased numbers of activated microglial cells
and high levels of proinflammatory mediators but no evidence of plaque induction
during acute NAFLD. We examined brains of WT mice to determine whether aging,
six months later, in the presence of HFD induced AP plaques. Indeed, we observed
significant plaque burden in HFD fed WT mice compared to SD controls (Fig A2.5.A).
This finding is significant, because it indicates, HFD-induced chronic inflammation,
plus aging, is sufficient to induce signs of AD in mice lacking genetic predisposition
to AD (Fig A2.5.A). To test whether WT mice also show increased neuronal apoptosis
as was observed in APP-tg mice, we performed TUNEL/NeuN double staining.
Similar to APP-Tg mice, we observed a higher incidence of TUNEL positive NeuN
staining (not significant) in WT mice on HFD compared to SD (Fig A2.5.B and C). To
test if HFD induced neuronal loss, we quantified the number of NeuN positive cells in
different brain regions. Indeed, we observed statistically significant reduction of NeuN
positive signal in the cortex of HFD fed WT mice compared to controls (Fig A2.5.D
and E). Also, the intensity of NeuN positive signal in the dentate gyrus was reduced in
HFD fed WT mice compared to SD controls (Fig A2.5.D and E). This suggests that
long term HFD treatment in WT mice is sufficient to induce plaque formation and
neuronal loss. Interestingly, we did not observe any decrease or reduction in astrocytes
or AP plaque deposition in brains of WT mice on SD vs HFD as was observed in

APP-Tg mice (Supplementary Fig A2. 3).
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Long term high fat diet induces advanced signs of AD in WT and APP-Tg mice.

In addition to AP senile plague deposits, aggregation of neurofibrillary tangles
composed of hyperphosphorylated tau (pTau) is a prominent hallmark of advanced
AD. Tau is the microtubule-associated protein (MAP) that is involved in the delivery
of neurotransmitter signals through microtubule tracks in axons [39-40]. In its
hyperphosphorylated state such as in AD, or Tauapathies, Tau is aggregated and
unable to relay proper neurotransmission, leading to neuronal dysfunction [8-9, 41].
To test whether tauopathy is induced in APP-Tg mice one year after being on HFD,
we stained the brains of HFD and SD control mice with an antibody that binds to pTau.
We observed very intense pTau staining in the hipoccampus and cortex of APP-Tg
mice but not in controls, indicating long-term HFD induced major advanced signs of
neurodegeneration (Fig A2.6.A). We next determined whether WT mice on HFD also
exhibit pTau staining. Indeed, similar to APP-Tg mice, WT mice exhibited intense
pTau staining in the dentate gyrus that was not observed in SD fed mice (Fig A2.6.A).
These findings strongly indicate that HFD induced major advanced signs of
neurodegeneration, not only in animals predisposed to AD (APP-Tg mice) but was
sufficient to induce them in WT mice as they age.

We next investigated whether Cerebral amyloid angiopathy (CAA), which is a
sign of advanced AD that is characterized by accumulation of ABi4 in the brain
vasculature and is believed to cause microinfarction leading to neurological
dysfunction and neuronal death was induced by HFD [42-43]. AP deposition in

cerebral vessels lowers the force of AP clearance, resulting in increased parenchymal
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Figure A2.6. Long term HFD (1 year) induces advanced signs of AD in both APP-
tg and WT mice. (A) Representative images of mouse hippocampal area, from SD or
HFD fed (for 1 year) APP-Tg and WT mice stained with anti-phosphorylated-Tau
(S396) antibody. (B) Representative brain sections from SD or HFD fed APP-Tg
mice stained with anti-CD31 (red) and anti-beta amyloid antibody, 6E10 (green) to
assess the degree of cerebral amyloid angiopathy (CAA) and vasculopathy; top three
panels depict SD (controls), middle three panels show HFD induced CAA and bottom
three panels depict double-barrell lumen of vessels in HFD fed APP-tg mice. (C)
Representative brain images from WT mice double-stained with antibodies to beta-
amyloid (6E10) and CD31 (vasculature) for SD (top three panels) or HFD (bottom
three panels) to evaluate CAA. (D) Quantification of fragmented vessels taken over
multiple microscopic fields throughout the brains of SD and HFD fed WT and APP-tg
mice (10 field/mouse, N=3 mice/group). (E) Brains of WT or APP-tg mice were
analyzed to determine the presence of leptomeningeal CAA (representative sections

shown). .
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AP build up. We examined brains of mice after double-staining with antibodies to A3
and CD31 (marker for the endothelial vasculature). We observed intense and frequent
signs of CAA, evidenced by AP accumulation in vessels of HFD fed APP-Tg and WT
mice vasculature but not in SD controls (Fig A2.6.B). In addition, we observed vessel
wall thickening, and double barreling of vessel lumen that is consistent with advanced
and severe CAA (Fig A2.6.B). Throughout the brains of APP-Tg and WT mice, we
observed what appears to be a high frequency of broken or fragmented vessels (Fig
A2.6.C and D). Also, APP-Tg mice had a higher incidence of lepto-meningeal CAA
deposition which is a more advanced form of CAA (Fig A2.6.E). These findings
indicate that HFD can induce signs of advanced AD in WT mice and profoundly

accelerate advance AD in HFD fed APP-Tg mice.

HFD decreased LRP1 and increased inflammatory profile in brains of WT and
APP-Tg in chronic NAFLD

LRP1, is highly expressed in the liver, on neurons and on vascular smooth
muscle and glial cells in the CNS and functions in the clearance and trafficking of AP
from the CNS. However, studies show that LRP1 is also involved in AP production
[44]. Thus, LRP1 involvement in AP synthesis and clearance makes it a prime target
in AD pathogenesis. Deletion of LRP1 exacerbated AP deposition and increased CAA
(Kanekiyo et al., 2012). We investigated whether LRP1 expression is altered in the
CNS of HFD fed mice both at early (acute NAFLD, 2 months) and later-chronic
NAFLD (after one year on HFD) compared to SD controls. We observed increased

LRP1 expression in brains of HFD fed APP-Tg mice but not WT mice compared to
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their respective SD controls (Fig A2.7.A). However, in chronic NAFLD, both HFD
fed APP-Tg and WT mice expressed significantly lower levels of LRP1 in CNS tissue
compared to SD controls (Fig A2.7.A). This decrease in LRP1 expression is consistent
with the increased neurodegenerative changes observed in chronic disease and may
reflect a protective role for LRP1 in AD [44].

ApoE is a known risk factor for AD. Its variant ApoE4 increases the risk of
AD and accelerates AD onset (Bu, 2009; Liu et al., 2013). ApoE is a ligand for LRP1
and its main function is the cellular transfer of lipids through LRP1 on the cell surface.
There is mixed evidence as to whether ApoE is involved in binding and/or clearance
of AP [45]. It is speculated that ApoE may inhibit or facilitate LRP1 endocytosis of
AP [46]. We therefore analyzed ApoE expression in both acute and chronic NAFLD
and found no difference in ApoE expression in acute or chronic NAFLD in WT or
APP-Tg (Fig A2.7.B). This indicates that ApoE expression/function remains relatively
unchanged despite accelerated signs of neurodegeneration and neuronal loss. In
contrast, LRP1 expression increased in acute/early phase of NAFLD in APP-Tg mice,
but was unchanged in WT mice on HFD. LRP1 levels decreased significantly during
chronic NAFLD in both APP-Tg mice and WT mice on HFD. This leaves us to
speculate that decrease in LRP1 expression/function is linked to advanced signs of AD.

To determine whether systemic inflammation was maintained through the
chronic phase of NAFLD, we examined the cytokine profiles of lymphocytes in
peripheral lymphoid organs of APP-Tg mice after one year on SD or HFD. We
observed increased TNF alpha, IL-6 and IL-17 in HFD fed APP-Tg mice compared to

SD controls (Fig A2.7.C). Similarly, lymphocytes from HFD fed WT mice secreted
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Figure A 2. 7.
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Figure A2. 7. Long term HFD treatment (1 year) decreased brain LRP1 and
maintains a chronic inflammatory state in brains of WT and APP-Tg in chronic
NAFLD. mRNA expression of LRP1 (A) or APOE (B) were analyzed in brains of SD
or HFD fed (2 months or 1 year) mice by quantitative real-time PCR (n=2
experiments). (C) Splenocytes from 1 year SD or HFD fed mice were stimulated with
PMA-ionomycin for 3 days, supernatants were collected and pro-inflammatory
cytokines (TNF-a, IL-6, 1L-17) were quantified by ELISA. (D) mRNA expression
level of pro-inflammatory cytokines (TNF-a, IL-6, IL17) were analyzed in brains from

mice on HFD or SD for 1 year by quantitative real-time PCR (n=2 experiments ).
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high levels of the pro-inflammatory cytokines TNF-a, IL-6 and IL-17 compared to
their SD counterparts (Fig A2.7.C). To determine whether this chronic HFD induced
systemic inflammatory profile is consistent with CNS inflammatory profile, we
performed quantitative RT-PCR of these cytokines on brain samples. Indeed, we
observed that these cytokines were highly upregualted in brains of HFD fed APP-Tg
mice and WT mice compared to their SD counterparts (Fig A2.7.D). Together, these
results suggest that augmented systemic immune responses induced by HFD have a
sustained impact on increased brain inflammatory response and profoundly impact

neurodegeneration (Fig A2.7.D).
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A2.5. Discussion

In this study, we demonstrate that a modest increase in dietary lipids fed to WT
or APP-Tg mice induced, first, acute inflammation of the liver, followed by a chronic
inflammatory state.. This HFD-induced acute inflammation, was characterized by
invasion of inflammatory immune cells into the liver parenchyma, and production of
increased levels of proinflammatory cytokines by immune cells locally (liver) and
systemically (lymphoid organs). Concomitant with this increased peripheral
inflammatory state, we observed profound acceleration in neurodegenerative signs and
increased neuroinflammation in APP-Tg mice compared to mice that remained on SD.
We observed acceleration in beta-amyloid plaque formation leading to higher plaque
loads, larger plaque size, and increased microgliosis and astroglyosis in APP-Tg mice.
In AD patients’ brain, activated microglial cells were observed around plaques and
were initially thought to be a clearance mechanism to remove AP plaques from the
CNS. However, it turned out that these activated microglial cells did not reduce plaque
burden [37], but instead they induced neuronal damage. In our study, APP-Tg mice on
SD exhibit activated microglial cell accumulation in the midbrain that is consistent
with previous report of a proinflammatory state in these mice. Compared to SD fed
mice, microglial cell accumulation were about 4-fold increased in HFD fed mice, and
this correlated with increased pro-inflammatory cytokine expression in HFD fed mice.
This increase in both CNS and peripheral inflammation is reversed when mice are
removed from HFD and put back on SD: we observed decreased activated microglial

cell numbers, decreased liver pathology and CNS proinflammatory cytokines. This
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reversal in inflammation was consistent with reduced AP plaque burden. This
indicates that the accelerated signs of AD observed in APP-Tg mice were directly
linked to induction of NAFLD in the liver.

Interestingly, WT mice on HFD exhibit similar increase in activated microglial
cells accumulation even though they did not exhibit signs of AP plaque deposition at
two or five months on HFD. WT mice on HFD exhibited more pronounced hepatitis
and lipid deposits in liver cells than APP-Tg mice but they did not develop signs of
AD in the acute phase of NAFLD. HFD fed WT mice showed increased
proinflammatory cytokine gene expression (TNF-alpha, 11-6 and IL-17) in liver and in
peripheral lymphoid organs, and liver pathology was more pronounced in WT mice,
with higher immune cell infiltration in the liver parenchyma. Both IL-6 and 1I-17
proinflammatory cytokines were highly pronounced in WT mice but were almost
absent in SD controls. 11-6 and 11-17 play pathogenic roles in the neuroinflammatory
disease, multiple sclerosis. The profound increase in these cytokine gene expression
levels strictly coincides with increased activated microglial cells in the CNS,
potentially setting the stage for the neurodegeneration we observed in WT mice on
HFD one year later. Moreover, when WT mice were removed from HFD diet and
placed on SD, inflammation ceased, liver pathology was reverted, and activated
microglial cells were absent. Of interest, was the absence of plagues in these WT mice
despite showing all other signs of inflammation observed in APP-Tg mice. This
indicates that HFD-induced systemic inflammation was primed the CNS for the
neurodegeneration which we later observed. These studies suggest that AD can be

induced and driven by acute-chronic systemic inflammation in individuals that are not
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otherwise genetically predisposed. It also indicates that early intervention can reverse
the process.

Brains of APP-Tg mice on long term HFD had significantly less plaques
compared to SD fed mice. APP-Tg mice showed dramatic decrease in A plaques in
the hippocampus, the olfactory bulb, and mid brain. Also striking was the absence of
astrocytic tracks in brain areas where AP plaques were absent or diminished such as
the hippocampus and midbrain. Moreover, we observed neuronal loss and increased
apoptotic neurons in hippocampus and mid brain. This was not the case for older mice
(15-24 months) on SD, indicating that aging alone is not responsible for the loss of
astrocytes. As discussed above, removal from HFD reduced plaque load and decreased
inflammatory signals. Thus, astrocytic loss may be a result of accelerated AD
pathology resulting in CNS toxicity leading to astrocyte death. Astrocyte death can
lead to neuronal neglect and subsequent death because of the critical role they play in
neuronal function [38]. Increased neuronal death may also explain the decreased
plaque load in chronic AD due to decreased APP production. Based on these studies
we conclude that inflammation induced outside the CNS (in the liver) is sufficient to
induce AD in the absence of predisposing genetic factors.

Signs of CAA and hyperphosphorylated tau (pTau) expression are
representative of advanced AD. pTauu aggregates and is unable to signal proper
neurotransmission, leading to neuronal dysfunction; and CAA results in a lack of Ap
clearance from the CNS. We observed strong expression of pTau and evidence of
CAA in both WT and APP-Tg mice on HFD but not in SD controls. pTau was

expressed as strongly in WT as in APP-Tg mice, even though AP was induced much
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later in WT mice. Thus, if CAA and tauapathy represents advanced AD, one may
argue that AD accelerated more dramatically in WT mice than APP-Tg mice, and it
may be regulated differently in genetically predisposed (APP-TQ) versus non-
predisposed individuals (WT). CAA involves deposition of amyloid in cerebral
vasculature and is a hallmark of advanced AD resulting in pathological changes in
cerebral blood vessels referred to as vasculopathies. Signs of CAA were more
extensive in APP-Tg mice compared to WT mice on HFD. We observed vessel wall
thickening and a high number of CNS vessels exhibit doube-barrel lumen (Ref). One
of the most striking observations was the increase appearance of fragmented or broken
vessels in APP-Tg mice but not in WT mice on HFD and not in SD controls. This
clearly indicates that HFD-induced inflammation can result in massive CNS
destruction and pathology over a life time.

Low-density lipoprotein receptor-1 (LRP1) is involved in a number of
pathways linked to AD pathogenesis and has multiple functions. It is most highly
expressed in brain, liver and lungs. In the brain, it is highly expressed in glial cells,
neurons and cells of the cerebral vasculature. LRP1 can directly regulate gene
expression through its intracellular domain and it regulates the endocytosis of many
diverse ligands including ApoE, APP and APB. LRP1 appears to have bimodal
opposing functions linked to AD pathogenesis. It is involved in AP clearance and A
production. It mediates AP clearance by cellular uptake followed by lysosomal
degradation and/or transcytosis of intact AP across the BBB to the circulation and
consequent peripheral clearance [46]. We observed increased LRP1 expression in

APP-Tg mice on HFD, but not in WT mice, during the acute phase of NAFLD.
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Increased LRP1 expression may represent its increased function in clearance of AP
from the CNS in APP-Tg mice during accelerated AP production. Maybe the reason
LRP1 did not increase in WT mice on HFD is due to the absence of AP in the CNS of
these mice during acute NAFLD. However, during chronic NAFLD, we then observed
a significant decrease in LRP1 in CNS of both APP-Tg and WT mice on HFD. This
decrease coincides with advanced signs of AD, including reduced AP plaque load,
reduced number of neurons and astrocytes and increased vascular destruction,
suggesting that LRP1 plays a protective role in AD. It is possible that the reduction in
LRP1 expression during chronic NAFLD may be a result of glial and neuronal cell
loss and vascular destruction, as these cells abundantly express LRP1. Alternatively,
advanced AD may have rendered LRP1 defective in clearing AP from the CNS.

It is interesting that no change in ApoE expression was observed during acute
or chronic stages of NAFLD, despite significant neuronal and glial cell loss. The
major function of ApoE is to transport cholesterol and other lipids in plasma and brain
through a variety of cell surface receptors including LRP1. Astrocytes are the main
source of ApoE. Since cholesterol is a critical component of glial and neuronal cell
membrane including myelin sheath, it is possible that destruction of astrocytes resulted
in limited cholesterol production needed for membrane synthesis and CNS repair.
However, this is unlikely since such a reduction may have resulted in decreased ApoE.
Other likely scenarios for no change in ApoE include its function in cholesterol
trafficking was unhindered, whereas its function in AP trafficking was defective, or
that the reduced plaque burden in chronic NAFLD is the result of increased AP

trafficking by ApoE. Obviously, the involvement of AP, LRP1 and ApoE in
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neurodegeneration and AD pathogenesis is quite complex and needs further
investigation beyond these studies.

Our studies address a growing problem in our society that relates to metabolic
syndromes due to diets high in fat/lipid consumption and its impact in
neurodegeneration. NAFLD is prevalent in as much as a third of the world’s
population. Similarly, AD frequency is rapidly growing. We showed that a modest
increase in dietary lipid content caused increased systemic inflammation followed by
increased neuroinflammation and accelerated AD signs in APP-Tg mice. More
importantly, we showed that WT mice become susceptible to developing AD after
long term HFD intake and developed advanced signs of AD. Moreover, APP-Tg mice
on HFD exhibit irreversible CNS damage stemming from the effects of chronic HFD.
These findings highlight a growing problem in our society whereby consumption of
foods high in lipids over a life time can have detrimental consequences such as
accelerating AD in potentially susceptible individuals or inducing it in those that are
not susceptible. An important and critical finding of these studies is that change from
HFD to SD, before irreversible CNS damage sets in, completely reversed signs of AD.
This suggest, that life style changes such as reducing one’s lipid/fat intake can have
profound impact on disease outcome. We strongly believe this study will benefit
millions of people who are in danger of developing AD or people currently suffering
from early signs of AD or dementia. Future studies hinges on elucidating the fine
changes conferred upon neuronal function resulting in their loss or dysfunction and

defining the cerebral vasculopathies resulting from these events.
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Thioflavin S
DAPI

SD HFD

Supplementary Figure A2.1. Thioflavin S staining of brain section from WT mice
fed with SD and HFD for five months. Brain sections from SD and HFD fed WT
mice stained with thioflavin S (Green). Sections were counter stained with DAPI to

visualize nucleus.
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Supplementary Figure A2.2. Quantification of the Ap plaques from different area

of the brain sections of SD and HFD fed APP-Tg mice (1 year) from Figure

A2.4.A.
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Supplementary Figure 3. Long term (1 year) HFD intake induces loss of
astrocytes and neuronal cells in the hippocampal area of WT mice.
Immunofluorescence staining of representative frozen brain hippocampal sections
from 1 year SD or HFD fed WT mice. Brain sections were stained with anti-NeuN
(Red), GFAP (Gold), DAPI (Blue) showing neuronal cells, astrocytes, nuclei,

respectively.
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