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ABSTRACT

Integrity of the brain microvessels that form the blood-brain barrier (BBB) is
maintained through fine-tuned regulation of endothelial tight junction proteins, chiefly
represented by claudin 5 and the tight junction-associated MARVEL protein (TAMP)
occludin. Under proinflammatory conditions in autoimmune-mediated multiple sclerosis
(MS), autoreactive effector T cells are activated in white matter regions of the brain and
spinal cord and release cytokines to recruit circulating neutrophils that, in turn, release
neurotoxic substances. Lack of tight junctions in peripheral blood vessels allows
neutrophils to exit blood vessels unhindered, but BBB tight junctions must first be
downregulated before neutrophils can transmigrate into the brain. The resulting loss of
BBB integrity initiates a pathogenic feedback loop propagating the inflammatory injury.
Understanding the established relationship between neutrophilia and BBB dysfunction in
neuroinflammation, I set out to better define the cellular contributions behind this
pathology. Early on, I identified increased circulating levels of the cytokine oncostatin M
(OSM) concomitant with a pathogenic increase in OSM+ neutrophil counts during the
effector phase of experimental autoimmune encephalomyelitis (EAE), a mouse model of
MS. Next, I found that BBB endothelial cells selectively downregulate occludin, but not
claudin 5, after stimulation with OSM. To dissect the mechanisms responsible, I
identified that fewer neutrophils are able to cross BBB endothelial monolayers lacking
OSMRBp, the cognate OSM receptor. Finally, in OSMR-knockout mice, I found a rescue

in symptoms, BBB permeability to small molecules, and occludin expression during the
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effector phase of EAE. Overall, this work identifies a novel role for OSM as an
inflammatory cytokine released by neutrophils that specifically regulates BBB TAMPs

during autoimmune-mediated neuroinflammation.
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CHAPTER ONE: THE BLOOD-BRAIN BARRIER DURING HOMEOSTASIS AND
DISEASE: A REVIEW
Introduction

The blood-brain barrier (BBB) is the specialized series of blood vessels that
supplies nutrients and removes waste from the brain. Under normal conditions, the
endothelium lining these vessels maintains a barrier against water, solutes, toxins, and
pathogens (Daneman & Prat, 2015; Yuan & Rigor, 2010). During inflammation,
however, this barrier can be breached, leading to demyelination, neural injury, or even
death (Frischer et al., 2009; Hong et al., 2016). One inflammatory cytokine, oncostatin M
(OSM) has been found in multiple diseases, however it’s source and actions are poorly
understood (Alikhani et al., 2014; Brilot et al., 2019; Janssens et al., 2015). This review
discusses the current literature surrounding blood-brain barrier functioning and
interactions with the immune system, highlighting the pathophysiology of the BBB
during diseases like multiple sclerosis.

Common Diseases Involving the Blood-Brain Barrier

The blood-brain barrier has been implicated in many diseases including stroke,
Alzheimer’s, and multiple sclerosis. In each of these, the endothelial cells forming the
barrier protect the cells of the parenchyma from damage caused by circulating immune
cells, neurotoxic substances, and fluctuating nutrient concentrations (de Vries et al.,

1997; Profaci et al., 2020; Sweeney et al., 2018).



Multiple Sclerosis

Multiple sclerosis (MS) is a pervasive, chronic disease that effects an estimated
623,437 people (288.2 per 100,000) in the United States (Wilkins, 2019). With the
estimated cost of treatment at $95,632 per year per patient (Nicholas et al., 2020) , and a
significant loss in quality of life (Valentine et al., 2021), studies into the effective
prevention and treatment of MS are needed.

In the clinic, MS presents with patients having weakness, spasticity, numbness,
and neuropathies. As the disease progresses, cognitive decline and other psychiatric
issues are common, along with painful cramps, seizure disorders, and dysfunctions of the
bowel and bladder (Javalkar et al., 2016). Physiologically, chronic inflammatory
processes cause blood-brain barrier and blood-spinal cord barrier to be breached,
allowing autoreactive T cells to form, and neutrophils to invade, leading to demyelination
and neuronal death (Cassan & Liblau, 2007; De Bondt et al., 2020; Ortiz et al., 2014).
The specific mechanisms, however, remain unknown.

OSM has been found both in lesions and in increased concentrations in serum of
MS patients, (Huang et al., 2020; Ruprecht et al., 2001). When found with increased
concentrations of hepatocyte growth factor, it may be a strong bioindicator of MS (Huang
et al., 2020).

One murine model of MS is experimental autoimmune encephalomyelitis (EAE).
In this process, autoreactive T cells are formed through a vaccination process against
myelin oligodendrocyte glycoprotein amino acids 35-55 (MOGss.ss). Coinjection of
pertussis toxin encourages immune surveillance, which results in both symptomatic and

physiologic properties similar to that of MS (Constantinescu et al., 2011; S. D. Miller &



Karpus, 2007). Wildtype C57BL/6 mice that have EAE exhibit ascending flaccid
paralysis beginning at the tail. It is rare that the disease course moves beyond weakness
of the forelimbs (Stromnes & Goverman, 2006a). Histologic examination of mouse brain
tissues reveal similar features to MS: neutrophils in the brain parenchyma near blood
vessels, surrounded by fibrinogen leakage (Aubé et al., 2014).

Properties of the Blood-Brain Barrier

Physiology and Function of Vasculature

Oxygen is crucial for tissue functioning. It is delivered by red blood cells through
blood vessels. The BBB is a specialized region of the vascular system that protects the
brain from external components: leukocytes, bacteria, viruses, toxins, and even ions,
while still maintaining adequate nutritional supply to the demanding neural tissues
(Daneman & Prat, 2015).

Cellular Composition

Beyond the endothelial cells that create the BBB and the neurons that they
support, the brain also contains astrocytes and pericytes. The neurovascular unit (NVU),
then, describes the relationship between the blood supply, neuron, and the supporting
cells (Muoio et al., 2014). (Figure 1.1). In fact, it is estimated that every neuron is
supported by its own capillary, highlighting the importance of the blood supply to brain
function (Schlageter et al., 1999).

Sharing the basement membrane of the endothelial cells, pericytes support the
arterioles, venules, and capillaries within the central nervous system (Bell et al., 2010).
Pericytes contain gap junctions with endothelial cells, providing quick avenues of

regulation (Cuevas et al., 1984). It is thought that the presence of pericytes provides some



of the necessary signaling to encourage CNS-localized endothelial cells to form the
intensified barriers of the BBB (Sweeney et al., 2016; Winkler et al., 2012).

Astrocytic end-feet form an additional ring around the endothelial/pericyte
structure termed the glia limitans (Horng et al., 2017). During homeostasis, these cells
provide additional support to the endothelial tight junctions; during inflammatory
processes, astrocytes gain immune functions and signal to infiltrating leukocytes (Priego
& Valiente, 2019).

Differences to Peripheral Vasculature

At rest, the brain requires nearly 20% of all blood flow to maintain its highly
active metabolic state (Clarke & Sokoloff, 1999). Compared to the periphery, the brain
maintains a high rate of perfusion. In periods of higher neuronal activity, the local
endothelium responds to the increased concentrations of cations by releasing nitric oxide,
a potent vasodilator to the precapillary arterioles (Chen et al., 2008; Faraci & Heistad,
1990). Interestingly, while it is relatively common for peripheral capillaries to contain
smooth muscle cells to constrict blood flow, the CNS capillaries completely lack smooth
muscle, highlighting the tremendous nutrient supply required by neural tissue (Cipolla,
2009).

Physical Properties of the Blood-Brain Barrier

The brain endothelium meets the tremendous nutrient demands of the brain while
maintaining a strict barrier through active transport and transcytosis (Yazdani et al.,
2019). Importantly, BBB endothelial cells express an insulin-independent carrier for
glucose — glucose transporter 1 — to maintain high levels of available energy (Lee & Klip,

2012; Zheng et al., 2010). Small lipids are generally thought to enter via passive



diffusion, whereas amino acids require multiple transporters (Lacombe et al., 2018;
Oldendorf, 1973).

Under homeostasis, the BBB broadly restricts the movement of leukocytes into
the parenchyma of the brain (Engelhardt & Coisne, 2011). When required, as in infection
or neural tissue death, endothelial cells capture surveilling leukocytes through express of
various cell adhesion molecules (L. Yang et al., 2005). The halted leukocyte becomes
activated, and begins releasing various inflammatory molecules (see Cytokines, below)
(L. Yang et al., 2005). In response, the endothelium will modulate its barriers, and the
cell passes through, a process called diapedesis (Pan et al., 2011).

Tight Junction Proteins

Blood-brain barrier endothelial cells maintain the tight regulation of water, ions,
and nutrients through the expression of multiple tight junction proteins. The prototypical
tight junction protein is claudin 5 (CLDNS5), a member of the claudin family (H.-C. Bauer
et al., 2014). Likely the most important tight junction molecule, CLDNJ5 ablation in mice
causes death within 48 hours after birth, while knockdown in otherwise-healthy mice
causes a schizophrenia-like phenotype (Greene et al., 2017). In MS lesions, claudin 5 at
endothelial junctions is lost; we have similarly found that claudin 5 is lost in brain
microvessels of mice with EAE (Beard Jr. et al., 2018; van Horssen et al., 2007).

Occludin (OCLN) is a member of the tight junction associated MARVEL protein
(TAMP) family. In mice, OCLN knockout results in sterility, however no other gross
phenotypical aberrations were noted (Saitou et al., 2000). In humans, occludin mutations
can cause brain malformation and microcephaly (Bendriem et al., 2019). Using serum

from patients with multiple sclerosis, Minagar et al found that occludin was



downregulated in in vitro endothelial culture (Minagar et al., 2003). Similarly, occludin
staining was lost in lesions from mice with EAE (Errede et al., 2012).

Immune System Interactions with the Blood Brain Barrier
T Cells

T cells are critical to the regular functions of the immune system. Expressing T-
cell receptors (TCR), individual T cells recognize specific antigens, and then direct the
immune response based upon that identification (Fink & Hendricks, 2011). T cells that
attempt self-antigens are removed from circulation by the thymus (Jordan et al., 2001).
During multiple sclerosis, however, T are likely identifying neurovascular components as
foreign invaders, and thus mount a response against them (Frischer et al., 2009).

After activation with specific antigen, T cells can differentiate into a variety of T
helper cells that have different effects, among them Tu1 cells, which are important for
host defense, and Tu17 cells, which process inflammation and wound healing (Zhang et
al., 2013). Tul cells are required for various multiple sclerosis subtypes, where they
release interferon-y, which regulates over 200 genes in other cell types (Arellano et al.,
2017; Boehm et al., 1997). Similarly, Tu17 cells are required to produce interleukin-17
(IL-17), which signal resident neurovascular cells to begin inflammatory processes
(Kebir et al., 2007). These roles appear to be mirrored in experimental autoimmune
encephalomyelitis; Tul7 cells cross the blood-brain barrier first through endothelial-
mediated tight-junction reorganization, followed by Tul cells, with caveolae-mediated
extravasation (Hohlfeld & Steinman, 2017; Lutz et al., 2017).

Clinically, T cells are targeted in patients with MS, through various modalities,

including immunosuppressants and monoclonal antibody therapy (O’Brien et al., 2010).



Neutrophils

Neutrophils, the most numerous of all the leukocytes, play an important role in
the generation of neuroinflammatory injury, a condition associated with a decrease in
BBB integrity (Dixon, 1997; Liu et al., 2018; Stock et al., 2018). Neutrophils contain a
host of cytotoxic and otherwise inflammatory granules, ready in their cytoplasm for near-
immediate response (Sheshachalam et al., 2014). Neutrophils are widely regarded as the
first-line defense mechanism of innate immunity, as they phagocytize, release multiple
signaling compounds, and form extracellular traps for circulating pathogens and bioactive
compounds (Mantovani et al., 2011). During neuroinflammatory injury, however, these
processes can worsen disease progress and outcome.

A high neutrophil-to-lymphocyte ratio is a strong predictor of poor disease course
and outcome of chronic diseases, including MS (D’ Amico et al., 2019; Demirci et al.,
2016; Song et al., 2021). Neutrophil presence in MS lesions is correlated with BBB
leakage (Aubé et al., 2014). These relationships are also found in EAE: when neutrophils
are depleted with anti-Ly6G antibodies, disease is both delayed and significantly reduced
(Aubé et al., 2014; Wu et al., 2010). Finally, several FDA-approved drugs have targeted
T cells with varying success, however modulating the neutrophil response has yet to fully
explored (Woodberry et al., 2018).

Other Leukocytes’ Contribution

While this dissertation focuses mainly on the roles of T cells and neutrophils,

other leukocytes have a function in the initiation and recovery of both EAE and MS.



B Lymphocytes

Antibody-producing B cells may be required for the initial induction of both EAE
and MS, however the literature is unclear (Mann et al., 2012). Significantly, when using
recombinant human MOG for induction of EAE in mice, B cells were required, however
when using recombinant rat MOG for induction, they are not (Oliver et al., 2003).
Similarly, MOG-reactive B lymphocytes alone are not sufficient to induce EAE
(Litzenburger et al., 1998). Finally, there is some evidence that B cells are required for
the recovery of EAE through producing interleukin-10 to signal resolution (Mann et al.,
2007). Because these medications do not cross the blood-brain barrier, however, they are
most effective in the treatment of early-stage disease, and have the potential side effect of
delaying the anti-inflammatory processes of B cells (Cross et al., 2006).

In multiple sclerosis, B cells are similarly thought to be involved in both the
initiation and resolution of the disease (Cencioni et al., 2021). Significantly, there have
been two FDA-approved treatments involving B cell depletion for the treatment of MS
(Greenfield & Hauser, 2018).

B cells enter the CNS through so-called backdoors — that is, not directly through
the BBB, but through the associated vasculature that do not express as-tight of junctions
(Takeshita & Ransohoff, 2012). The cells then follow the chemokine gradients produced
by other immune cells (Takeshita & Ransohoft, 2012).

Together, there is no data to suggest that B cells have significant direct
interactions with the BBB. B lymphocytes play a role in onset and recovery of MS and

EAE but lack any known function during acute disease.



Macrophages

Macrophages act as antigen presenters, and have roles in both the initiation and
recovery EAE (Jiang et al., 2014). During the early stages of inflammation, these cells
appear as the inflammatory M1 phenotype, increasing their antigen-presenting capacity
and cytokine output (Chu et al., 2018). During the repair process, separate macrophages
and microglia polarize to the anti-inflammatory M2 phenotype, reducing inflammation
and encouraging tissue remodeling (Chu et al., 2018).

In patients with multiple sclerosis, similar effects are found. Macrophages are
found to accumulate near oligodendrocytes, and provide signals for neutrophil invasion
(Tsutsui et al., 2018). They are also found, to a lesser degree, as anti-inflammatory M2
macrophages in healing lesions (Vogel et al., 2013).

While no conclusive evidence can be found, it appears that macrophages do not
directly challenge or modify endothelial barrier function during early inflammation, but
rather are recruited through chemokine gradients and selectively allowed across the
endothelium (Corraliza, 2014).

Eosinophils

In addition to pathogenic infection, eosinophils are generally thought to play a
role in many inflammatory diseases (Ramirez et al., 2018). While they are found in the
spinal cord of mice with EAE, they are neither sufficient nor required for the disease
process, and have no influence on the progression or severity of the disease (Ruppova et
al., 2021). In general, and mostly due to the cells’ principal role as an anti-parasitic,

eosinophils are only thought to interact with the BBB during specific types of
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meningoencephalitis, where they release matrix metalloproteinases to overcome the
claudin 5-strengthened barrier (Chiu & Lai, 2014).

Basophils

Basophils are the least abundant cells of the immune system, and play a role in
various inflammatory processes (Siracusa et al., 2013). While they may aid in the
transition of T cells into Tu17 inflammatory cells through production of IL-6, they have a
redundant role and are not required for EAE (Yuk et al., 2017). To date, no literature

could be found indicating basophils interact with the blood-brain barrier.

Cytokines
Interleukin-1

Interleukin-1f (IL-1P) is a proinflammatory cytokine that is responsible for some
forms of BBB disruption, fever, and immune system activation (C.-C. Lin & Edelson,
2017). During multiple sclerosis, mRNA transcripts have been found in brain tissues,
however the specific sources of such are unclear (C.-C. Lin & Edelson, 2017). IL-1 has
been found to increase the fraction of Tul7 cells, expanding inflammatory injury (Duhen
& Campbell, 2014).

IL-1p causes significant hyperpermeability when stimulating BBB-ECs in vitro
(Beard et al., 2014). During EAE, IL-1p has been found to promote neutrophil-
endothelial adhesion, an important step in the initiation of the disease (Aubé et al., 2014).
In mice with BBB-specific IL-1f receptor knockout, EAE severity was significantly
reduced, highlighting the importance of barrier integrity to the amelioration of

neuroinflammatory disease processes (Hauptmann et al., 2020).
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IL-17

Interleukin-17 (IL-17) is a cytokine produced by multiple immune cells, including
Tul7 cells, neutrophils, and mast cells (A. M. Lin et al., 2011). When stimulated with IL-
17, immortalized mouse brain endothelial cells downregulate and reorganize their tight
junctions, causing increased permeability and neutrophil transmigration (Huppert et al.,
2010). IL-17 also has a role in priming neutrophils for mobilization (McGinley et al.,
2020). Mice deficient in IL-17A are resistant to EAE, however T cells from ///7a-
knockout mice produce adoptive transfer EAE in WT mice that is no different than that
induced from WT T cells (McGinley et al., 2020). This additionally highlights the
importance of neutrophils to the neuroinflammatory process. In multiple sclerosis
patients, increased concentrations of IL-17 has been found in the serum (Schofield et al.,
2016). This increased concentration has been correlated with increased number of lesions
measured by MRI (Hedegaard et al., 2008).

In sum, IL-17 plays an important role in the pathogenesis of EAE and MS,
including overcoming the blood-brain barrier, indicating a potential during acute
inflammatory injury.

Oncostatin M

Oncostatin M is a cytokine with diverse effects. Belonging to the interleukin-6
(IL-6) family of cytokines, OSM signals through a heterodimer of oncostatin M receptor
B (OSMR) and gp130 (Heinrich et al., 2003; Thoma et al., 1994). Intercellularly, OSM
can use various pathways, including JAK/STAT and AKT, to activate 54 different post-
translational modifications, and modulate the expression of 322 genes, depending on the

cell type (Dey et al., 2013). OSM has been found to be a consequential cytokine in
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multiple diseases, including the atherosclerosis, ischemic heart disease, and multiple
cancers (Albasanz-Puig et al., 2011; Linsley et al., 1990; Richards, 2013; Ryan et al.,
2015; Tawara et al., 2019).

On human microvascular endothelial cells, OSM upregulated intercellular
adhesion molecule-1 (ICAM-1), a protein used to halt surveilling leukocytes; monocyte
chemoattractant protein-1 (MCP-1), a C-C chemokine known for monocyte recruitment;
and interleukin-6, which stimulates the production of neutrophils and growth of T and B
cells (Fielding et al., 2008; Ruprecht et al., 2001). Importantly, Ruprecht et al. found
OSM in the inflamed lesions of MS patients, where none was found in the parenchyma of
health patients. These lesions were noted to have near-complete loss of myelin and
leukocyte infiltration. Finally, there is some data to suggest that in rat brain endothelial
cells, OSM causes an increase in electrical permeability concomitant with reorganization
of the tight junction protein claudin 5, however the experiments were completed with
immature monolayers that lack the characteristically-robust tight junctions of fully
developed monolayers (Beard Jr. et al., 2018; Takata et al., 2008).

Conversely, OSM could be important for the repair of demyelination. When
astrocytes are exposed to oncostatin M, they upregulate TIMP metallopeptidase inhibitor
1 (TIMP-1), an important mediator for the transition from inflammation to wound healing
processes in tissues (Houben et al., 2020). Houben notes that OSM signaling is important
for remyelination in a cuprizone-mediated model of demyelination. Utilizing Luxol fast
blue staining, global OSMR knockout mice do not repair demyelination at the same rate
as wildtype mice. Overexpression of OSMR in neurons also provides cerebroprotective

benefits during stroke, further exemplifying the dual-nature of this cytokine (Guo et al.,
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2015). Significantly, in both inflammatory and anti-inflammatory contexts, the source of
oncostatin m is not clear, and potentially from multiple sources.

Finally, oncostatin M has been found in the blood plasma of patients with
relapsing-remitting multiple sclerosis, however no correlations between disease severity
or state and concentrations of OSM were made (Alikhani et al., 2014).

Together, oncostatin M remains a relevant target for analysis during inflammatory
processes. More specifically, OSM appears to have a role in both the pathogenesis and
recovery of multiple sclerosis and related neuroinflammatory diseases. Because
oncostatin M causes endothelial cells to signal to circulating inflammatory leukocytes,
and leukocytes are then found in the brain parenchyma, the source and effect of OSM on
endothelial barrier function requires further elucidation.

Conclusions

In summary, the blood-brain barrier provides a multitude of novel targets for
investigation during neuroinflammation. Under homeostasis, the endothelium supports a
well-regulated environment for optimal neuronal functioning. In early stages of
inflammation, leukocyte-mediated blood-brain barrier breakdown likely allows for
infiltration and further activation of surveilling immune cells. While the literature is
unsettled about its specific role and source, oncostatin M is a likely agent during
inflammation. Finally, the endothelial response to OSM is unclear, and requires further
investigation. As a whole, this dissertation undertakes the analysis of neutrophil-derived
oncostatin M as a potent mediator of the endothelial tight junction protein occludin
during the neuroinflammatory disease experimental autoimmune encephalomyelitis as a

physiologically relevant model of multiple sclerosis.
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B
Endothelial Cell

Pericyte

Astrocyte Endfoot

Figure 1.1 = The Neurovascular Unit.

A) The neurovascular unit contains the neuron (purple), astrocyte (green),
pericyte (yellow), and endothelial cell (pink) of the capillary (red). B) The pericyte and
endothelial cell are closely associated, sharing a basement membrane. C) Representative
confocal micrograph of murine brain tissue perfused with tomato lectin (red), a strong

endothelial glycocalyx marker. Inset is a transverse section of a 5 um capillary. Created

with Biorender.com
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CHAPTER TWO: ONCOSTATIN M RECEPTOR KNOCKOUT AS A MODEL FOR
STUDYING AUTOIMMUNE-MEDIATED BLOOD-BRAIN BARRIER DISRUPTION
Introduction

Given the complex and multi-system nature of blood-brain barrier disruption,
multiple experimental modalities were employed to demonstrate the role of oncostatin M
(OSM) during disease. By utilizing genetic manipulations and experimental autoimmune
encephalomyelitis (EAE), a murine model of neuroinflammation, we were able to
decipher cell-level biochemical responses to stimuli. By taking advantage of the physical
properties of fluorescent molecules, we identified lesions and cell populations, and
quantified inflammation. Finally, we extended our research to ex vivo analysis of highly
purified transgenic blood-brain barrier endothelial cells, allowing for thorough cell-type
specific analysis and identification of the main cellular players of neuroinflammatory-
mediated blood-brain barrier disruption.

Transgenic Animals

All animal work was approved by the Boise State University Institutional Animal
Care and Use Committee under protocols 006-AC16-011, AC19-013, AC19-014, and
AC19-015. All experimental mice were genotyped by Transnetyx (Cordova, TN).

Oncostatin M Receptor Complete and Conditional Knockout

After initial experiments identified OSM as an endothelial pro-inflammatory
mediator, we obtained oncostatin M receptor (OSMR) knockout (OSMRX?) mice

(B6.129S-Osmr<tm1Mtan>), a kind gift from Dr. Cheryl Jorcyk. While these mice have
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altered hematopoiesis, by adulthood they show comparable peripheral leukocyte counts
to wildtype C57BL/6 mice (Tanaka et al., 2003). Genotype of breeding mice were
confirmed through polymerase chain reaction by Transnetyx (Cordova, TN).

Because OSMR is expressed by multiple cell types (T. J. Brown et al., 1987;
Grenier et al., 1999; Hurst et al., 2002), we also obtained oncostatin M receptor floxed
(OSMR") mice (Osmr<tm1.1Nat>/J) from The Jackson Laboratory (Stock #011081;
Bar Harbor, ME) for future studies in tissue-specific targeted disruption OSMR.

Cre Drivers for Tissue Specific Knockout

Initially, a pan endothelial inducible Cre driver (EC®™, B6.Cg-Tg(Tek-
cre/ERT2)1 Arnd/ArndCnrm) was crossed to the reporter mouse line Ail4 (B6.Cg-
Gt(ROSA)26Sor™m!4(CAG-dTomato)ize/ | The Jackson Laboratory Stock #007914), resulting
in ECR¢Po*" mice. After administration of tamoxifen, cells that express Cre will have a
bright tdTomato fluorescent signal (Figure 2.1).

Because of Cre expression concerns, blood-brain barrier-specific inducible Cre
mice (BBB™, Tg(Slcolcl-icre/ERT2)1Mrks) were obtained, a kind gift of Dr. Markus
Schwaninger of the Institute of Experimental and Clinical Pharmacology and Toxicology
at the University of Liibeck, Germany. Breeding plans were designed so that Cre was
passed on to approximately 50% of offspring, allowing for littermate experiments. These
mice were also crossed with the Ail4 line, creating BBBR®P*™" mice. Breeding plans were
designed so that Cre was passed on to approximately 50% of offspring, allowing for
littermate experiments.

Cre(+) and Cre(-) littermates were aged to 30 days. Mice received twice-daily

intraperitoneal injections of tamoxifen (20 mg/mL in 10% absolute ethanol USP, 90%
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corn oil USP) at 20 mg/kg bodyweight for 5 days, for a total of 10 injections. After
resting for 14 days, the mice were deeply anesthetized, and perfused with normal saline
transcardially to remove all blood. The brain was sectioned into 100 pm slices with a
vibratome. Slices from each genotype were post-stained with tomato lectin labeled with
DyLight649 overnight, then washed 6 times for one hour each. Sections were then
mounted in VECTASHIELD and imaged using the Zeiss 510 meta or Leica Stellaris 5
confocal microscope.

Confirmation of Inducible Knockout

To additionally quantify inducible tissue-specific knockout, mice from an
adjacent research project were used: biglycan-floxed (Bgn™!!P**)) mice were crossed
with both EC™ and BBB™® lines. The resultant Cre(+) and Cre(-) mice were aged to 30
days. Mice received twice-daily intraperitoneal injections of tamoxifen (20 mg/mL in
10% absolute ethanol USP, 90% corn oil USP) at 50 mg/kg bodyweight for 5 days, for a
total of 10 injections. After resting for 14 days, the mice were deeply anesthetized, and
perfused with normal saline transcardially to remove all blood. The brain was processed
to extract microvessels containing the BBB-ECs by homogenization with a dounce and
centrifugation over a layer of 32% 70 kD Leuconostoc dextran (Sigma-Aldrich 313900)
in HBSS. See Microvessel Isolation, below.

Microvessel DNA was isolated through hot sodium hydroxide lysis and
neutralized with Tris hydrochloride (Truett et al., 2000). The crude DNA was then
purified using a purification column (New England Biolabs T1030S), then quantified

using a NanoDrop and normalized. The region around the excised portion of bgn was
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amplified using DreamTaq according to manufacturer’s directions, using the protocol in
Table 2.1 with the primers listed in Table 2.2.
Results

ECRePrr mice have very low Cre expression in the brain, approximately 10%,
when comparing green reporter area to red microvessel area (Figure 2.2 A). By PCR,
even less excision is noted when looking at bgn (Figure 2.2 C). Comparatively,
BBBRePr' mice show high reporter signal are compared to red microvessel area (Figure
2.2 B). By PCR, knockout efficiency was found to be ~75% of bgn (Figure 2.2 C).

Importantly, Cre was found to be active only in those cells that were also stained
with tomato lectin, a strong endothelial glycocalyx marker (Robertson et al., 2015)
(Figure 2.2 C). Together, these data indicate that OSMR"™ mice will be a good
candidate blood-brain barrier-specific OSMR-knockout experiments.

Experimental Autoimmune Encephalomyelitis

To provide relevant inflammatory processes, we employ experimental
autoimmune encephalomyelitis (EAE). This model relies on Freund’s adjuvant complete
with killed mycobacterium tuberculosis, pertussis toxin, and myelin oligodendrocyte
glycoprotein amino acids 35-55 (MOGss.ss) to provide a robust, reproducible
inflammatory condition (S. D. Miller & Karpus, 2007). The disease is generally separated
into multiple symptomatic stages: preclinical (days 0 — 7), where mice show no outward
disease symptoms, but have significant immune activation; onset (days 7 — 12), where
mice begin showing weakness at the tail, with infiltration increasing; acute (days 12 —
14), where paralysis is evident, and plateau, where the disease course has peaked, but

resolution is not yet occurred. C57BL/6 mice exhibit a chronic model of EAE, where
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mice only partially recover, and can remain symptomatic until euthanasia (Table 2.3,
Figure 2.3 A) (Stromnes & Goverman, 2006a).

Cellularly, there are two major disease phases: the induction phase, where myelin
specific CD4" T cells are created and primed, and the effector phase, where the immune
compliment is activated, the blood-brain barrier is breached, and demyelination occurs
(S. D. Miller & Karpus, 2007). Because of the potential for a knockout to modulate either
phase, we examined each independently.

Adoptive transfer experimental autoimmune encephalomyelitis (AT-EAE) utilizes
C57BL/6 mice to generate myelin specific CD4" T cells, forgoing the potential of genetic
manipulations from modulating the induction phase. In brief, wildtype mice are induced
with active EAE as above. At day 11 post induction, splenocytes are isolated and are
cultured ex vivo with MOGjs.ss to provide additional antigen, interleukin-12 to stimulate
growth and activation, and anti-interferon gamma to further enhance proliferation
(Stromnes & Goverman, 2006b; Thakker et al., 2007). The cells are then injected into
mice with various genetic manipulations (Figure 2.4). Wildtype C57BL/6 mice present a
similar experimental course to that of active EAE induction (Figure 2.3 B) (Stromnes &
Goverman, 2006b).

Challenges Regarding Experimental Autoimmune Encephalomyelitis

Sex Variability in Incidence and Severity

Experimental autoimmune encephalomyelitis has variable incidence and severity
based upon many factors, including murine strain and sex. Depending on the strain used,
either sex exhibits greater incidence of the disease, however in C57BL/6 mice, there is no

difference (Papenfuss et al., 2004). Female C57BL/6 mice appear to have greater severity
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of EAE, including behavioral changes indicating pain (Rahn et al., 2014). As multiple
sclerosis is noted to effect more women than men, using female mice for EAE studies is
well supported (Duquette et al., 1992).

Stress and Immunomodulation

Mice experiencing stress have modulated immune responses, preventing the
expected course of EAE from happening (Fournier et al., 2020; Pérez-Nievas et al.,
2010). Generally, stress causes reduced symptoms, however there are some reports of
mild stress worsening the EAE clinical course (Gerrard et al., 2017). There appears to be
some differences based upon the type of EAE administered, the species used, or even the
genetic background of the animal, however this is not well studied. No matter the reason,
stressors must be well-controlled to prevent variability, including limited enrichment,
unpredictable noises, and others (Fournier et al., 2020; Leigh et al., 2015; Wolfet al.,
2018).

Non-Invasive Blood-Brain Barrier Permeability Assay

While the blood-brain barrier is normally impermeable to solutes, inflammation
causes endothelial modulation of barrier function. Quantification of leak is achieved
through the injection of fluorescent molecules. Serum and brain homogenate is collected
from the mice, and the fluorescent concentration is measured by a standard plate reader to
determine the permeability surface-area product, Ps (mg/mL), as in Equation 2.1, where
Cy is the concentration of tracer in the brain per gram of brain weight, o' is the integrated
serum concentration per milliliter, and t is the time between injection and sample harvest

(Bell et al., 2010; Mackic et al., 1998).

Equation 2.1 Ps =
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This measurement is further enhanced using sized tracers. By conjugating
fluorescent dye with large, inert molecules, the effective hydrodynamic radius is
increased (Choi et al., 2010). When using tracers with distinct spectra, the relative size of
perforations can be estimated (Bell et al., 2010; Saunders et al., 2015) (Table 2.4).
Molecules that are small enough to pass through will be found readily in brain
homogenate, where those that are too large will only be found in the serum (Figure 2.5).

Perivenular Inflammatory Lesion Analysis

During inflammatory injury, like experimental autoimmune encephalomyelitis
and multiple sclerosis, activated leukocytes overcome the blood-brain barrier, and
infiltrate into the brain parenchyma (Stromnes & Goverman, 2006b). This injury, called a
perivenular inflammatory lesion (PIL), happens in the venules over the white matter in
the cerebellum during early disease, however in advanced cases lesions can also be found
in the vasculature of the white matter of the brain, the hippocampus, and the brainstem
(Popescu et al., 2013; van Horssen et al., 2007). These PILs contain neutrophils, T cells,
B cells, macrophages, and myelin fragments (De Bondt et al., 2020; Lassmann, 2018).

The number of lesions found is directly correlated with symptom severity and
outcomes of the diseases: the more lesions a person has indicates the worse symptoms
they will experience and the worse overall prognosis they have (Davda et al., 2019;
Khoury & Weiner, 1998). The endothelium near the lesion likely remains leaky for
months after the onset of the disease, highlighting the power of this measure (Trip &
Miller, 2005). Therefore, the analysis of PILs as an outcome of genetic or pharmacologic

intervention is well supported.
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General Protocol

Mice are subjected to experimental autoimmune encephalomyelitis and allowed to
age until the appropriate endpoint. After a surgical depth of anesthesia is reached, the
mouse is immobilized in a supine position, and a transverse incision is made across the
abdomen. After removing the diaphragm, 100 pL of Alexa fluor-conjugated tomato lectin
is injected transcardially. The right atrium is removed, and a line containing 20 mL of
sulfo-NHS biotin (0.3 mg/mL in PBS) is introduced at the same site and injected using a
syringe pump to maintain consistent flow, followed by 20 mL of 4% paraformaldehyde in
PBS. The brains are removed, sectioned, and counterstained with Texas red-conjugated
streptavidin, and mounted as above.

Outcomes and Results

Brain sections imaged by confocal microscopy demonstrate consistent and
thorough staining with tomato lectin, even in animals with EAE. Texas red signal,
however, appears only over white matter regions that contain large (80 — 100 um) vessels
that are fed by smaller (10 — 30 pum) post-capillary venules. These lesions have low
tomato lectin staining, indicating the potential loss of the endothelial glycocalyx.
Similarly, the Texas red signal appears around the vasculature, and not in it, indicating
the leak of the small molecule out of the vessel (Figure 2.6).

Microvessel and Brain Endothelial Cell Isolation
Purpose

Isolating the components of the neurovascular unit provides additional

opportunities to establish the different cellular contributions to neuroinflammatory

processes. Utilizing primary brain endothelial cells allows for the extension of in vivo
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genetic manipulations to further analyze the signaling pathways and function of the
blood-brain barrier.

Comparison of Primary Blood-Brain Barrier Endothelial Cells to Immortalized

Blood-Brain Barrier Endothelial Cells

There are many commercially available BBB endothelial cell lines, including
bEnd.3, cEND, hBEC-51i, and hBMEC, providing various systems for study. Because of
their immortalization, however, these cells create additional challenges when analyzing
tight junctions. bEnd.3, for example, are a mouse brain endothelial line derived from a
benign endothelioma (Hallmann et al., 2000). While they express high levels of claudin
5, occludin staining is not localized to cell borders, but is rather found throughout the
cytoplasm (R. C. Brown et al., 2007). The human hBEC-5i cell line was created by
mixing pieces of cerebral cortex from deceased patients, and culturing the outgrowth;
these cells do not exhibit contact inhibition, and will grow in layers on top of each other
(Puech et al., 2018).

Immortalized cells have the advantage of being excellent candidates for genetic
manipulations, with multiple manufacturers offering cell-line specific products for both
electroporation-mediated transfection and liposome-mediated transfection. With the
variety of genetically modified mice available, however, inducible manipulations using
the Cre/Lox system via exogenous TAT-Cre are becoming more common (Kang et al.,
2018; Sgolastra et al., 2018).

Need for Endothelial Cell Enrichment

As the endothelial cells lining the blood vessels contain tight interactions with

both pericytes and astrocytes, the resultant cell pellet from the below protocol likely has a
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mixture of cell types. Brain endothelial cells are unique in the neurovascular unit in that
they express the P-glycoprotein efflux pump, providing them multidrug resistance to
drugs like puromycin (Hamilton et al., 2001; Tatsuta et al., 1992). Therefore, positive
selection may be carried out to create a highly-purified brain endothelial population
(Watson et al., 2013).

General Protocol

This protocol is modified from Watson et al (2013). Mice are selected from pups
between 7 and 10 days old, of the correct genotype. 10 pups produce enough endothelial
cells to cover 25 cm?. After decapitation, the heads of mice are sprayed with ethanol and
moved into a biosafety cabinet. The skull is opened, and the meninges are cleared with a
Kimwipe. The brains are removed with forceps and placed in 25 mL of sterile ice-cold
isolation buffer (Hank’s balanced salt solution (HBSS) with metal ions, 10 mM HEPES,
0.1% bovine serum albumin). Using a loose-fitting dounce (Kimble Chase KONTES,
catalog 885300-0040), the suspension is ground until an even homogenate is formed,
approximately 6 — 10 times. The homogenate is then transferred to a fresh 50 mL conical,
and additional buffer is used to rinse the dounce.

After centrifuging the homogenate for 5 minutes at 500 RCF and 4 °C, the
supernatant is removed. The pellet is then washed in 6 mL of phenol-free Dulbecco's
modified Eagle medium (DMEM). After centrifuging for 5 minutes at 500 RCF and 4 °C,
the supernatant is again removed. The pellet is then resuspended in prewarmed digestion
buffer (2 mg/mL collagenase/dispase; 20 pg/mL DNAse I; in phenol-free DMEM), at an

approximate 1:1 volume ratio, and slowly rotated for 30 minutes at 37 °C.
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The homogenate is the centrifuged for 5 minutes at 500 RCF and 4 °C, and the
supernatant is removed. 5 mL of prewarmed 22% bovine serum albumin (w/v in HBSS)
is mixed with the pellet. After centrifugation for 7 minutes at 3000 RCF the supernatant
with top cell layer is placed into a fresh 15 mL conical. The pellet is resuspended in 1 mL
warm DMEM. The resulting supernatant can be centrifuged an additional two times using
this method to increase yield, with pellets being combined into DMEM.

The conical containing the combined pellets is then filled with additional DMEM
and centrifuged for 5 minutes at 500 RCF and 37 °C. After supernatant removal, 500 uL
of warm digestion buffer is added, and the n incubated at 37 °C for 25 minutes. The cells
are then centrifuged for 5 minutes at 500 RCF and 37 °C, and the supernatant removed.
The pellet is resuspended in 5 mL of complete primary endothelial cell media
(CellBiologics M1168) with 3 uM puromycin to select against any non-endothelial cells
remaining (Perri¢re et al., 2005; Watson et al., 2013). The cells are then plated into
collagen I'V-coated (1 pg/cm?) cultureware. For the first three days post-seeding, the cells
are carefully washed with warm HBSS during the media change. Puromycin is
maintained a for the first 7 days, then is no longer included. The endothelial cells are
allowed to mature for 7 — 10 days before experimentation.

Outcomes and Results

The resultant cell monolayers express high levels of tight junction proteins
claudin 5 and occludin (Beard Jr. et al., 2018; Watson et al., 2013). They also exhibit low
permeability to small molecules, providing a physiologically relevant in vitro blood-brain

barrier model (Watson et al., 2013).
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ECIS-TEER

Electric Cell-Substrate Impedance Sensing

Electric Cell-Substrate Impedance Sensing (ECIS) allows for the real-time and
continuous monitoring of barrier function of cell monolayers (Szulcek et al., 2014).
Because monolayers that form tight junctions restrict ion movement, the function of the
barrier can be assessed through the measurement of AC current flow at 4000 Hz
(Anderson & Van Itallie, 2009) (Figure 2.7 A).

ECIS is used extensively in the analysis of blood-brain barrier function. Our lab
has previously utilized this tool to measure the effects of various siRNAs, inflammatory
cytokines, hormones, and pharmacologic interventions on endothelial function (Beard Jr.
et al., 2018).

General Protocol

ECIS arrays are washed with 10 mM L-cysteine in water to stabilize the gold
electrodes (Szulcek et al., 2014). The array is then coated with collagen IV (1 pg/cm?).
Brain microvascular endothelial cells are seeded at confluence and allowed to sit at room
temperature for 15 minutes to for even seeding. The cells are allowed to mature for 7 — 10
days before experimentation (Beard Jr. et al., 2018).

Outcomes and Results

Because ECIS allows continuous monitoring, a tracing is generated,
granting the correlation of time to all measurements (Figure 2.7 B). This especially gives
insight into the determination of regulatory mechanisms: is barrier function reduced due

to tight junction protein rearrangement — a relatively fast and transient method — or
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through expression modifications, which is decidedly slower (A. T. Bauer et al., 2010;

Beard Jr. et al., 2018; Beard et al., 2014).



Table 2.1 Thermocycling Protocol
Step Temperature Time
1. 95 °C 3 minutes
2. 95 °C 30 seconds
3. 60 °C 60 seconds
4. 72 °C 1 minute

Repeat steps 2 — 4 x 25

72 °C

5 minutes

43
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Table 2.2 bgn Excision Primers

Gene Sequence (5’ to 3’) Size (bp)
GTG TGC CTC AGA ATG TTC CA Floxed: 248

Bgn Floxed .
CTC AGT CCA GTC GGT GTCCT Wildtype: 179

Floxed: 1195

GAG CCA GGA GGA GTTTGA TG )

Bgn Excised Wildtype: 978

CTC AGT CCA GTC GGT GTCCT

Excised: 414




Table 2.3 Modified Experimental Autoimmune Encephalomyelitis Scoring
(Stromnes & Goverman, 2006a)

Score Observation

0

No Symptoms

Tail paralysis

Tail paralysis and hind limb weakness

Tail paralysis and hind limb paralysis

Tail paralysis, hind limb paralysis, front limb weakness

Found dead

45
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Table 2.4 Commonly Used Tracers

Radius Spectrum s
Tracer (nm) (Ex/Em) Citation
3'647'1)6"“3“ 10 50 650/668 (Zeini et al., 2021)
Evans Blue 1.3% 620/680 (Bohne et al., 2003)
FITC-Dextran4 kD ~1.4 495/519 (Shi, Zeng, et al., 2014)
Sodium Fluorescein 0.502 490/525 (Mustafa et al., 1993)
TRITC-Dextran 155 (Shi, Palacio-Mancheno, et
KD ~8.5 544/570 al., 2014)

* There is some discussion on the appropriateness of Evans blue, and its potential
to bind albumin, causing a major shift in the hydrodynamic radius of the molecule

(Saunders et al., 2015).
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Figure 2.1  B6.Cg-Gt(ROSA)26Sor™!4(CAG-tdTomatolHize/ y Gepe Plan.

A) Cre is randomly inserted in the mouse genome under the control of the
Slcolcl promoter (green). Because Cre (orange) is bound to an estrogen type II (yellow)
receptor, it is bound in the nuclear envelope. Upon administration of tamoxifen, a
synthetic estrogen, Cre translocates into the nucleus and acts to remove the sequence
between two lox sites. B) A cassette containing the synthetic CAG promoter (green), a
lox-stop-lox sequence (dark blue, blue, dark blue), the coding for tdTomato (red) and the
WPRE enhancer (gray) was placed in the ROSA26 locus. Under normal conditions,
tdTomato is not expressed. C) After tamoxifen administration the stop codons and one
lox site are removed, allowing the CAG promoter (green) to act upon tdTomato (red),
producing a bright fluorescent signal in those cells where Cre was produced. Adapted

from (Madisen et al., 2010).
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Figure 2.2  Efficiency of Cre recombinase in Endothelial-Specific and Blood-
Brain Barrier-Specific Mouse Lines.

All mice received twice-daily intraperitoneal injections of tamoxifen (20 mg/mL
in 10% absolute ethanol USP, 90% corn oil USP) at 20 mg/kg bodyweight for 5 days, for
a total of 10 injections. A) ECR®**" mice show recombination-positive tdTomato (green)
signal in approximately 10% of tomato lectin (red) brain capillaries as analyzed by
confocal imaging. In contrast, B) BBBRP"r mice show tdTomato (green) in nearly 100%
of tomato lectin (red) brain capillaries. C) Similarly, when analyzing PCR products from
isolated microvessels from mice, WT mice show no recombination. Cre(-) Biglycan(fl/l)
mice show no recombination (Bgn'); pan-endothelial Cre(+) Biglycan(fl/fl) mice have
undetectable recombination; and blood-brain barrier endothelial Cre(+) Biglycan(fl/fl)

mice have approximately 75% recombination. Created with Biorender.com
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Figure 2.3  Normal presentation of active and adoptive transfer experimental

autoimmune encephalomyelitis in wildtype C57BL/6 Mice.

A) In wild type mice with active experimental autoimmune encephalomyelitis,
symptom onset begins days 7 — 12. Acute phase occurs during the steep incline and leads
to peak symptoms. The clinical score levels, but generally does not return to lower
scores. Data is representative of 5 mice + standard deviation. B) In adoptive transfer
EAE, mice generally get symptoms earlier. Pre-onset happens during days 6 — 10, and
mice reach peak scores within approximately 24 hours. Mice have a reduction in

symptoms over the next 14 days, but do not fully recover. Data is representative of mean

score of 5 mice + standard error of the mean.
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Figure 2.4  Experimental preparation of adoptive transfer experimental
autoimmune encephalomyelitis.

Wildtype mice are injected with MOGs3s.ss in complete Freund’s adjuvant. After
11 days, spleen cells are isolated and cultured with additional MOGss.ss, IL-12, and anti-
IFNy. After 3 days of activation, the cells are then injected intraperitoneally into

mice with the genotype of interest. Created with Biorender.com
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Figure 2.5  Quantification of Blood-Brain Barrier Solute Permeability during
Experimental Autoimmune Encephalomyelitis.

A) Qualitative comparison of plasma protein leakage by Evans blue assay in
healthy mock-EAE right hemisphere and EAE right hemisphere. Measured using LI-
COR Odyssey CLx; Evans blue at 700 nm is pseudo colored blue, myelin
autofluorescence at 800 nm is pseudo colored gray. Adapted from (Beard Jr. et al., 2018).
B) Quantitative results of Evans blue permeability assay. Mice with active EAE (n = 6) at
8 days post injection have significantly increased permeability to Evans blue compared to

healthy (n = 5) animals. Graph is represented as dot plot with mean + standard deviation.
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Adapted from (Beard Jr. et al., 2018). C) Representative standard curve, serum samples,
and brain homogenates (n=6 per group) of Evans blue permeability assay measured by
LI-COR Odyssey CLx at 700 nm at 8 days post injection. Healthy animals show low
concentrations of Evans blue in brain homogenate compared to vehicle-treated mice with
EAE, who show high permeability. Administration of DMAQ-B1, an AKT2-dependant
claudin-5 modulator, rescues blood-brain barrier permeability (Beard Jr. et al., 2018).

Created with BioRender.com
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Figure 2.6  Analysis of Perivenular Inflammatory Lesions

A) Perivenular inflammatory lesions (PILs) appear as sulfo-NHS-biotin (red)

positive regions in the venules (green) supporting white matter when assessed via
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confocal microscopy. B) Wild type mice get significantly more PILs during the effector

phase of experimental autoimmune encephalomyelitis compared to nmmick” mice, a
related model that our lab uses. PILs are counted via confocal microscopy, where the

surface area of brain sections is quantified. C) Zooming in on an individual PIL shows

loss of tomato lectin microvessel staining (red), and a diffuse ring around the venule of

sulfo-NHS-biotin (green), highlighting the leak outside of the vessel. PIL count
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represented as mean =+ standard deviation of midsagittal brain slice of 5 mice per

genotype. ** = p < 0.05 by Mann-Whitney test. Created with Biorender.com
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Figure 2.7  Electronic Cell-Substrate Impedance Sensing (ECIS) as a Measure of
Endothelial Barrier Function.

A) A generalized circuit diagram of resistance pathways in endothelial
monolayers. Tight junctions modulate trans-endothelial electrical resistance (TEER, blue)
through paracellular routes; however, the media (green) can further affect this measure.

Similarly, the resistance of the transcellular pathway is modulated by the composition of
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the membrane, including lipids and ion channels (gray). The ECIS software tunes the
frequency of the device to separate out the paracellular from the transcellular routes,
where low frequencies of alternating current (approximately 4000 Hz) test paracellular
impedance and higher frequencies (up to 25,000 Hz) assess transcellular impedance.
Finally, using software modeling, the capacitance is removed, providing a measure of
barrier function as resistance (Giaever & Keese, 1991). Adapted from (Benson et al.,
2013). B) TEER, and therefore barrier function, is lost over 24 hours after the addition of
interleukin-1f, a commonly used positive control for endothelial barrier dysfunction.
Tracing is the mean resistance normalized to time 0. Shading indicates the standard error

of the mean. Figure adapted from (Beard et al., 2014). Created with Biorender.com
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CHAPTER THREE: THE CONTRIBUTION OF NEUTROPHIL-DERIVED
ONCOSTATIN M TO BLOOD-BRAIN BARRIER DYSFUNCTION
Abstract

Background

Blood-brain barrier (BBB) dysfunction is correlated with many pervasive diseases,
including multiple sclerosis (MS). This study characterizes the role of oncostatin M
(OSM), a pluripotent cytokine, during the effector phase of experimental autoimmune
encephalomyelitis (EAE), a murine model of neuroinflammation.
Methods

The progression of EAE was compared using wildtype and transgenic osmrf”"
mice, measuring BBB solute extravasation, and microvessel tight junction mRNA
changes. In vitro, cell culture studies were utilized to assess the role of OSM in
decreasing tight junction expression, inducing permeability, and leukocyte extravasation.
Electric cell-substrate impedance sensing was completed to determine the dose-response
and temporal relationship of primary cultured brain microvascular endothelial cells to
OSM.
Results

We found that OSM signaling through the OSMR receptor on BBB endothelial
cells selectively causes downregulation of the tight junction protein occludin- without

modulating claudin 5- causing increases in permeability both in vivo and in vitro. This BBB
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dysfunction allows neutrophil transmigration, with subsequent demyelination and
neurological deficits.
Conclusions

Together, our findings define a physiologically relevant role of oncostatin M in
blood-brain barrier dysfunction and neutrophil transmigration during the effector phase of
EAE.

Introduction

Barrier integrity of the brain vasculature is maintained through complex
regulation of endothelial cell-cell tight junction proteins (Yuan & Rigor, 2010). These
proteins — namely the claudin and tight junction associated MARVEL protein (TAMP)
families, among others, allow the endothelium to precisely control the extra-vascular
environment, including solutes, pathogens, and leukocytes (Anderson & Van Itallie,
2009; Daneman & Prat, 2015; Yazdani et al., 2019). Pathologies of the blood-brain
barrier precede many neurodegenerative disorders including Alzheimer’s, stroke,
traumatic brain injury, and multiple sclerosis (Campos-Bedolla et al., 2014; Davda et al.,
2019; Rosenberg, 2012).

During inflammation, BBB protein expression can be altered, allowing leakage of
potentially neurotoxic substances (Beard Jr. et al., 2018; Errede et al., 2012). Specifically,
in neuroinflammatory diseases such as multiple sclerosis (MS), a host of barrier-
diminishing factors are responsible for this change (Ortiz et al., 2014; Petermann & Korn,
2011). One potential agent is the cytokine oncostatin M (OSM), which has been found in

increased concentrations in MS patients’ plasma; similarly, MS brain lesions have shown
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OSM reactivity (Alikhani et al., 2014; Ruprecht et al., 2001). The source of OSM,
however, has thus far remained elusive (Alikhani et al., 2014; Janssens et al., 2015).

Leukocytosis — a condition in where the total number of circulating leukocytes
increases to pathological levels — has been considered a sign of multiple sclerosis since at
least 1930 (McKenna, 1930). A host of factors cause this increase, with neutrophils
having the most marked expansion (Caravagna et al., 2018; D’ Amico et al., 2019).
Neutrophils are well known producers of oncostatin M, and thus present as a promising
source of the cytokine (Elbjeirami et al., 2011; Setiadi et al., 2019).

Neutrophils are activated by a host of immunomodulators, like granulocyte-
monocyte-colony stimulating factor (GM-CSF), which has recently been found to be
significantly upregulated during neuroinflammatory disease (Monaghan & Wan, 2020;
Woodberry et al., 2018). GM-CSF, likely released from the inflamed endothelium, causes
a rapid neutrophil-maturation from bone marrow stem cells, and upregulation of granule-
bound inflammatory factors in circulating neutrophils. (Elbjeirami et al., 2011).

Experimental autoimmune encephalomyelitis (EAE), a murine model of multiple
sclerosis, recapitulates this multi-tissue inflammatory cascade (Aubé¢ et al., 2014; S. D.
Miller & Karpus, 2007; Siffrin et al., 2010). Infiltration of neutrophils into the central
nervous system (CNS) parenchyma has been found to be important for the pathogenesis
of early stages of EAE: before external symptoms are present, leukocyte transmigration
and blood-brain barrier leakage are colocalized (Aubé¢ et al., 2014; Beard Jr. et al., 2018;
Wau et al., 2010). This injury, termed by our lab a “perivenular inflammatory lesion”
(PIL), happens in the post-capillary venules over the white matter tracts in the

cerebellum, and are a direct cause of the muscle weakness and motor deficiencies
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encountered in MS patients (Popescu et al., 2013; van Horssen et al., 2007).
Understanding how neutrophils cross the endothelium, however, is not well understood.

Under homeostasis, brain microvascular endothelial cells (BMVECs) have high
expression of multiple tight junctional proteins, including claudin 5, and tight junction-
associated MARVEL-domain-containing proteins (TAMP) occludin and tricellulin.
(Beard Jr. et al., 2018; Beard et al., 2014; Yuan & Rigor, 2010) By restricting passive
pericellular flux, the endothelium itself controls passage of all solutes through highly-
regulated transport mechanism. (Daneman & Prat, 2015; D. W. Miller, 1999; Yuan &
Rigor, 2010). Similarly, leukocyte transmigration is strictly controlled (Larochelle et al.,
2011; Phillipson & Kubes, 2011). During inflammation, however, leukocytes become
pathogenic by releasing multiple factors that change how the blood-brain barrier
functions: tight junctions are downregulated, intercellular adhesion is weakened, and
leakage of solutes and water into the CNS occurs (H.-C. Bauer et al., 2014; Dejana, 2004;
Taddei et al., 2008). Based upon each of these factors, it is our lab’s hypothesis that the
regulation of endothelial tight junctions in the face of the inflammatory milieu is both
sufficient and necessary for the prevention of neuroinflammatory disease.

In these studies, the temporal relationship between neutrophil recruitment,
oncostatin M release, and blood brain barrier dysfunction are defined. Through in vitro
mechanistic studies, the role of neutrophil-derived OSM was confirmed, leading to
decreases in the TAMP occludin, but not claudin 5, resulting in barrier dysfunction. In
vivo analyses reveal the loss of OSM signaling rescues EAE-induced blood-brain barrier

dysfunction and neutrophil extravasation in the critical pre-onset stage, leading to the
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significant reduction of neurologic deficiencies. Collectively, these studies demonstrate
the critical role of tight junctions in the impedance of neuroinflammatory disease.
Methods

Reagents and Supplies

A complete list of reagents and supplies including vendor and catalog number can
be found in Table 3.1 and Table 3.2.

Animal Model and Husbandry

All animal use was approved by the Boise State University Institutional Animal
Care and Use Committee under protocols AC16-011, AC19-013, AC19-014, and AC19-
015. Animals were maintained under a 12-hour light/dark cycle with food and water ad
libitum. Female wild type (osmrf™") and osmrp”- (OSMRX®) mice on a C57BL/6
background, aged 10 to 12 weeks, were used in these studies. C57BL/6 background was
chosen for genetic homology and their historical use in the inflammatory model
experimental autoimmune encephalomyelitis.

Neuroinflammatory Model: Induction of EAE and Clinical Scoring

Animals were injected with Freund's complete adjuvant with inactivated
Mycobacterium tuberculosis H37Ra (CFA), myelin oligodendrocyte glycoprotein (amino
acids 35-55), and pertussis toxin according to manufacturer’s protocol. Briefly, 100 pL of
CFA was injected subcutaneously at both the shoulders and base of tail. Pertussis toxin in
PBS was administered via intraperitoneal injection (IP) twice, 24 hours apart. Mice were
then returned to their cages and evaluated daily to determine progression of the disease.

Scoring was completed as follows: 0 = no signs of paralysis, 1 = tail paralysis, 2 =
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unsteady gait/hind-limb weakness, 3 = hind-limb paralysis, 4 = hindlimb and forelimb
paralysis, and 5 = death.

Adoptive transfer experimental autoimmune encephalomyelitis (AT-EAE), also
known as passive EAE, was used to determine the effects of OSMRX® on the effector
phase specifically. Utilizing the Hooke AT-EAE protocol, 100 pL of CFA with MOGss.ss
was injected subcutaneously at both the shoulders and base of tail of four 10-week-old
female C57BL/6J (Jax #000664) mice. At day 11 post injection, mice were deeply
anesthetized, and euthanized via cervical dislocation. The spleens were harvested
aseptically, and ground with a loose-fitting dounce to form a homogenate in RPMI with
2% fetal bovine serum (FBS) and 10 mM HEPES, then passed across 70 pum strainer.
After rinsing out the dounce, the cells were centrifuged for 10 minutes at 300 RCF at 4
°C. The supernatant was removed, and the cells were washed with additional media,
filtered, and centrifuged two additional times. The resultant cell pellet was suspended in
T cell culture media (RPMI 1640, 2 mM L-glutamine, 100 IU/mL penicillin, 0.1 mg/mL
streptomycin, 1x MEM non-essential amino acids, 1 mM sodium pyruvate, 5.5x10 M 2-
mercaptoethanol, 10 mM HEPES) on ice during counting. Counting was completed using
Molecular Probes NucRed and NucGreen stains on an BD Accuri C6 flow cytometer.
Cells were diluted to 3.5 x 10° cell/mL, plated to T175s, then stimulated with 20 pg/mL
MOGss.ss, 20 ng/mL IL-12, and 10 pg/mL anti-interferon y antibodies. Cells were
incubated at 37 °C, at 5% CO2 in a humidified incubator for 70 hours.

Following stimulation, cells suspensions were centrifuged for 10 minutes at 300
RCF at 4 °C. The supernatant was discarded, and cell pellets were combined in HBSS.

After counting again, cells were diluted to 1.5 x 10® cell/mL. 10 10-week-old female
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mice (5 wildtype, 5 OSMRX®) were injected with 20 million cells IP each, and returned
to their cage, and evaluated using the same metrics as above.
Histology

Under deep anesthesia, mice were exsanguinated via transcardial perfusion with
PBS, followed by perfusion fixation with 2% paraformaldehyde in PBS. Brains and
spinal cords were harvested and post-fixed with 2% paraformaldehyde in PBS overnight
at 4 °C, then rinsed and stored in PBS with sodium azide. Sectioning was completed with
agarose-mounted organs on a vibratome set to 100 microns.

Immunohistopathology:

Immunohistopathology was completed according to standard protocols on tissues
harvested as above. After slicing, brain sections were incubated overnight in PBSTC
(PBS + 0.1% Triton + 2 mM Ca®" + 10% donkey serum) with appropriate sera and
primary antibodies. Sections were washed in TBSTC hourly six times, then incubated in
secondary antibodies overnight at 4 °C. Sections again were washed hourly six times
before being mounted in VECTASHIELD mounting medium and stored at -20 °C. All
steps were carried out at 4 °C. Imaging was completed on either a Zeiss Meta 510 LSM
or Leica Stellaris 5. Specific antibodies and working concentrations can be found in
Table 3.2.

Blood-Brain Barrier Integrity: /n vivo Solute Extravasation Assays

Sodium fluorescein (NaFl) solute extravasation assays in experimental animals
(EAE, 8 d.p.i) were used to assess small solute permeability of the spinal cord and brain.
Mice were given i.p. injections (10 uL/g of 5% w/v NaFl in 0.9% saline). 2 hours post-

injection, serum and brain sections were collected and analyzed as previously described.
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(Beard et al., 2016) In brief, trichloroacetic acid was added to samples to precipitate
protein. Samples were then diluted with a sodium borate buffer and compared to a
standard curve for quantitative assessment of NaFl concentration. The permeability
surface-area product, Ps (mg/mL) was calculated as follows: Cy is the concentration of
tracer in the brain per gram of brain weight, o' is the integrated serum concentration per
milliliter, and t is the time between injection and sample harvest (Bell et al., 2010;

Mackic et al., 1998).

Cp
Ps = =
JoCpxt

Leukocyte Counts: Flow Cytometry

Whole blood was collected via cardiac puncture from deeply anesthetized mice at
the appropriate endpoint. Using the eBioscience 1-Step Fix/Lyse and Permeabilization
kits, leukocytes were stained with listed antibodies (Table 3.2) according to
manufacturer’s directions. Resultant suspensions were analyzed with a BD Accuri C6
flow cytometer. First, single-antibody and fluorescence minus one (FMO) controls were
ran to establish gates and compensation. Then, each sample was individually ran to
collect 1.0 x 10* CD45+ cells to capture neutrophil to leukocyte ratio; 1.0 x 10* Ly6G+
cells to capture OSM+ neutrophils; and 1.0 x 10* CD4+ cells to capture OSM+ CD4 T
cells. Data was analyzed using FlowJo.

BBB-EC Isolation: Primary Mouse BBB Endothelial Cells

As we have described previously, (Beard Jr. et al., 2018) primary brain
microvascular endothelial cells were obtained from C57BL/6 mice aged P7-P10. Cells
were plated at confluence and grown on collagen IV-coated (10 pg/cm?) tissue culture

plasticware using endothelial growth medium at 37 °C in a humidified, 5% CO2
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incubator. After plating, cells from the initial plating or the first passage were matured for
7 days before experiments.

In Vitro Inflammatory Model: Neutrophil Transendothelial Migration Assays

Primary BMVECs (both wild type and OSMRX®) were grown as in BBB-EC
Isolation and passaged onto transwell plates (Corning collagen IV pre-coated 12 well
plates). Primary astrocytes were grown in the abluminal chamber. Encephalitogenic T
cells were grown as above for adoptive transfer experimental autoimmune
encephalomyelitis, then 1.0 x 10° cells were placed in the bottom side. Neutrophils were
isolated from C57BL/6 mice as outlined above and were labeled with CellTracker™ in
line with manufacturer instructions and used within two hours of isolation. Following
abluminal stimulation with MOG, 1.0 x 10° neutrophils were immediately added to
luminal side. Neutrophils that had transmigrated were counted at 2 and 4 hours after
addition by fluorescent microscopy. Control T cells- generated from EAE-naive mice-
were handled in the same manner.

Blood-Brain Barrier Function Analysis: Real-Time TEER

Electric cell-substrate impedance sensor (ECIS) arrays were used to demonstrate
TEER of BBB-EC during inflammatory challenge as previously described. (Beard Jr. et
al., 2018; Beard et al., 2016) BBB-ECs were prepared as above were grown on cysteine-
reduced Col-1V coated SW10E+ arrays. Neutrophil conditioned media was prepared as
above. TEER was measured continuously after the addition of inflammatory challenge

and presented as normalized TEER, with peak changed quantified for statistical analysis.
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Immunoblotting

Two-color near-infrared immunoblotting was used to determine protein
expression according to standard protocols and quantified using LI-COR Odyssey CLx
and LI-COR ImageStudio. Specific antibodies and working concentrations can be found
in Table 3.2.

Statistics

Statistical analysis was completed using GraphPad Prism (version 9.2.0). 4 priori
power analysis was administered to determine appropriate animal group size. Unless
otherwise stated within figure legends, data is presented as the mean + standard
deviation.

Results

Oncostatin M has a Role in the Pathogenesis of the Neuroinflammatory Disease

Experimental Autoimmune Encephalomyelitis

Leukocytosis, or the pathogenic increase in leukocyte counts, has been a
consistent pathology of neuroinflammatory disease for nearly 100 years (Iovino et al.,
2019; McKenna, 1930). Neutrophils, the first-line defense mechanism of innate
immunity, are chief among these; they phagocytize, release multiple signaling
compounds, and form extracellular traps for circulating pathogens and bioactive
compounds (Mantovani et al., 2011). The cytokine oncostatin M is produced by
neutrophils during inflammation, and has a multitude of effects depending the context of
its release (Brilot et al., 2019; Dey et al., 2013; Pothoven et al., 2016). In patients with

multiple sclerosis, increased serum concentrations of OSM have been found (Alikhani et
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al., 2014). Lastly, a high neutrophil-to-lymphocyte ratio is a strong predictor of poor
disease course and outcomes (Demirci et al., 2016; Song et al., 2021).

We analyzed these findings in the context of a murine model of
neuroinflammation, experimental autoimmune encephalomyelitis. At 8 days post-
induction (DPI) of EAE, wild type (WT) mice exhibited a significant increase in serum
OSM, compared to unimmunized healthy controls (Figure 3.1 A). Flow cytometry
analysis confirms an increase in neutrophil-to-lymphocyte ratio, from 0.5 + 0.07 in
healthy mice to 3.4 + 0.99 in mice with EAE (Figure 3.1 B). While total CD4 percentage
of CD45+ leukocytes do not change, Ly6G+ neutrophils increase from 5.5% + 1.0 to
32.6% =+ 5.05 in animals with disease (Figure 3.1 C). Nearly all neutrophils and CD4
cells contain OSM in both healthy and diseased mice, however the OSM+ neutrophils
increase to 32.9% = 4.1 in EAE mice (Figure 3.1 D), with no change in OSM+ CD4
counts (Figure 3.1 E).

Neutrophils Extravasate Across the Blood-Brain Barrier Endothelial During

Inflammatory Stimuli

During neurogenic inflammation, neutrophils cross the blood-brain barrier where
they exert the first-line innate defense of phagocytosis and cytokine release (Muller,
2013; Takeshita & Ransohoff, 2012). Utilizing flow cytometry on brain homogenates
taken from mice during the effector phase of EAE, we identified a significant increase in
neutrophils in the brain parenchyma, with no change in CD4+ T cells (Figure 3.2 A).
Confocal microscopy confirms this observation (Figure 3.2 B). Consistent with our
findings of all neutrophils containing OSM, confocal microscopy shows OSM

colocalized to Ly6G+ neutrophils (Figure 3.2 C). To further clarify the endothelial
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contributions to neutrophil transmigration, we created a novel in vitro model of
inflammation. Utilizing a transwell system, primary BBB endothelial cell monolayers are
grown in the upper chamber. In the bottom chamber astrocytes are grown. At maturity,
encephalitogenic or naive T cells and myelin oligodendrocyte glycoprotein was added to
the bottom well, and neutrophils to the top. Neutrophils transmigrated toward immunized
Tul7 cells at a rate of 3.2% per hour, compared to 0.37% per hour towards naive TxO
cells (Figure 3.2 D).

Oncostatin M Causes Downregulation of Endothelial Occludin, but not Claudin 5,

Decreasing Barrier Integrity

Cell culture studies were completed to better understand the role of OSM on
endothelial function. First, human primary brain microvascular endothelial cells
(BMVECs) were challenged with increasing concentrations of recombinant human
oncostatin M. Over 20 hours, barrier function as measured by trans-endothelial electric
resistance (TEER) using electronic cell-substrate impedance sensing (ECIS) at 4000 Hz;
peak dysfunction was achieved with 250 ng/ml (Figure 3.3 A). Concomitantly, occludin
proteins were found decreased over 24 hours, with no change in claudin 5 expression
(Figure 3.3 B). RNA analysis was completed to establish the transcriptional control of
occludin (Figure 3.3 C).

Preventing Oncostatin M Signaling Rescues Endothelial Barrier Dysfunction

The cognate receptor oncostatin M is oncostatin M receptor f (OSMR), of which
knockout mice are available (Heinrich et al., 2003; Tanaka et al., 2003). Analysis of the
oncostatin M signaling pathway was completed with OSMR knockout (OSMRKX?)

endothelial monolayers in vitro. After challenge with 100 ng/mL oncostatin M, WT
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monolayers exhibit marked barrier dysfunction over 24 hours, whereas OSMRKC
monolayers do not (Figure 3.4 A). Similarly, OSMRX® monolayers are resistant to
neutrophil transendothelial migration, showing a marked decrease in neutrophils found in
the abluminal chamber (Figure 3.4 B).

OSMR-Knockout Rescues Two Models of Experimental Autoimmune Encephalomyelitis

We lastly sought to determine the effect of attenuated oncostatin M signaling
upon the course of experimental autoimmune encephalomyelitis. With active EAE
induction, OSMR knockout significantly lessens severity of disease, but does not change
day of onset, number of days with symptoms, or maximal clinical score (Figure 3.5 A).
Because global oncostatin M knockout could be modulating either the inductor stage of
EAE, preventing the generation of myelin-specific CD4 cells or the effector phase, where
blood-brain barrier dysfunction and demyelination occur, adoptive transfer EAE was
undertaken. In this model, effector T cells are generated in wildtype mice, and then
transferred into experimental mice (Stromnes & Goverman, 2006b). Here, OSMR
knockout significantly decreased severity and number of days with symptoms but did not
change day of onset or maximal clinical score (Figure 3.5 B). To confirm barrier
integrity was indeed maintained, permeability of the small molecule fluorescein was
measured. OSMRK© significantly reduces BBB permeability during active EAE (Figure
3.5 C). Finally, RNA from isolated brain microvessels was analyzed to confirm that
OSMRX? prevents loss of occludin. Here, our hypothesis was confirmed, and EAE-

induced loss of occludin was restored with OSMR knockout (Figure 3.5 D).
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Discussion

The fundamental conclusion from these studies is that oncostatin M drives
occludin-dependent barrier dysfunction during neuroinflammatory disease. We
completed an incremental approach to demonstrate the relationship between oncostatin M
signaling and occludin downregulation, followed by increased blood-brain barrier
permeability. First, we identified oncostatin M as a relevant inflammatory mediator in
experimental autoimmune encephalomyelitis. Second, we found that neutrophils are a
likely source of OSM, and that in an inflammatory response, will cross BBB monolayers.
Third, we established that by preventing oncostatin M signaling in endothelial
monolayers, OSM-induced TEER loss is rescued, and neutrophil transmigration is
significantly reduced. Finally, we determined that OSM is an important mediator in the
effector phase of experimental autoimmune encephalomyelitis; by preventing the
oncostatin M cascade EAE symptoms are significantly reduced.

Historically, blood-brain barrier dysfunction has long been considered a
pathology of neuroinflammatory disorders like multiple sclerosis and experimental
autoimmune encephalomyelitis (Aubé et al., 2014; Beard Jr. et al., 2018; Beard et al.,
2014; Kermode et al., 1990; Rodrigues & Granger, 2015). Preventing this dysfunction,
then, could be key in the larger fight against neuroinflammatory disease. While it is likely
that many signaling molecules have responsibility in this process, we have demonstrated
that oncostatin M has a profound effect on occludin expression specifically.

Previous studies have identified that both rat and human endothelial cells produce
less occludin during stimulation with OSM, however Takata et al. (2008) found that

OSM additionally caused altered ZO-1 localization and decreased claudin 5 expression
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(Ruprecht et al., 2001; Takata et al., 2008, 2018). In our in vitro human studies, we
confirmed decreased concentration of occludin, but our results contradict those of Takata
et al.; we identified no change in claudin 5 expression. Endothelial maturity is a potential
factor. We have previously found that claudin 5 expression is low in immature
endothelial cells, and therefore could be more sensitive to inflammatory stimuli (Beard Jr.
et al., 2018). When utilizing only fully mature endothelial monolayers, claudin 5
maintained high expression throughout our OSM-only studies. Significantly, claudin 5
expression was not rescued in EAE trials with OSMRX?, providing further support of
oncostatin M not regulating claudin 5. Additionally, neutrophils contain other
inflammatory factors in their granules, many of which have claudin 5 effects (Grenier et
al., 1999; Mantovani et al., 2011; Woodberry et al., 2018). It is likely, then, that the
claudin and TAMP families are regulated through differing processes.

In the literature, oncostatin M is almost always referred to as a pleiotropic
cytokine, a fact which is well-reflected within the CNS. While OSM causes blood-brain
barrier dysfunction, it has neuroprotective effects in other cell types. Janssens et al
demonstrate a protective microglial phenotype and limited oligodendrocyte death in a
cuprizone-mediated model of demyelination; mice stereotactically injected with lentivirus
encoding for OSM have less demyelination than controls (Janssens et al., 2015).
Similarly, oncostatin M prevents glutamate-mediated neural excitotoxicity (Moidunny et
al., 2010). In a review, Brilot et al reports that only one study reports neurotoxic effects
(Brilot et al., 2019).

Experimental autoimmune encephalomyelitis has two phases: the induction phase,

where myelin specific CD4" T cells are created and primed, and the effector phase, where
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the immune compliment is activated, the blood-brain barrier is breached, and
demyelination occurs (S. D. Miller & Karpus, 2007). Initial studies were completed using
active EAE; because OSM signaling has some effects in Tu17 regulation, analysis of the
effector phase was required, indicating that the disease amelioration observed may have
been because the induction phase was prevented (Son et al., 2017). Adoptive transfer
experimental autoimmune encephalomyelitis (AT-EAE), also known as passive EAE,
was employed to decouple the induction phase by initiating the disease in wildtype mice
(Falk et al., 1969; Stromnes & Goverman, 2006b). In this study, encephalitogenic T cells
were created from wildtype animals, then injected into OSMRX® mice. Because OSMR¥?
mice still exhibited decreased clinical scoring, our analysis concluded that the effector
phase is of EAE is modulated through oncostatin M signaling. As experimental
autoimmune encephalomyelitis, and indeed multiple sclerosis, have hosts of circulating
inflammatory factors like IL-1p and IL-17 that cause barrier dysfunction, the incomplete
amelioration of disease found in OSMRX® mice is unsurprising (Jahan-Abad et al., 2020).
Finally, when further analyzed in the context of our in vitro studies, we conclude that the
prevention of OSM signaling at the blood-brain barrier prevents the dysfunctions
generated by experimental autoimmune encephalomyelitis.

In summary, these studies identify that neutrophil-derived oncostatin M signaling
at the blood-brain barrier causes occludin-dependent barrier dysfunction, potentiating
leukocyte transmigration and neuroinflammatory injury.
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Figure 3.1  Serum Oncostatin M Concentration Increases and Pathogenic
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Neutrophil-to-Lymphocyte Ratio is Induced During Experimental Autoimmune
Encephalomyelitis
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A) At day 8 post induction, serum concentration of oncostatin M increases nearly
three-fold in EAE-induced mice (orange) compared to healthy controls (blue), as tested
by ELISA (Healthy: n=5; EAE: n=4). (B-E) Circulating neutrophils increase during the
onset of EAE, increasing the neutrophil-to-lymphocyte ratio (NLR) to pathogenic levels.
B) NLR is significantly increased during the onset of EAE (orange, n=9) compared to
healthy controls (blue, n=4). C) Representative flow cytometry of circulating CD45+
leukocytes, demonstrates significant increase in Ly6G-positive neutrophils (bottom right
quadrant) counts, with no change in CD4 cell counts (top left quadrant) in onset of EAE
(orange) compared to healthy (blue) mice. D) Additionally, the fraction of OSM+
neutrophils (top right quadrant) increases, with E) no change in the fraction of OSM+
CD4 cells (top right quadrant). Dot plots are presented as mean + standard deviation.
Serum data are presented as mean fold change compared to controls. Flow data is
presented as a heat map. * = p < 0.05; ** = p <0.05; *** = p < 0.005 by Mann-Whitney

test.
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Monolayers In Vivo and in an In Vitro Model of Experimental Autoimmune
Encephalomyelitis



86

Concurrently with increased peripheral neutrophils increases, A) flow cytometry
of brain homogenates demonstrates an increase in extravasated Ly6G+ neutrophils, with
no change in extravasated CD4 populations. B) Representative confocal microscopy of
brain sections from healthy and EAE mice. Ly6g+ cells (green) are found outside of
microvessels (white) in larger populations in mice with EAE compared to healthy mice,
with no change in CD4+ cells (red). C) Neutrophils (red) found in brain sections via
confocal microscopy contain OSM (green). In vitro, D) neutrophils cross the blood-brain
barrier, moving towards encephalitogenic Tul7 (orange, n=6) cells at a higher rate
compared to naive/unstimulated TrO (blue, n=6) cells. Flow data represented as
topographical map with mean + standard error of the mean. Transmigration data is
presented as individual replicates with mean rate presented in bold, with a dot plot
containing mean + the standard deviation of the individual slopes. * = p <0.05; ** =p <

0.05; *** = p <0.005 by Mann-Whitney test.
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Figure 3.3  Concomitant with Barrier Dysfunction, Occludin, but not Claudin 5 is
Lost After Stimulation with Oncostatin M.

In vitro, human BMVEC monolayers were stimulated with oncostatin M. A)
Trans-endothelial electric resistance (TEER) is lost in a dose- and time- dependent
manner over 20 hours, with peak loss at 250 ng/mL. B) After stimulation with 25 ng/mL
oncostatin M, representative western blot and densitometry analysis for occludin

demonstrates loss of protein over 24 hours, with no change in claudin 5 expression.
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Figure 3.4  Loss of Oncostatin M Signaling Attenuates OSM-Dependent Barrier
Dysfunction in Vitro.

A) After administration of 100 ng/mL of oncostatin M, trans-endothelial electrical
resistance is maintained in OSMRX© blood-brain barrier endothelial cells (blue), while it
is significantly decreased in wild type blood-brain barrier endothelial cells (orange).
Shaded area indicates standard error of the mean. B) Neutrophil transendothelial
migration is significantly decreased in OSMRX (orange) endothelial monolayers
compared to wild type (blue). Transmigration data is presented as individual replicates

with mean rate presented in bold, with a dot plot containing mean =+ the standard
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deviation of the individual slopes. ECIS data presented as mean (line) + standard
deviation (highlight). Transmigration data is presented as a dot plot with mean + standard

deviation. * = p <0.05; ** =p <0.05; *** = p <0.005 by Mann-Whitney test.
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A) Active EAE clinical scores (left) show OSMR-deficient mice (n=5) have a
significant decrease in area under the curve, without a difference in day of onset, number
of days with symptoms, or maximum clinical score compared to wildtype (n=5). B)
Adoptive transfer EAE clinical scores (left) show OSMR-deficient (n=5) mice have a
significant decrease in both area under the curve and number of days with symptoms,
without changing day of onset or max clinical score compared to wildtype (n=5). C)
Permeability to sodium fluorescein is significantly reduced in OSMR-knockout mice
(n=10) during EAE compared to wildtype (n=9). D) Occludin expression is rescued in
OSMR-knockout mice (n=9, 3 pooled groups of 3) during EAE compared to wildtype
(n=9, 3 pooled groups of 3). Clinical scores are represented as mean + standard error of
the mean. Dot plots are presented as mean + standard deviation; one data point denotes a
result from one mouse except for RNA analysis, where each data point is a pool of 3
mice. * =p < 0.05; *** = p <0.005 by Mann-Whitney test or one-way ANOV A, where

appropriate.
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CHAPTER FOUR: FUTURE DIRECTIONS
Oncostatin M Signaling Pathways

Oncostatin M has a diverse and complex signaling pathway. After binding to the
heterodimer of gp130 and OSMR, JAKSs (Janus Kinases) are phosphorylated (Thoma et
al., 1994). Then, among other potential targets, the Akt or STAT (signal transduction and
activator of transcription pathways are triggered; each having a multitude of end effects
(Arita et al., 2008; Schaefer et al., 2000; Van Wagoner et al., 2000). Because of the
complexity of these cellular underpinnings and the ultimate consequences of OSM
signaling in the blood-brain barrier, it is prudent to further investigate this cell-signaling
cascade.

STAT and Snail Signaling

After stimulation with OSM, primary human brain endothelial cells show rapid
induction of multiple factors. After 15 minutes, STAT3 becomes significantly
phosphorylated, with no change in total STAT3 (Figure 4.1 A). Because Snail was found
to be upregulated at 60 minutes (Figure 4.1 A), and is upstream of STAT1, it was
assumed that STAT1 signal was not effected by OSM in endothelial cells (de Frutos et
al., 2007, p. 1). Similarly, STATS is only known to create minor increases in SNAIL, so
it has been ruled out (Talati et al., 2015). The STAT family of proteins, however, is very
complex, and can involve many combinations of heterodimers and phosphorylation

states, so additional research is required (Visan, 2015; J. Yang & Stark, 2008). Finally, in
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OSMRKXO endothelial cells, STAT3 phosphorylation is lost (Figure 4.1 B), indicating a
promising target.

AKT Signaling

FoxO1, a common downstream target of AKT phosphorylation, shows no change
in activation after OSM stimulation (Figure 4.1 C), indicating a decreased likelihood of
the Akt pathway being involved in OSM signaling within the BBB (Beard Jr. et al., 2018;
Zhang et al., 2011).

SNAIL Knockout Rescues Oncostatin M-Induced Barrier Dysfunction

Following the success of inhibition of STAT3 phosphorylation, we completed an
siRNA knockdown of SNAIL, and challenged the cells with OSM. ECIS tracings
demonstrate that SNAIL inhibition prevents OSM-mediated blood-brain barrier
dysfunction, and potentially increase baseline ECIS-TEER (Figure 4.1 D). Interestingly,
Snail knockout is embryonically lethal (Murray et al., 2006). To further study the
contribution of SNAIL on blood-brain barrier dysfunction, we obtained Snail-floxed mice
(B6;129S-Snail™26r¢/J: Jackson Labs #010686). We have successfully crossed these
with BBB“™ mice, and plan on completing both phenotyping and EAE experiments.

Conclusions

The data presented provide initial analysis of potential pathways of oncostatin M
within the endothelial blood-brain barrier. Importantly, blocking Srail translation
prevents the downstream inflammatory effects of OSM in endothelial cells, providing a
rational pathway for future studies. Utilizing BBB-specific Snail knockouts will further
clarify the signaling effects of oncostatin M, and potentially reveal therapeutic targets for

autoimmune-mediated neuroinflammation.
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Figure 4.1 Oncostatin M induces increased STAT3 phosphorylation and is
Requires SNAIL in the Inflammatory Dysfunction of Brain Microvascular
Endothelial Cells.

A) In the 15 minutes following OSM stimulation, human brain microvascular
endothelial cells (BMVEC) phosphorylate STAT3, which is returned to normal by 60
minutes. Concomitantly, SNAIL is upregulated at 30 minutes, and remains until at least
60 minutes. B) Murine BMVECs similarly show phosphorylation of STAT3. At 30
minutes following OSM stimulation, OSMRX® brain endothelial cells do not show
STATS3 phosphorylation as measured by Western blot. C) Neither active FoxO1(*FoxO1)

nor active B-catenin (*B-cat) change during the first 60 minutes after OSM stimulation. D)
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Following siRNA-mediated knockdown of SNAIL (blue), brain microvascular
endothelial cells are resistant to OSM-mediated barrier dysfunction compared to siRNA
scramble control (red). Cells transfected with siSnail maintain higher barrier resistance
than cells with control siRNA and vehicle control (green). Inset demonstrates effective

knockdown of Snail as measured by Western blot.
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Abstract

Inflammation-induced blood-brain barrier (BBB) dysfunction and microvascular
leakage are associated with a host of neurological disorders. The tight junction protein
claudin-5 (CLDNY) is a crucial protein necessary for BBB integrity and maintenance.
CLDNS is negatively regulated by the transcriptional repressor FOXO1, whose activity
increases during impaired insulin/AKT signaling. Owing to an incomplete understanding
of the mechanisms that regulate CLDNS expression in BBB maintenance and
dysfunction, therapeutic interventions remain underdeveloped. Here, we show a novel
isoform-specific function for AKT2 in maintenance of BBB integrity. We identified that
AKT?2 during homeostasis specifically regulates CLDN5-dependent barrier integrity in
brain microvascular endothelial cells (BMVECs) and that intervention with a selective
insulin-receptor (IR) agonist, demethylasterriquinone B1 (DMAQ-B1), rescued IL-1b-
induced AKT2 inactivation, FOXO1 nuclear accumulation, and loss of CLDN5-
dependent barrier integrity. Moreover, DMAQ-BI1 attenuated preclinical CLDNS5-
dependent BBB dysfunction in mice subjected to experimental autoimmune
encephalomyelitis. Taken together, the data suggest a regulatory role for
IR/AKT2/FOXO1-signaling in CLDNS expression and BBB integrity during

neuroinflammation.
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Introduction

Blood-brain barrier (BBB) dysfunction is a pathological hallmark in
inflammation-associated diseases of the central nervous system (CNS), including
multiple sclerosis, stroke, dementia, traumatic brain injuries, encephalopathies, and brain
metastases.' ™ Under homeostasis, local cues promote BBB maintenance by fostering
highly restrictive brain endothelial cell—cell contacts.>”” During an aberrant inflammatory
response, however, BBB dysfunction can be triggered by mediators from circulation or
the CNS, which act upon endothelial cells (ECs) to reduce their cell-cell adhesive forces.
Loss of this adhesion results in barrier hyperpermeability, leading to edema, poor nutrient
exchange, neuronal toxicity, and CNS dysfunction.’

This compromise in BBB integrity is a direct result of inflammatory-mediated
disruption of the adherens and tight junction complexes at endothelial cell—cell
contacts.'®!! Although the establishment of the BBB interface requires the involvement
of various junctional proteins, the tight junction protein claudin-5 (CLDNSY) is known to
play an indispensable role in restricting small molecule flux through paracellular
passageways.!? 14 In vitro BBB models have demonstrated that CLDNS5 is a common
target of inflammatory mediators such as interleukin-1p (IL-1B),'> homocysteine,'®!7 and
tumor necrosis factor alpha,'® while multiple animal models of CNS diseases have shown
loss of CLDNS5 is a common phenomenon associated with BBB dysfunction,'®1%23

Maturation of endothelial tight junctions produced by high levels of CLDNS is
known to require AKT-dependent inactivation and dissociation of the transcription factor
FOXO1 from a silencer region within the Cldn5 promoter.'*!> Under certain

proinflammatory conditions, FOXO1 can re-occupy this silencer, resulting in CLDNS5
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downregulation and endothelial barrier dysfunction.'*?*?* Moreover, we have shown

in vitro that siRNA-mediated knockdown of FoxO1 prevents loss of CLDNS during IL-
1B-mediated barrier dysfunction,'” suggesting that targeting FOXO1 inactivation directly
or through upstream regulators, such as AKT, could be an effective means for therapeutic
preservation of CLDNS during inflammation.

Given the complexity and extensiveness of the AKT signaling network, it is not
surprising that the outcome of AKT signaling on endothelial barrier maintenance appears
to be highly context-dependent. This convolution is, in part, due to AKT isoforms that
can have both overlapping and distinct functions,?® of which both AKT1 and AKT2 have
been shown to have unique regulatory roles in vascular endothelium. While much
remains undetermined about these isoform-specific functions, AKT1 is known to be
involved in the proinflammatory-mediated loss of endothelial barrier integrity, while its
deficiency protects against endothelial hyperpermeability in a A-carrageenan-induced

edema model.”’

By way of contrast, AKT2 is known to distinctly regulate endothelial
insulin signaling,?® but it remains largely unknown whether AKT?2 is involved in any
modulation of barrier integrity.

The role of vascular insulin signaling in endothelial barrier maintenance is even
more complicated, as some groups have shown insulin-mediated barrier enhancement,
while others have shown negligible effects.® ! Although vascular insulin signaling
canonically acts through the insulin receptor (IR), insulin is well-known to be cross-
reactive with the insulin-like growth factor 1 receptor (IGF1R) and vice versa with

insulin-like growth factors (IGFs) cross-reacting with the IR. Despite a high degree of

homology between these two receptors, knockout studies have demonstrated that these
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pathways mediate very distinct cellular and physiological processes. Namely, the IGF1R
primarily mediates mitogenic pathways, while the IR regulates metabolic effects. Due to
insulin’s receptor promiscuity and conflicting information regarding the effects of insulin
on BBB integrity, identifying selective agonists would undoubtedly aid in clarifying the
role for IR-specific signaling in endothelial barrier modulation.

Given that FOXOI inactivation is a known metabolic target for IR signaling,* we
explored a novel role for IRZAKT/FOXO1-signaling to regulate CLDN5-dependent BBB
integrity. First, we establish a pathophysiological relevance for studying this pathway by
analyzing brain microvessels isolated from mice with neuroinflammation-induced BBB
disruption and demonstrate increased FOXO1 concurrent with decreased CLDNS. We
next show that AKT-mediated regulation of CLDNS and brain microvascular endothelial
cell (BMVEC) integrity is distinct to the AKT2 isoform. Furthermore, the selective IR
agonist demethylasterriquinone B1 (DMAQ-B1), unlike insulin or IGF-1, preferentially
induces IR signaling, decreases FOXO1 nuclear accumulation, upregulates CLDNS, and
enhances barrier function in cultured BMVECs. Finally, and most importantly, we
demonstrate that DMAQ-B1-dependent IR’/AKT2/FOXO1-signaling reverses
inflammation-mediated CLDNS loss and BBB dysfunction. The results from these
experiments establish that selective activation of the IR can reverse the aberrant loss of
BBB integrity during inflammation. We suggest targeting the IR/AKT2/FOXO1/CLDNS5-

axis as a potential therapy in CNS diseases associated with BBB dysfunction.
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Materials and Methods

Reagents and Supplies

A complete list of reagents and supplies including purchasing information can be
found in Supplementary Tables 1 and 2.
Animal Use

Mice used in these studies were C57BL/6 J purchased from Jackson Laboratory.
Animals were maintained under a 12-h light/dark schedule with food and water ad
libitum. All animal use was approved by the Institutional Animal Care and Use
Committees at the University of South Florida and Boise State University and was
performed in accordance with the Guide for the Care and Use of Laboratory Animals. All
experiments have been reported in compliance with the ARRIVE guidelines.

Experimental Autoimmune Encephalomyelitis and DMAQ-B1 Pharmacotherapy

Ten-week-old male mice were immunized with experimental autoimmune
encephalomyelitis (EAE)-inducing kits per the manufacturer’s instructions (Hooke Labs,
MA) and standardized protocols.**** All analyses and treatments were performed during
the preclinical stage at seven to eight days post-induction (d.p.i.), which is a time frame
well-established for the onset of EAE-induced BBB dysfunction.*® For pharmacologic
studies, EAE mice (7 d.p.i.) or controls were randomly assigned to receive a single dose
of DMAQ-B1 (5 mg/kg) or vehicle (0.5% methylcellulose).>® Methylcellulose and
DMAQ-B1 were prepared fresh daily and administered via oral-gavage with a stainless-
steel curved gavage needle (18 G, 5 cm length, 2.4 mm tip; Kent Scientific). Mice were
monitored for signs of distress or hypoglycemia for 24 h. Pilot studies revealed that a

single-dose of 5 mg/kg did not result in any hypoglycemic episodes.
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Analyses of BBB Integrity

As previously described with minor modifications, Evans blue (EB) extravasation
assays were used to determine EAE-induced BBB dysfunction.?”*® Briefly, for EB
leakage studies in Figure 1(a), animals (n =3; EAE — 7 d.p.1.) were injected [.P. with
100 uL of 2% EB in PBS, or PBS alone as a ‘no EB’ control for autofluorescence, 24 h
prior to Lactated Ringer’s (LR) flushes via transcardial perfusion and perfusion fixation
with 4% paraformaldehyde (PFA). Brains were excised and sectioned into 1 mm slices
from rostral to caudal using a coronal Adult Mouse Brain Slicer (Zivic Instruments).
Slices were arranged and imaged at 700 and 800 nm with a near-infrared imaging system
(Odyssey CLx; LI-COR Biosciences). For EB leakage studies in Figure 7(e) and ()
(n=5-6), blood was collected via cardiac puncture and brains were removed after LR
flushes and divided into right and left halves. The right half was post-fixed for 24 h in 4%
PFA and a sagittal image was obtained with the Odyssey CLx, as shown in Figure 1(a).
The left half was homogenized in 1 mL of PBS. EB from the homogenates and plasma
was extracted into formamide (2 mL at 60 °C for 24 h) and supernatants (5000 x g for
30 min) were compared against an EB standard curve. As an indicator of BBB protein
leakage, brain/serum EB concentrations were normalized per brain weight (mg), and
values are represented as fold change from control.

In an additional set of experiments (Figure 7(g)), sodium fluorescein
extravasation assays were used as an indicator of small solute (376 Da; Stokes'
radius =~ 0.45 nm) leakage.'%* Mice (n=3; EAE — 8 d.p.i) were injected I.P. with 5 uL/g
of 10% sodium fluorescein in saline solution. After 2 h, blood was collected by cardiac

puncture, the remaining blood in the cerebrovasculature was flushed with LR, and brains
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were rapidly excised. Diluted blood-serum (1:10 in PBS) and supernatants (12,000 x g for
15 min at 4°C) from brain homogenates (6 strokes with loose-fitting Dounce
homogenizer) were diluted 1:10 in 20% trichloroacetic acid (TCA). After incubation at
4°C for 24 h, supernatants (12,000 x g for 15 min) were removed and diluted with equal
volumes of borate buffer (0.05 M, pH 10). Fluorescence (ex. 480 nm, em. 538 nm) from
sample supernatants containing solubilized sodium fluorescein in 10% TCA and 0.025 M
borate buffer was quantified, brain/serum sodium fluorescein concentration values were
normalized per brain weight (mg), and values are represented as fold change from
control.

Microvessel Isolation and Characterization

Microvessel isolations were performed as previously described.2> Whole brains
were excised, meninges and pial vessels were carefully removed, and the remaining
tissue was homogenized (six strokes with a loose-fitting Dounce homogenizer) in phenol-
free DMEM + 2% FBS (DMEM-S). Homogenates were then mixed 1:1 with 36% dextran
(~70 kDa; Sigma), and centrifuged for 10 min at 10,000 x g. Pellets were resuspended in
DMEM-S and sieved through a 70 pum strainer to retain large vessels and allow
microvessels to pass through. To reduce RBC contamination, microvessel pellets were
layered over Percoll and centrifuged at 1700 x g for 10 min. The microvessel enriched
pellet was rinsed twice with DMEM and used for further analyses.

For immunostaining and confocal fluorescence microscopy experiments, isolated
microvessels from three mice were pooled (n=27; 9 pools of 3), fixed with 4% PFA and
permeabilized with 10% donkey serum containing 0.05% Triton X-100. Microvessels

were immunostained per standard protocols with appropriate primary and secondary
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antibodies in microfuge tubes with end-over-end rotation (see Supplementary Table 2).
Stained vessels were adhered to slides via cytocentrifugation (Cytospin, Thermo
Shandon), then mounted in Vectashield containing DAPI to coverslips. Confocal
micrographs were taken with an Olympus FLUOVIEW FV1000 confocal laser scanning
microscope (Olympus), and image stacks were analyzed and processed with Imaris
(Bitplane). For Figure 1(b) to ((f),f), Imaris ‘Surface’ rendering (thresholding) was used
to define regions showing positive fluorescence intensity and then the average intensity
per voxel in those regions, or volumes of interest (VOI), was determined. For Figure 1(d),
nuclei were defined by thresholding and FOXO1 intensities only within these nuclear
VOIs were measured.

For Western blotting, microvessels were isolated as above, except that mice were
perfused (transcardial) with PBS containing protease and phosphatase inhibitors before
excising the brain. Microvessel pellets from three mice were pooled (n =9; 3 pools of 3),
resuspended in ice-cold RIPA with protease and phosphatase inhibitors, homogenized (20
strokes with tight-fitting Dounce homogenizer) and incubated on ice for 20 min. Samples
were centrifuged at 12,000 % g for 10 min at 4°C, supernatants were collected, protein
concentrations were determined by BCA assay, and sample protein was normalized in
Laemmli sample buffer.

Primary BMVEC Isolation

As we have previously described,!® primary BMVECs were obtained from
isolated microvessels (described above) of C57BL/6 J pups between P7 and P10 (~10
pups for a confluent 25 cm? monolayer). The resultant microvessel pellets were

resuspended in HBSS with collagenase/dispase, DNase I, and Na-tosyl-L-lysine
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chloromethyl ketone (TLCK) for 40 min at 37°C. BMVECs were pelleted, washed with
DMEMS-S, seeded at confluence, and grown on collagen type [V-coated plates in
endothelial growth medium (Cell Biologics) at 37°C with 5% CO; in a humidified
incubator. Unless otherwise stated in figure legends, only initially plated cells (P0) or
cells passaged once (P1) at a 1:1 ratio were used in these experiments. Additionally,
before use in experiments, BMVECs were grown for two to seven days post-confluence
(P.C.) to allow for proper maturation of tight junctions.

BMVEC Barrier Function Assays

Endothelial cell barrier functional assays were conducted as we have previously
demonstrated.'> For solute permeability and transwell transendothelial electrical
resistance (TEER) assays, BMVEC monolayers were grown seven days P.C. in collagen
type IV-coated, 0.4 um PTFE transwell inserts prior to inflammatory injury and/or
treatment with pharmacologic and molecular interventions. Before adding sodium
fluorescein (0.5 mg/mL) to the luminal chamber, stable measurements of TEER
(Q x cm?) were obtained with a Millicell-ERS voltohmmeter (EMD Millipore). Then,
30 min after luminal addition of sodium fluorescein, samples were collected from both
the upper (luminal) and lower (abluminal) chambers for fluorescence analyses. Sodium
fluorescein concentrations were determined using a standard curve and the sodium
fluorescein permeability coefficient (Ps) was calculated as follows: Ps = [A4]/tx1/AxV/[L]
where [A4] is the abluminal concentration; # is the time in seconds; A4 is the area of the
membrane in cm?; V is the volume of the abluminal chamber; and [L] is the luminal
concentration. For electric cell-substrate impedance (ECIS)-based TEER assays, an

indicator of cell-cell adhesive barrier resistance, the barrier function of cultured BMVEC
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monolayers was determined by measuring real-time TEER using an ECIS sensor (ECIS
70, Applied BioPhysics). ECIS tracings are presented as normalized TEER, and peak
changes are quantified for statistical analyses.

Gene Silencing

Introduction of siRNA duplexes was achieved using a Nucleofector® Kit from
Amaxa Biosystems (MD, USA), as we have previously described.!> BMVECs (1 x 10°)
were resuspended in 100 pL of transfection solution, mixed to final concentration of
2 uM siRNA, and transfected with program T-011 on the Nucleofector IIb™ device.
Cells were plated onto collagen type IV-coated ECIS arrays, transwell inserts and/or
culture flasks.

BMVEC Immunocytochemistry

Tight junction proteins were immunostained in BMVEC monolayers per standard
immunohistochemistry (ICC) protocols and as we have shown before.!>*!*> BMVECs
were grown to 48 h P.C. on glass coverslips and treated with various doses of DMAQ-B1
for 6 h. Cell monolayers were fixed with 4% PFA, permeabilized with 0.05% Triton X-
100, blocked with 2% BSA in PBS, and probed with anti-CLDNS5 (AF 488) and anti-ZO-
1 (AF 594) primary conjugated antibodies overnight at 4°C. Coverslips were mounted
with Vectashield containing DAPI, confocal micrographs were obtained with Olympus
FLUOVIEW FV1000 confocal laser-scanning microscope, and images were analyzed
and processed with Imaris (Bitplane). For Figure 5, ZO-1" areas at endothelial cell-cell
borders were defined by thresholding with Surface rendering in Imaris software. Then the
total CLDN5 intensity in these ZO-1" areas was measured and divided by ZO-1" areas to

provide average CLDNS. For representative 3D images, a 3D-colocalization channel
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(yellow) was used to highlight the increased density of CLDNS in tight junction
complexes.

Sandwich FLISAs

Three separate sandwich fluorescent-linked immunosorbent assays (FLISAs)
were used per standard protocols and adapted for detection with the Odyssey CLx.
Briefly, microtiter plates were coated with capture antibodies (5 pg/mL) in
carbonate/bicarbonate buffer (pH 9.6) overnight at 4°C, and blocked at RT for 1 h.
Protein concentrations of BMVEC lysates were normalized (BCA assay) and incubated
in capture antibody-coated wells for 90 min at 37°C. Plates were washed with
TBS + 0.05% Tween-20 (TBST) and then incubated with detection antibodies for 2 h at
RT. Plates were either imaged immediately on Odyssey CLx (IRDye® 800CW-
conjugated primary antibodies) or incubated with IRDye® 800CW-conjugated secondary
antibody for 1 h at RT before imaging. As an indicator of IR and IGFR1 activity, a
sandwich FLISA was developed to determine tyrosine phosphorylation on insulin
receptor substrate 1 (IRS-1). A mouse anti-IRS-1 antibody was used as the capture
antibody, and a primary rabbit anti-phosphotyrosine followed by a secondary IRDye®
800CW-conjugated donkey anti-rabbit was used as the detection antibody. In order to
identify the isoform-specificity of AKT activation loop phosphorylation at T308 (pT308
on AKT), isoform-specific rabbit monoclonal antibodies against either AKT1 or AKT2
were used as capture antibodies and an IRDye® 800CW-conjugated rabbit anti-
pAKT(T308) was used as the detection antibody. An IRDye® 800CW Labeling Kit (LI-
COR Biosciences) was used for primary conjugation to the rabbit anti-pAKT(T308), as

per the manufacturer’s instructions.
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High-salt Nuclear Extraction

Nuclear isolation and protein extraction was performed as previously described. '’
Following treatments, BMVECs were collected into non-nuclear extraction buffer (Buffer
A: 10 mM HEPES, 1.5 mM MgCl,, 10 mM KCL, 0.5 mM DTT, 0.05% NP40, pH 7.9)
with protease and phosphatase inhibitors. Nuclei were pelleted and washed. Pellets were
resuspended in Buffer B (5 mM HEPES, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT,
26% glycerol (v/v), 300 mM NacCl, pH 7.9). Samples were homogenized (20 strokes
tight-fitting Dounce homogenizer), incubated on ice for 30 min, centrifuged at 24,000 x g
for 20 min at 4°C, and the supernatant was collected as nuclear extract. Protein from
nuclear extract was quantified (BCA assay) and normalized in Laemmli sample buffer.

mRNA and Protein Analyses

For real-time quantitative PCR (gPCR) assays, mRNA was isolated from
BMVEC monolayers with RNAzol® following manufacturer’s procedures. RNA was
normalized, and reverse transcription was completed with iScript™ cDNA Synthesis Kit
according to the manufacturer’s procedures. Quantification cycle (Cq) values were
determined with quantitative real-time PCR in accordance with the PrimePCR™ assay.
The 2 244 method was used as a relative quantification strategy with the results
presented as the fold change of target gene expression in a target sample relative to a
control sample, normalized to B-actin as the reference gene. For Western blotting, two-
color near-finrared immunoblotting was completed per standardized protocols and

imaged with an Odyssey CLx scanner.
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Statistical Analyses

All statistical analyses were performed with Prism (Version 7.0 e; Graphpad
Software, Inc.). o was set at 0.05 a priori for statistical significance. No specific blinding
was performed in these studies. A detailed list of statistical analyses is provided in
Supplementary Table 3.

Results

Endothelial FOXO1 is Activated and CLDNS3 is Downregulated During

Neuroinflammation

EAE-induced BBB dysfunction precedes the onset of CNS damage,
demyelination, and paralysis.*> Accordingly, CLDN5 loss from BBB has also been
reported during EAE.?%3>% Using this model, we analyzed EB leakage to confirm
neuroinflammatory-mediated BBB dysfunction (Figure 1(a)). Given the knowledge,
albeit primarily based on cell culture studies, that CLDNS is regulated by FOXO1-

13.13.25 \ve then sought out evidence for this

mediated transcriptional repression,
mechanism in microvessels isolated from mice with EAE-induced BBB dysfunction. As
hypothesized, microvessels from EAE mice have significantly total and nuclear-localized
FOXOI (tFOXO1 and nFOXO1, respectively) staining (Figure 1(b) to (d)). At BBB tight
junctions, ZO-1 expression remained unchanged and served as a volume of interest (VOI)
to analyze changes in CLDNS density (Figure 1(b), ((e)e) and ((f)).f)). Expressional

changes were also confirmed by immunoblotting microvessel homogenates (Figure 1(g)

and ((hh)).
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BMVEC Regulation of CLDNS5 by AKT is Isoform-Specific

Next, we investigated AKT isoform-specific regulation of CLDN5-dependent
BMVEC barrier function. We tested several conditions where CLDNS5 expression is
known to change and evaluated relative differences in the most likely AKT isoforms to
be involved in CLDNS regulation, AKT1 and AKT2 (Figure 2). BBB endothelial cells
are known to lose their barrier properties in culture, especially with subsequent
passaging. Here we demonstrate by immunoblotting BMVEC lysates that CLDNS5 and
AKT?2, but not AKT1, are significantly decreased after passaging freshly isolated
BMVECs (P0) (Figure 2(a)). Knowing that BMVEC CLDNS expression levels continue
to incrementally increase for several days after confluence, we compared the daily
changes in expression levels of Akt1, Akt2, and Cldn5 in BMVEC monolayers relative to
the levels in subconfluent BMVECs (Figure 2(b)). While relative mRNA for all of these
genes increased after confluence (1 day P.C.), only 4k¢2 and Cldn5 continued over the
following days. To determine the direct isoform-specific effect of AKT on CLDNS, we
silenced Akt1 and Akt2 with siRNA and evaluated CLDNS expression and TEER.
Knockdown efficiency was ~50% for both AKT1 and AKT2. However, immunoblotting
the same lysates for CLDNS revealed that only knockdown of AKT?2 had any detectable
effect on CLDNS expression (Figure 2(c) and ((d)).d)). Simultaneously, the effects of
Aktl and Akt2 silencing on BMVEC monolayers revealed that loss of AKT2 causes
significant barrier dysfunction (Figure 2(e)). Interestingly, AKT1 knockdown produced a
nominal increase in barrier integrity, which is consistent with the findings that suggest

AKT]1 activation may be involved in hyperpermeability.?’
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We previously reported that exposing BMVECs to elevated IL-1p for 1.5 h causes
AKT inactivation (decreased pT308 on AKT), FOXO1 activation (increased pT24 on
FOXOI, nuclear accumulation, and occupancy on Cldn35 silencer), and CLDNS5 loss
(decreased mRNA and protein) sustained for at least 24 h.!*> Here, we found that exposing
BMVECs to IL-1f for 24 h also leads to loss of AKT2 expression, but not AKT1 (Figure
2(f)). Since we have shown in this work that nuclear accumulation of FOXO1 and
downregulation of CLDNS are present in brain microvessels of EAE mice (Figure 1), we
immunoblotted those same lysates for expression levels of AKT1 and AKT2 (Figure
2(g)). As with IL-1p-mediated loss of AKT2, microvessels from EAE mice have
decreased AKT2 with no loss of AKT1.

Selective activation of IR signaling in BMVECs enhances barrier integrity

While the role of AKT1 in endothelial cells has been well-studied, the only
known function in endothelium for which AKT2 may be the predominant mediator is
insulin signaling. Although the insulin signaling pathway is well-known to regulate
FOXO transcription factors,*® there is a scarcity of knowledge regarding insulin signaling
in the regulation of CLDNS5-dependent BBB integrity. This lack of information is likely
because of multiple confounders that make it difficult to study insulin-receptor signaling,
such as receptor promiscuity and overlapping functions of insulin and IGFs,
heterogeneous IR and IGFR expression, heterodimerization of the IR and IGFR subunits,
insulin resistance, and multiple intracellular targets. Thus, in these studies, we used the
IR-selective agonist DMAQ-B1 and compared it to insulin- and IGF-signaling in
BMVEC:s. Since IRS-1 can be a common substrate for both IR and IGFR tyrosine

kinases*” and may be upstream of AKT2/FOXO1-signaling,*® we used sandwich FLISAs


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/#bibr15-0271678X18817512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/figure/fig1-0271678X18817512/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/figure/fig2-0271678X18817512/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/figure/fig2-0271678X18817512/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/#bibr46-0271678X18817512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/#bibr47-0271678X18817512
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7370624/#bibr46-0271678X18817512

123

to identify the ECso of insulin (Figure 3(a)), IGF-1 (Figure 3(b)), and DMAQ-BI1 (Figure
3(c)), on tyrosine phosphorylation of IRS-1. The ECs for insulin and IGF-1 was within
the physiological response ranges,*® and the ECso for DMAQ-B1 was similar to previous
reports.>®

As one of several small-molecule IR agonists that have been tested for their utility
as oral anti-diabetics, DMAQ-B1 was discovered to preferentially trigger IR-dependent
activation of PI3K/AKT signaling at low concentrations, without activating the IGF1R or
its canonical downstream ERK1/2 pathway.>® Using the ECso for pIRS-1, we found that
treating BMVECs with insulin [2 nM], IGF-1 [20 nM], and DMAQ-B1 [5 uM] all led to a
similar increase in active AKT; however, only insulin and IGF-1 increased ERK activity
(Figure 3(d)). Interestingly, even though all three agonists induced comparable
phosphorylation of IRS-1 and AKT phosphorylation, only DMAQ-B1 led to decreased
nuclear localization of FOXO1, upregulation of CLDNS, and enhancement of BMVEC
barrier function (Figure 3(e) to ((h)).h)). To confirm that the presence of DMAQ-B1 had
no confounding impact on BMVEC proliferation or viability in our cell culture studies, a
stain-based cell cycle assay (DAPI) and a stain-based viability assay (calcein AM and
propidium iodide) were conducted on BMVEC monolayers (P3; two days P.C.) following
6 h of incubation with DMAQ-BI1 [5 uM] or a vehicle control and no differences were
observed in either cell cycle distribution or ratio of viable to nonviable cells (Figure S1).

DMAQ-B1 promotes AKT2/FOXO1-signaling and increases Cldn5 mRNA upregulation

Further analyses of DMAQ-BI1 revealed that DMAQ-B1 dose-dependently
promotes AKT2-specific activation (pT308 on AKT2; Figure 4(a) and ((b)),b)), FOXO1

inactivation (decreased nuclear accumulation; Figure 4(c)), and transcriptional-mediated
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upregulation of Cldn5 (QRT-PCR/mRNA — Figure 4(d); ICC/protein — Figure 5; and
WB/protein — Figure S2). Compared to vehicle (0 pM), treating BMVECs with 2.5, 5,
and 10 uM of DMAQ-B1 increased total active AKT (pT308) after 45 min. However,
sandwich FLISAs revealed that DMAQ-B1 [10 uM] significantly increased pT308 on
AKT2, but not AKT1 (Figure 4(b)). Additionally, we found that Cldn5 mRNA is
increased concurrently with decreased "FOXO1 following 45 min of treatment with
DMAQ-B1. DMAQ-BI also dose-dependently increased CLDNS protein levels after 6 h
(WB — Figure S1; ICC — Figure 5). Confocal analysis of fixed BMVECs demonstrated
that increased CLDNS levels were indeed localized to the EC-EC tight junctions
demarcated by ZO-1, which was unchanged with DMAQ-B1 treatment. Furthermore, 3D
rendering of a CLDNS at ZO-1 colocalization channel highlights how upregulation of
CLDNS does not just increase its turnover, but significantly increases its density at EC—
EC junctions (Figure 5).

DMAQ-B1-Mediated BMVEC Barrier Enhancement is Dependent upon CLDNS5

Upregulation

Using three separate techniques to measure BMVEC barrier function, we found in
all cases that DMAQ-B1 dose-dependently increases ECIS-TEER (Figure 6(a)),
transwell-fluorescein permeability (Figure 6(b)), and transwell-TEER (Figure 6(c)). To
determine a causal role for CLDNS in DMAQ-B1-mediated BMVEC barrier
enhancement, we silenced Cldn5 with siRNA (Figure 6(d)) and analyzed TEER (Figure
6(e)) or transwell permeability assays (Figure 6(f)). Efficiency of CLDNS5 knockdown

was determined by immunoblotting 24 h after transfection (Figure 6(d)). Cldn5-silenced
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monolayers abrogated the barrier-enhancing effects of DMAQ-B1 [5 uM; 6 h] compared
to controls (Figure 6(e) and ((1)).1)).

DMAQ-B1 Reverses Inflammation-Induced BMVEC Barrier Disruption In Vitro and In

Vivo

Given that inflammation is well known to mediate insulin resistance,*’!

we
sought to determine if DMAQ-B1 could attenuate inflammation-mediated BMVEC
barrier dysfunction in vitro and in vivo. We first found that DMAQ-B1 can attenuate IL-
1B-mediated AKT activation, FOXO1 inactivation, and CLDN5 downregulation (Figure
7(a)). Next, we treated IL-1B-stimulated [ 100 ng/mL] BMVECs on ECIS after 1 h with
DMAQ-BI and followed TEER tracings for an additional 5 h. DMAQ-BI [5 uM] not
only increased baseline TEER, but also increased TEER of IL-1p-treated BMVECs
(Figure 7(b) and ((c)).c)). Additionally, IL-1B-mediated sodium fluorescein
hyperpermeability was rescued with co-treatment of DMAQ-B1 (Figure 7(d)). Since we
have observed significant BBB dysfunction eight days post-induction of EAE mice, 24 h
prior (7 d.p.i.) we gave one single dose of DMAQ-BI1 [5 mg/kg; via oral gavage] to both
control and EAE mice. Both EB and sodium fluorescein extravasation assays revealed
significantly less leakage from brain microvessels in EAE mice treated with DMAQ-BI1
compared to those untreated (Fig. 7F--G).G). Concomitantly, EAE-induced loss of
CLDNS5 was abrogated with DMAQ-B1 (Figure 7(h)).
Discussion
The key finding presented in this study is that isoform-specific activation of

AKT?2 by the selective IR agonist, DMAQ-BI, rescued loss of CLDNS5-dependent BBB

integrity. We applied a step-wise approach to demonstrate the involvement of the
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AKT2/FOXO1-signaling pathway in maintaining high CLDNS expression, and
determined the potential of DMAQ-B1 to reverse diminished CLDNS levels. First, we
detected significant nuclear accumulation of FOXO1 and loss of CLDNS in microvessels
isolated from mice with EAE-induced BBB dysfunction. Second, by determining the
correlation of AKT2 and CLDNS expression and conducting AKT2-specific knockdown
experiments, we identified the importance of AKT?2 in maintaining high levels of
CLDNS. Third, by evaluating the canonical IR’ZAKT2/FOXO1 signaling pathway, we
determined the novel capacity of DMAQ-BI1 to reduce FOXO1 nuclear accumulation,
increase CLDNS5 density at tight junctions, and strengthen barrier function of primary
BMVEC monolayers. Fourth, siRNA-mediated silencing of BMVEC Cldn5 confirmed
that CLDNS is necessary for enhanced barrier function induced by DMAQ-B1. Lastly,
DMAQ-BI reversed BMVEC barrier dysfunction in vitro and in vivo following
inflammatory challenge.

Contemporaneous with inflammation-induced microvascular leakage, a
quantitative loss of CLDNS from the BBB has been reported in multiple neurological
diseases, which at least in part suggests that CLDNS is transcriptionally downregulated.
Hence, preventing or reversing this downregulation is key to therapeutic preservation of
BBB integrity. FOXO1-mediated transcriptional repression of Cldn5 was first identified
in cell culture studies for its role in AJ-dependent upregulation of CLDNS following
endothelial confluency,'® and Morini et al.?® recently extended their findings to include
that FOXO1 also recruits a polycomb repressor complex to the same Cldn5 silencer
occupied by FOXO1 in subconfluent endothelial cells. We recapitulate this data as a

proof-of-principle for our culture model, but also demonstrate that Cldn5 mRNA levels
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continue to increase beyond endothelial confluency. Elevated levels of FOXO1, along
with the loss of CLDNS5, were also observed in an acrolein-induced lung injury model.?*
Our results here extend our previous in vitro findings to an in vivo model of
neuroinflammatory-mediated CNS injury. In this model, BBB dysfunction precedes
EAE-induced paralysis,and CLDN5 downregulation concomitant with BBB dysfunction
has been reported multiple times.?’*>#> However, the precise onset and regulatory
mechanisms governing CLDNS downregulation during EAE was not well-resolved, and
to the best of our knowledge, this is the first report of EAE-induced FOXO1 activation in
brain microvessels associated with a loss of CLDN5-dependent BBB integrity.

Most literature devoted to FOXO1 in endothelial cells has been focused on
angiogenesis and postnatal neovascularization.*'*°~>* However, the role of FOXO1 in
highly mature endothelial cells, such as those of the BBB, remains unclear. Our studies,
therefore, were intentionally conducted on adult mice in vivo (> 90 d.p.n.), and mature
BMVEC monolayers. In addition to our previous FOXO1 knockdown studies,'®> we found
enhanced barrier properties of BMVEC monolayers with no signs of overgrowth or
apparent problems. Similarly, Park et al.>* demonstrated inactive FOXOI in the blood—
retinal barrier (BRB) of adult mice, which was reactivated in diabetic retinopathy leading
to loss of BRB integrity.>* Our finding of inflammation-mediated FOXO1 activation and
diminished endothelial cell-cell integrity is in line with this finding, as well as another
in vivo study demonstrating the atheroprotective effects of endothelial-specific FOXO1
depletion from aortic endothelial cells.’® Interestingly, this study also reported that
upregulation of ICAM-1 and increased monocyte-endothelial adhesion is dependent on

FOXO1 activation. Taken as a whole, it would appear that FOXO1 lies dormant in
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mature endothelium, especially at the BBB, yet serves as an inflammatory response
element that may couple leukocyte transmigration with disassembly of endothelial cell-
cell junctional complexes.

FOXO1 inactivation by AKT is a canonical target of insulin signaling in
endothelial cells, which is well-known to be impaired during inflammation.>®
Nevertheless, tightly controlled insulin therapy to maintain normoglycemia has been

3759 suggesting that

shown to counteract inflammation-mediated endothelial dysfunction,
at least some level of IR activation is intact. A role for insulin-signaling in BBB function
remains controversial, as some have shown insulin-mediated barrier enhancement and
others have shown no effect.?*31:%-> Our results demonstrate that exposing BMVECs to
physiologically relevant concentrations of insulin and IGF-1 produced equal levels of
IRS-1 phosphorylation compared with DMAQ-B1, but unlike DMAQ-B1-mediated IR
agonism they did not reduce nuclear accumulation of FOXO1, alter CLDNS5 expression,
or enhance BMVEC barrier function. How then do we explain the barrier-enhancing
effects of DMAQ-BI, given that all three agonists produced equal levels of not just IRS-
1, but AKT phosphorylation too? AKT is well-known to simultaneously both
proangiogenic and antiangiogenic, which may be related to isoform-specificity. Thus, one
plausible explanation is that insulin and IGF-1 trigger IRS-1 and AKT1 phosphorylation
through the IGFIR or hybrid IR/IGFIR receptors,® whereas DMAQ-BI is selective for
IR agonism that is known to result in phosphorylation of AKT2. This is additionally
supported by our finding that insulin and IGF-1 uniquely trigger the canonical IGF1R

target, ERK1/2, which is also known for its proangiogenic and hyperpermeability-

inducing roles in microvessels. Indeed, we did find a nominal decrease in barrier function
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following IGF-1, but we did not observe the same for insulin. This discrepancy may be
due to insulin promiscuity counterbalancing both the positive and negative effects on
barrier regulation.

While certain aspects of endothelial AKT remain poorly elucidated, there is
consensus that specificity of these isozymes is highly context-dependent owing to factors
such as tissue distribution, cellular localization, temporal regulation, and different
signaling pathways.***7 Based upon gene ablation studies, only AKT1 and AKT2 appear
to have physiological relevance in endothelial cells, although their roles appear to be
markedly different with minor functional compensations. For example, deletion of
endothelial Akt1 in Akt2~ mice displays either impaired proliferation and aberrant
angiogenesis if excised during development,® or loss of mural cell coverage and organ
failure if deleted in adult mice.®® Conversely, AKT2 function is known to promote cell
cycle exit through p21 binding®® and is the primary isoform responsible for endothelial

285 which is consistent with our work supporting an isoform-specific role of

IR-signaling,
AKT2-activity to maintain barrier function of highly quiescent BBB endothelial cells.

It is well-known that the BBB requires additional establishment and maintenance
of TJ proteins to maintain the highly restrictive paracellular clefts of BBB endothelial
cells. Our observation of passaging-induced loss of AKT2 and CLDNS may partially
explain why elevated TJ protein expression and BMVEC integrity are diminished in
cultured ECs.”®! It is also well-described that TJ expression continues to increase
following monolayer formation of brain endothelial cells, and a major step in endothelial

barrier formation requires AKT1-dependent inactivation of FOXO1 and increased Cldn5

transcriptional upregulation.'** Consistently, peripheral vessels of Akt/-null mice have
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baseline vascular leakage.®® Until now, a role for AKT2 in endothelial barrier regulation
had not been established. Recently, however, Zhang et al. showed 4k#2 upregulation was
a target of B-catenin/Tcf transcriptional regulation,’? which is known to be necessary for
development and maintenance of the BBB.*®"*~"¢ Additionally, Frisa et al. have
demonstrated in aortic endothelial cells an AKT1-to-AKT2 switch model which was
Notch-induced and dependent upon AKT2 upregulation, inhibition of GSK-3f3
phosphorylation, and FOXO1 inactivation. Our work agrees with all these observations,
suggesting that AKT1 drives initial barrier development and that AKT2 expression
regulates barrier maintenance. Interestingly, it was recently shown in brain endothelial
cells that inhibition of GSK-3p increases the half-life of Cldn5 protein.”” Thus, coupled
with our findings, this places AKT2 upstream of both maximal transcriptional regulation
and protein stabilization of CLDNS.

Significant progress has been made in the past decade to understand the
contributions of isoform-specific AKT activity during various diseases.”® In accordance
with AKT-mediated regulation of FOXOI1, reports defining a role of AKT isoforms in
vascular disease are largely limited to aberrant vascular remodeling and macrovascular
disease.”” Consistent with the angiogenic role of endothelial AKT1, several reports have
described pro-inflammatory roles for AKT1 in endothelial cells. Though global AKT1
deletion was shown to increase baseline vascular permeability, AKT1-deficient mice are
resistant to acute histamine- and A-carrageenan-induced microvascular leakage, as well as
infiltration of neutrophils and monocytes.?”-%> Much less is known about the contribution
of AKT activity to BBB function and neuroinflammatory disease, especially as it pertains

to isoform-specificity. Several reports show that loss of BBB integrity involves
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impairment of AKT signaling®*-*2; however, to the best of our ability, we were unable to
find any reports describing a role for AKT2 in BBB endothelial cells. Here, we have
identified a novel isoform-specific role for AKT2 in the maintenance of CLDNS-
dependent endothelial barrier integrity, which is impaired following inflammatory insult.
In similar samples used to obtain our results of brain endothelial cell FOXO1 activation
by IL-1B in vitro,'® and EAE in vivo, we identified a significant decrease in expression of
AKT?2 concomitant with CLDNS, but no changes in AKT1. Similarly, inflammation-
mediated changes in AKT2 expression have been reported in other insulin-sensitive
tissues, such as the liver and muscles.®* We never observed complete loss of AKT?2 in the
inflammatory models employed here and our results show that activating the remaining
AKT?2 with DMAQ-BI1 to promote restoration of CLDNS is still possible.

Given the complexity of insulin signaling during inflammation, and the mixed
results pertaining to insulin therapy for endothelial dysfunction, we were unsure if
DMAQ-BI could attenuate or reverse inflammatory-mediated BBB integrity. Coupled
with our in vitro findings, however, a model of sepsis-induced insulin resistance and
brain injury was attenuated with metformin administration. While this rescue was
associated with increased global AKT phosphorylation and diminished edema, the
cellular origin of this AKT-dependent neuroprotective effect was not addressed as only
whole tissue homogenates were analyzed.®* Therefore, we chose the primary focus of our
culminating in vivo work to be whether DMAQ-B1 could rescue CLDNS5 expression and
CLDNS5-dependent barrier integrity. For the underlying intracellular signaling
mechanisms, we tested the IRZAKT2/FOXO1/CLDNS pathway in endothelial

monolayers and while it would have been ideal to quantitatively measure the signaling
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activity of these proteins in vivo or within intact microvessels, such experiments were
hindered by several technical limitations. In particular, the abundance of AKT2 and
FOXO1 expressed within brain microvessels is very low and there exist no commercially
available pAKT2 isoform-specific antibodies, thereby making it challenging to
quantitatively compare the levels of their expression or isoform-specific AKT2 activity
under basal and EAE conditions following administration of DMAQ-B1. Nevertheless,
the profound rescue in BBB integrity we observed following DMAQ-B1 treatment,
suggests that during neuroinflammation the AKT2/FOXO1/CLDNS signaling axis
remains responsive to pharmacologic intervention and, therefore, might be a viable
therapeutic strategy for restoration of BBB function.

In summary, our current findings define a regulatory role for IR/AKT2/FOXO1-
mediated regulation of CLDNS which can be selectively triggered by the IR agonist,
DMAQ-BI, to restore submaximal CLDNS5 expression and barrier integrity back to the
BBB during neuroinflammation.
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Figure A.1  Brain microvessels from mice with EAE-induced BBB dysfunction
have increased nuclear FOXO1 and decreased tight junctional expression of
CLDNS. EAE or mock-EAE (Ctrl) were induced per standard protocols and

analyzed for BBB dysfunction eight days post-induction (d.p.i.).

(a) Proof-of-principle that EAE mice 8 d.p.i. have BBB dysfunction. Qualitative
plasma protein leakage into the mouse brains was determined by imaging Evans blue

(EB) extravasation. Representative images of 1 mm coronal brain slices (olfactory bulbs
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not included) showing EB leakage captured at 700 nm (pseudo-colored blue) and brain
autofluorescence at 800 nm (pseudo-colored grayscale) with a near-infrared imaging
scanner. (b) Representative confocal micrographs of isolated brain microvessels

(those <30 pum in diameter) immunostained for either FOXO1, ZO-1, and/or CLDNS,
then counterstained with DAPI to demarcate nuclei. In total, 27 mice per group were used
and microvessel pellets were pooled together from 3 mice each for a total of 9 pools per
group. (c—f) Imaris 3D visualization software was used to analyze confocal micrographs
and quantify: (¢) total FOXO1 (‘FOXO1) density; (d) nuclear-localized FOXO1
("FOXO1) per uniform spherical volume of interest (VOI) centered within each nucleus;
and 3D density of ZO-1 (e) and CLDNS5 (f) at endothelial cell-cell contacts. Data are
represented as aligned dot plots, where each dot represents a microvessel pool. (g—h)
Representative Western blots and densitometry analysis for 'FOXO1 (g) and CLDNS5 (h).
In total, nine mice per group were used and microvessel pellets were pooled together
from three mice each for a total of three pools per group. Data are represented as scatter
dot plots overlaid with mean fold change compared to control group plus corresponding

p-value reported above each comparison.
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Figure A.2 The AKT?2 isoform is distinctly correlated with primary BMVEC
barrier integrity and changes in CLDNS expression.

(a) Freshly isolated BMVECs were seeded at confluence in cultureware (P0).
Additional cells were passaged three times (P1-P3). BMVECs from each passage were
allowed to mature for two days post-confluence (P.C.). Lysates were collected and
expression levels of AKT1, AKT2, and CLDNS5 were determined by Western blotting.
Bar graphs are divided into individual datasets for each protein target and represent the
mean + S.D. Groups with the same symbol within each individual dataset are not
significant from each other (p >0.05). (b) Conversely, total mRNA from P3 BMVECs

was collected from sub-confluent (SC) cells and confluent monolayers each day through
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seven days P.C. Relative mRNA expression (AACq; fold change relative to SC samples
normalized to B-actin as the reference gene) for Aktl, Akt2, and Cldn5 was determined by
qRT-PCR. Bar graphs are divided into individual datasets for each mRNA target and
represent the mean+ S.D. Asterisks indicate p <0.05 versus 1 day P.C. for each target
mRNA. (c—e) AKT1 and AKT2 were silenced in BMVECs by siRNA (sidkt] or siAkt2).
Confirmation of knockdown and the effect on CLDNS5 expression was determined by
Western blotting (c—d). Bar graphs are divided into individual datasets for each protein
target and are represented as mean fold change compared to the siCtrl/ group plus
corresponding p-value reported above each comparison. (e) Representative ECIS tracings
demonstrating the impact of AKT1 or AKT2 knockdown on BMVEC barrier integrity
from 24 to 120 h post-transfection. At least three independent experiments for each
transfection were performed with cells from three separate BMVEC isolations. Each
tracing was normalized to the first time point and the peak change in TEER was
determined. Embedded bar graphs represent mean normalized peak change + S.D. and
groups with the same symbol are not significant from each other (p >0.05). (f-g)
Comparison of inflammatory-mediated changes in AKT isoform expression levels

in vitro and in vivo. (f) In vitro, mature BMVECs (P1; 7 days P.C.) were stimulated with
IL-1B [100 ng/mL] or vehicle control (—) for 24 h and expression levels of AKT1 and
AKT2 were compared by Western blotting. Bar graphs are divided into individual
datasets for each protein target and are represented as mean fold change compared to the
control group plus corresponding p-value reported above each comparison. (g) In vivo,
EAE was induced in mice and compared to mock controls. After 8 d.p.i., brain

microvessels were isolated from both groups and AKT1-2 expression was determined by
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Western blotting. Bar graphs are divided into individual datasets for each protein target
and are represented as mean fold change compared to the control group plus

corresponding p-value reported above each comparison.
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Figure A.3 The AKT?2 isoform is distinctly correlated with primary BMVEC
barrier integrity and changes in CLDNS expression.

BMVECs were allowed to mature for 48 h P.C. and then treated with varying

concentrations of insulin, IGF-1, or DMAQ-BI. (a—c) After 45 min, cell lysates were

analyzed with a sandwich FLISA (capture Ab = anti-IRS-1, detection Ab=anti-pY) to

determine total tyrosine phosphorylation on IRS-1 (pY IRS-1). Dots represent median

percentage of maximal dose-response + IQR and EC50 values were obtained from dose-

response curves. (d—e) Representative Western blots and densitometry analyses for active
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AKT (pT308), active Erk1/2 (pT202/pY204), and nFOXO1 (blotting nuclear lysates for
FOXOT1) were determined after treating BMVECS for 45 min with insulin [2 nM], IGF-1
[20 nM], or DMAQ-BI [5 uM]. Subsequent changes in CLDNS expression 6 hours after
treatment were also determined by Western blotting and densitometry (e). Data for each
protein target are represented as mean fold change compared to the no treatment

group + S.D. Within each individual protein target dataset, groups with the same symbol
are not significant from each other (p > 0.05). Target proteins were not compared against
each other. (f~h) Changes in BMVEC barrier resistance to insulin, IGF-1, or DMAQ-B1
were evaluated for 6 h after treatment. At least three independent ECIS experiments were
performed with cells from three separate BMVEC isolations. Each tracing was
normalized to its baseline and peak change in TEER was determined. Representative
tracings for treatment groups are depicted by colored lines and untreated controls are
depicted by black lines. Embedded bar graphs represent mean normalized peak changes
in TEER + S.D. Asterisks indicate p <0.05 versus untreated controls and n.s. indicates no

significance.
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Figure A.4 DMAQ-B1 dose-dependently increases AKT?2 activity, decreases
FOXO1 nuclear accumulation, and upregulates Cldn5 mRNA.

(a—d) BMVEC:s (P3; two days P.C.) were treated with DMAQ-BI1 [0, 2.5, 5, or
10 uM] for 45 min and lysates were analyzed for AKT2 activity, "FOXO1 levels, and
Cldn5 mRNA levels. (a) AKT activity was determined by Western blotting for pT308 on
AKT (pAKT; not isoform-specific) and normalizing against total AKT (tAKT; not
isoform-specific). Data are represented as mean fold change compared to the no
treatment group + S.D. Groups with the same symbol are not significant from each other
(p=0.05). (b) AKT isoform-specific phosphorylation in response to DMAQ-B1 was
determined by FLISAs using AKT1- or AKT2-specific antibodies as capture antibodies
and pT308-AKT as the detection antibody. Bar graphs are divided into individual
datasets for each protein target and are represented as mean fold change compared to the
vehicle control (—) group = S.D. and corresponding p-values reported above each

comparison. (¢) FOXO1 levels in BMVEC nuclear lysates were determined by Western
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blotting with lamin A/C used as a nuclear loading control. Data are represented as mean
fold change compared to the vehicle control (0 uM) group + S.D. Groups with the same
symbol are not significant from each other (p > 0.05). (d) Relative Cldn5 mRNA was
determined by qRT-PCR. Data are represented as mean fold change compared to the no
treatment group + S.D. Groups with the same symbol are not significant from each other

(p=>0.05).
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Figure A.5 DMAQ-B1l-mediated upregulation of CLDNS increases the density of
CLDNS protein at BMVEC tight junctions.

BMVECs (P3; two days P.C.) were grown on glass coverslips and treated with
DMAQ-BI [0, 2.5, 5, or 10 uM] for 6 h. BMVEC monolayers (n = 5) were fixed and
immunostained for ZO-1 and CLDNS5, then counterstained with DAPI to demarcate
nuclei (Blue). Confocal micrographs were obtained and Imaris software was used for
image analyses and 3D rendering. Representative 2D images of ZO-1 (Red) and CLDNS5
(Green) and corresponding graphs of intensity analyses are displayed in the top two rows.

Z0O-1 at BMVEC cell—cell contacts was used to establish a VOI at tight junctions and a
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3D colocalization channel (Yellow; ZO-1+ and CLDN5+ voxels) was established for
visual evaluation of CLDNS expression at BMVEC tight junctions. Representative 2D
merged images with 3D rendering of the colocalization channel displayed en face, and
graph of CLDNS intensity per VOI are displayed in the third row. The last row is the
same 3D image area as those shown for 0 and 10 uM DMAQ-B1, but expanded and tilted
to enhance visual representation. All graphs are represented as aligned dot plots overlaid
with mean value (black line) and groups with the same symbol within each plot are not

significant from each other (p > 0.05).
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Figure A.6 CLDNS upregulation is necessary for DMAQ-B1-mediated BMVEC
barrier enhancement.

(a—c) DMAQ-BI1 dose-dependently enhances BMVEC barrier function. (a)
Representative ECIS tracings in response to DMAQ-B1 [0, 2.5, 5, or 10 uM]. At least
three independent experiments for each treatment were performed with cells from three
separate BMVEC isolations. Each tracing was normalized to the first time point and the
filled area for each group represents mean change in TEER + S.D. Alternatively, after 6 h
of treating BMVEC monolayers grown in transwell inserts (P3; two days P.C.) with
DMAQ-BI, sodium fluorescein permeability coefficients (Ps) were obtained (b) and
transwell-TEER was measured (c¢). Data are represented as scatter dot plots overlaid with
mean value (black line) and groups with the same symbol within each plot are not
significant from each other (p >0.05). (d—f) The effects of CLDN5 knockdown on
DMAQ-BI-mediated BMVEC barrier enhancement were determined with ECIS and

transwell permeability assays. (d) Knockdown efficiency of CLDNS5 in BMVECs as
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verified by Western blotting. Data are represented as scatter dot plots overlaid with mean
value (black line) plus corresponding p-value reported above. (e) Representative
spaghetti plots of individual ECIS tracings of BMVECs transfected with siCldn5 or siCtrl
and then treated 24 h later with DM AQ-B1 [5 uM]. Each tracing was normalized to the
first time point. (f) The effects of CLDN5 knockdown on BMVEC monolayer
permeability to sodium fluorescein with or without DMAQ-B1 were measured. DMAQ-
B1 [5 uM] was applied to BMVEC monolayers for 6 h, and permeability was calculated
based on sodium fluorescein transendothelial diffusion rate. Data are represented as
scatter dot plots overlaid with mean + S.D. lines. Groups with the same symbol are not

significant from each other (p > 0.05).
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Figure A.7 DMAQ-BI1 reverses inflammation-mediated brain endothelial barrier
dysfunction in vitro and in vivo.

(a-d) BMVEC monolayers (P3; two days P.C.) were divided into four groups: (1)
vehicle control (Ctrl), (2) IL-18 [100 ng/mL], (3) DMAQ-B1 [5 uM], or (4) DMAQ-
B1 +IL-1p. (a) The ability of DMAQ-BI to attenuate IL-1p-mediated AKT inactivation,
FOXOI nuclear accumulation, and CLDNS5 downregulation was determined by Western
blotting. Representative Western blots from three independent experiments are shown
(b—d) The ability of DMAQ-BI to reverse IL-1p-mediated BMVEC barrier dysfunction

was tested with ECIS-TEER measurements or transwell permeability assays. DMAQ-B1
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was added 1 h after IL-1p challenge. (b) Representative normalized ECIS tracings, (c)
normalized peak TEER changes, and (d) sodium fluorescein permeability coefficients.
All values were obtained from at least 3 independent experiments. Data for (¢) and (d)
are represented as scatter dot plots overlaid with mean value (black line) and groups with
the same symbol within each plot are not significant from each other (p >0.05). (e-h)
EAE or mock-EAE (Ctrl) were induced and analyzed 8 d.p.i. for BBB dysfunction and
CLDNS expression changes. 24 h prior to harvest (7 d.p.i.), mice from each group were
split into two additional groups that received DMAQ-B1 [5 mg/kg] or vehicle (0.5%
methylcellulose) via oral gavage. In total, 810 mice per group were used and harvested
brains were split by hemisphere to allow for simultaneous determination of BBB
dysfunction and CLDNS5 expression. (e—g) Plasma protein and solute leakage into the
mouse brains were determined by EB (n=5-6) and sodium fluorescein (n=3-4)
extravasation assays. (e) Representative images from EB extravasation assay showing
plasma protein leakage into the right hemisphere. Images were captured at 700 nm
(pseudo-colored blue) and brain autofluorescence at 800 nm (pseudo-colored grayscale).
Quantitative results from EB (f) and sodium fluorescein (g) permeability assays. (h)
CLDNS expression from left hemisphere brain homogenates was determined by Western
blotting. All in vivo values were normalized to the vehicle-treated group subjected to
mock EAE (Ctrl) and graphs are represented as dot plots or bar graphs overlaid with
mean £ S.D. lines. Groups with the same symbol within each graph are not significant

from each other (p >0.05).
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Supplementary Material

Supplementary Methods

Cell-cycle analysis and viability assay

Imaging-based cell-cycle analysis was performed as described elsewhere with
some minor modifications.* Briefly, after DMAQ-B1 treatments, BMVEC monolayers
from four independent isolations were fixed, stained with DAPI and imaged (n = 20; 5
micrographs per isolation and treatment group) with an EVOS FL Imaging System
(ThermoFisher Scientific). To determine the total number of BMVECs within each
monolayer and generate cell-cycle histograms, micrographs were processed with ImageJ
(NIH; Version: 2.0.0.rc-65/1.51s) and image analysis—based quantification of integrated
nuclear (DAPI) intensity was performed. Relative frequency (%) distributions of nuclear
areas were created with Prism (Version 7.0e; Graphpad Software, Inc.) to generate cell
cycle profiles, and cell cycle phases (G1/GO0, S, and G2/M) were identified by applying
visually selected cutoffs. To assess whether DMAQ-B1 may affect BMVEC viability,
BMVEC monolayers (P3; 2 days P.C.) were incubated with either a vehicle control,
DMAQ-BI [5 uM], or doxorubicin [0.4 uM] (as a positive control) for 6 hours (n = 15; 5
micrographs per isolation and treatment group), then a commercial live/dead
viability/cytotoxicity kit was used according to manufacturer's instructions. Fluorescent
micrographs were acquired with an EVOS FL Imaging System using light cubes
appropriate for the kit (GFP for calcein AM and RFP for propidium iodide) and the
number of positive cells for each stain were tabulated to calculate the ratio of viable to

nonviable cells for each group.
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Figure S1.  DMAQ-B1 does not alter BMVEC proliferation, viability, or

cytotoxicity.

BMVEC monolayers (P3; 2 days P.C.) were treated with DMAQ-B1 [5 uM] for 6
hours and two different assays were used to determine the effect of DMAQ-B1 on
BMVEC proliferation, viability, and cytotoxicity. (A-C) Following DMAQ-BI1 treatment,
BMVEC monolayers from four independent isolations and experiments were stained with
DAPI and fluorescence micrographs (n = 20) were used to: (A) determine the total
number of endothelial cells within each imaged monolayer, which are presented as scatter
dot plots overlaid with mean + S.D. lines plus corresponding p-value reported above; or,
(B,C) generate cell-cycle histograms to determine the percentage of BMVECs in G1/GO,
S, or G2/M phases which are provided as percentages and as “parts of a whole’ in donut
charts. (D,E) In a separate set of experiments (n = 3), the number of viable (‘live”) and

non-viable (‘dead’) cells in each BMVEC monolayer was determined by using a
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live/dead cell viability and cytotoxicity assay. Doxorubicin — [0.4 pM] for the same time
frame — was used as a positive control for cell death and/or cytotoxicity. (D)
Representative fluorescence micrographs of BMVEC monolayers with live cells (green)
and dead cells (red), and insets displaying only the red channel. Scale bars = 0.1 mm. (E)
Quantification of the percentage of non-viable, or ‘dead’ cells, within each BMVEC
monolayer. Percentages are presented as scatter dot plots overlaid with mean + S.D. lines

and groups with the same symbol are not significant from each other (p > 0.05).
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Figure S2. Compared with other common adherens and tight junctional proteins
DMAQ-B1 uniquely upregulates CLDNS.

(A-B) BMVECs (P3; 2 days P.C.) were treated with DMAQ-B1 [0, 2.5, 5, or 10
uM] for 6 hours and adherens and tight junction proteins (adherens junction proteins = a-,
B-, -, y-catenin and VE-cadherin; tight junction proteins = ZO-1, claudin-1, -3, -5, -12,
and occludin) expression levels were determined by two-color near- infrared western
blotting for each protein (pseudo-colored green) and B-actin (pseudo-colored red).
Representative western blots are provided (A), and densitometry results (B) are reported
as normalized fold changes compared to vehicle control (0 uM) treated BMVECs. Bar
graphs are divided into individual data sets for each protein target and represent the mean
+ S.D. Groups with the same symbol within each individual target protein data set are not

significant from each other (p > 0.05).
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