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ABSTRACT

INVESTIGATING RED BLOOD CELLS IN AUTOIMMUNE DISEASES
By
Tiffany Janes

Work presented in this dissertation demonstrates that red blood cells (RBCs) from
patients with multiple sclerosis (MS) or type 1 diabetes (T1D) have an altered cell
metabolism compared to healthy RBCs. An overview of each disease, along with
implications of increased or decreased RBC metabolism and downstream events are
presented here. Additional experiments investigated methods to increase or decrease the
RBC metabolism in an effort to alleviate complications of each disease.

Glucose transporter 1 (GLUT1) is the main glucose transporter on RBCs, and all
metabolism within the RBC involves glucose. RBC GLUT1 content was used as a
measure of RBC metabolism, and elevated RBC GLUT1 content is proposed to be
associated with increased cell metabolism. RBCs obtained from MS patients contained
23.3 £ 4.8% more GLUT1 than control RBCs, while T1D RBCs contained 23.6 + 4.2%
less GLUT1 than control RBCs. Further studies evaluated the effects of various therapies
on RBCs with respect to MS and T1D.

Steroids are commonly prescribed to MS patients to manage exacerbations of the
disease; however, hyperglycemic conditions often result. Evidence presented here using
measurements of RBC adenosine triphosphate (ATP) release, suggests that the steroids
estriol and prednisolone decrease RBC metabolism. ATP is a product of glycolysis, which
utilizes the glucose transported into the cell to produce energy. While MS RBCs released

104 + 18 nM more ATP than control RBCs, treatment with estriol or prednisolone
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significantly decreased the RBC ATP release, thought to correlate to RBC metabolism.
RBC ATP release stimulates endothelial nitric oxide (NO) production in vivo, which is
detrimental at the high levels seen in MS due to its toxicity to the blood brain barrier.
Results presented here also suggest that RBCs treated with physiological levels of estriol
or prednisolone significantly decrease the downstream endothelial NO production up to
30%, thought to correlate to decreased blood brain barrier damage in MS patients.
Shear stress is a main mechanism of RBC ATP release; however, chemical stimulus also
leads to RBC ATP release. Further studies investigated the effect steroids had on
C-peptide and Zn?* binding to RBCs, a proven chemical stimulus of RBC ATP release.
Results suggest that RBC treatment with prednisolone decreased the Zn?* binding from
1.99+0.12 nM to 0.18 £ 0.30 nM, and decreased the C-peptide binding from 2.02 £ 0.22
nM to -0.47 + 0.27 nM. It follows that any effect that C-peptide and Zn?* have on RBCs is
attenuated as their binding to RBCs is attenuated, such as ATP release.

Further studies investigated T1D RBCs and a proposed therapy involving a complex of
C-peptide, Zn?*, and albumin. T1D patients suffer from insufficient blood flow, and this
work suggests that the complex of C-peptide, Zn?*, and albumin may enhance blood flow
and alleviate T1D complications. Evidence is presented here showing that an increase in
RBC ATP release (34 £ 1.5 nM increase), RBC GLUTL1 content (25.5 + 1.3% increase),
RBC C-peptide binding (1.95 + 0.14 nM increase), and RBC Zn?* binding (2.26 + 0.20 nM
increase) is only measured when the full complex of C-peptide, Zn?* and albumin is
present. While T1D RBCs have a lower RBC metabolism at basal level, treatment with
this complex is suggested to enhance RBC metabolism and ATP release leading to

enhanced blood flow, which will greatly help with the treatment of T1D.
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Chapter 1 — Introduction

1.1 Introduction to the Red Blood Cell

An average healthy adult has 4.5 to 5 liters of whole blood in their body, which is
composed of red blood cells (RBCs, 45%), plasma (55%), and white blood cells and
platelets (<1%). The RBCs, also referred to as erythrocytes, are the most common type
of blood cells, have an average life span of 120 days, and are created through
erythropoiesis in the bone marrow.12 The main job of RBCs is the delivery of oxygen,
which is gained through binding of oxygen in the lungs, followed by release of that oxygen
to various tissues throughout the body.2 Hemoglobin is the iron-containing protein that
allows RBCs to bind oxygen, and is responsible for the red color of the cells. With a size
of 6-8 um in diameter and a volume of approximately 90 fL, RBCs take on a biconcave
shape and have been referred to as a ‘sack containing hemoglobin’, as they do not

contain a nucleus or any membrane-bound organelles, such as mitochondria.

Although the primary function of RBCs is to deliver oxygen throughout the body, RBCs
also contain a large pool of adenosine triphosphate (ATP).* RBCs can release ATP when
exposed to various conditions, such as hypoxia, chemical stimuli, shear stress, or
mechanical deformation.>° ATP released in the blood stream stimulates nitric oxide (NO)
production by endothelial cells lining the vessels, which is a precursor for vasodilation

and increased blood flow.10-12
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Due to a lack of mitochondria, RBCs must produce ATP through anaerobic glycolysis,
which accounts for about 90% of the glucose utilization within the RBC. The pentose

phosphate pathway (PPP) makes up the remaining 10%.%3-14

1.1.1 Red Blood Cell Glucose Metabolism

Glycolysis consists of glucose metabolized into lactic acid, and the transfer of energy from
glucose to the high-energy bonds of ATP. Consisting of 10 different steps and two distinct
phases, glycolysis achieves a net gain of two ATP molecules for the breakdown of one
glucose molecule. The two phases, known as the preparatory phase and the payoff
phase, and are shown in Figure 1.1. Two ATP molecules are required during the
preparatory phase, and four ADP molecules are converted to four ATP molecules during

the payoff phase, resulting in the net gain of two ATP molecules.
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Figure 1.1 — Glucose Metabolism within the RBC. About 90% of the glucose metabolism
within the RBC is through glycolysis (left), and the remaining 10% of the metabolism is
through the pentose phosphate pathway (PPP) (right). Glycolysis consists of 10 steps
broken down into two phases, the preparatory phase and the payoff phase. The
preparatory phase requires 2 ATP molecules, while the payoff phase produces 4 ATP
molecules, leading to a net gain of 2 ATP molecules overall. The PPP oxidizes the first
carbon of glucose to carbon dioxide, and the energy extracted reduces NADP to NADPH,
which protects the cell against oxidative stress. The oxygen saturation of the RBC dictates
which glucose utilization pathway is used. High oxygen saturation levels are associated
with PPP utilization, while deoxygenated RBCs utilize glycolysis.

The PPP oxidizes the first carbon of glucose to carbon dioxide (COz), and the energy
extracted reduces NADP to NADPH, which protects the cell against oxidative stress
(Figure 1.1). The resulting five-carbon sugar is then recycled through glycolysis to
produce energy. Oxygen saturation of the RBC dictates the glucose utilization pathway.

At high oxygen saturation levels, more glucose is directed towards the PPP to protect
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against oxidative stress, while deoxygenated RBCs allow the activation of certain
enzymes to achieve greater ATP production within the cell. By varying flux between
glycolysis and the PPP, the cells balance glucose utilization between energy needed and

protective effects.t314

1.1.2 Red Blood Cell Membrane GLUT1

Glycolysis begins with glucose uptake into the cell, and glucose transporter proteins
(GLUTSs) facilitate glucose diffusion across the cell membrane down the concentration
gradient. To date, 14 GLUTs have been discovered and named chronologically.>-7
GLUTL1 is the primary GLUT on RBCs, and is also expressed in high concentrations in
cardiac muscle and astrocytes.'® As a membrane protein, GLUT1 is comprised of 12
membrane-spanning helical domains, and has a catalytic turnover of about 1,200/s.6
GLUT1 is encoded by the SLC2A1 gene in humans, and in the RBC GLUT1 comprises
10-20% of the total RBC membrane protein.® 1820 Although glucose is the most common
molecule transported by GLUT1, dehydroascorbic acid is similar in structure to glucose,

and is also transported by GLUT1, along with galactose, glucosamine, and mannose.?!

Glucose transport is known to be an ATP-independent process, however, GLUT1
contains three ATP binding domains and the process is sensitive to the ATP content in
the cell.’® It is unclear how the binding of ATP affects glucose transport without hydrolysis,
but a possible reason could be that ATP exerts its activity through indirect methods such

as activation through extrinsic proteins.*®
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Working as a uniporter, GLUT1 transports glucose into and out of the cell, and is defined
as a constitutive transport protein that is expressed widely in both fetal and adult tissues
and cells.'® 19 When stimulated, RBCs translocate GLUT1 from internal vesicles within

the cell to the outer membrane of the cell to effectively transport glucose.16: 22-23

With mutations in the SLC2A1 gene, GLUT1 deficiency syndrome may arise, with
epilepsy being a common symptom. There is currently no cure for GLUT1 deficiency
syndrome, however a ketogenic diet is often prescribed to help with symptoms.?* The
ketogenic diet consists of food high in fat and low in carbohydrates, causing the body to
burn fat for energy, as instead of carbohydrates. Carbohydrates are very easily converted
to glucose in the body, and it is thought that the ketogenic diet is essentially a fast for the

body, and provides an alternative fuel source.?*

1.1.3 Red Blood Cell ATP Release and NO Stimulation

RBC ATP release is stimulated by mechanical deformation, shear stress, and hypoxia.*>
92526 A proposed mechanism of ATP release from the RBC is shown in Figure 1.2, and
involves mechanical deformation igniting heterotrimeric G protein leading to the activation
of adenyl cyclase and an increase in cyclic adenosine monophosphate (CAMP)
production. Elevated cAMP activates phosphokinase A, and subsequently the cystic
fibrosis transmembrane conductance regulator (CFTR), which initiates the release of ATP

from the RBC through pannexin 1.%7 It is thought that sheer stress imposed on the RBC

5
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causes mechanical deformation of the cell, and also that hypoxia may lead to mechanical
deformation through stress on the deoxygenated hemoglobin.?” Each method described
here involves initial mechanical deformation, which implies the heterotrimeric G protein

activation is essential to begin the process of ATP release within the RBC.

Deficient RBC ATP release has been reported in multiple diseases such as diabetes,?8-2°
cystic fibrosis,® and primary pulmonary hypertension.3* Reduced ATP release occurs
from a decrease in deformability of the RBC.%° Contrary to diabetes and cystic fibrosis,
RBCs obtained from people with multiple sclerosis (MS) release elevated ATP, which
may be a determinant of the disease.®? Diabetes and multiple sclerosis are both
autoimmune diseases; however, their RBCs do not act in the same manner with respect
to ATP release. The goal of this research is to better understand the cause and effect of

RBC ATP release with regard to type 1 diabetes (T1D) and MS.
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Figure 1.2 — Mechanism of RBC ATP Release and Subsequent Endothelial NO
Production. A potential mechanism of action of RBC ATP release and sequential
endothelial cell NO production. This mechanism involves the activation of heterotrimeric
G protein (Gi), adenyl cyclase (AC), phosphokinase A (PKA), and cystic fibrosis
transmembrane conductance regulator (CFTR), which causes the release of ATP from
the RBC through Pannexin 1. ATP then binds to P2Y receptors on endothelial cells to
stimulate NO production through eNOS, converting L-arginine to L-citrulline.?”: 20

In the bloodstream, once ATP is released from RBCs, it can diffuse to the endothelium
and bind to P2Y purinergic receptors.33-3* Binding to this receptor stimulates endothelial
nitric oxide synthase (eNOS), which converts L-arginine to L-citrulline while producing NO
as a by-product (Figure 1.2).1%2 NO is a known vasodilator, and its production in the
bloodstream is crucial for the regulation of blood flow. Although endothelial cells are
thought to be the main determinant of NO production leading to smooth muscle relaxation,

additional theories implicate RBCs in determining vascular tone.
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An alternate theory proposes that RBC hemoglobin is capable of both inactivating NO to
nitrate, and converting nitrite to NO, when hemoglobin is oxygenated and deoxygenated,
respectively.®® It is also suggested that RBCs have the ability to bind and carry NO
through the bloodstream and release it when exposed to hypoxia, although it is unlikely
for RBC-released NO to diffuse from the bloodstream to smooth muscle cells and elicit
relaxation without being scavenged.3¢-2 Previous work, along with work presented in this
dissertation, suggest RBC-released ATP is capable of stimulating NO production in
endothelial cells.’® In the following sections, the ability of specific pancreatic secretions

to affect GLUT1 and subsequent ATP release from RBCs is described.

1.1.4 The Production of C-peptide and its Ability to Bind to Human Cells

In the pancreas, the islets of Langerhans are made up of four different cell types: a-cells,
B-cells, &-cells, and pancreatic polypeptide (PP) cells. The majority of the islet cells are
made up of B-cells, which primarily secrete insulin, C-peptide, Zn%*, and amylin. C-peptide
is a 31-amino acid peptide synthesized in $-cell granules, initially as preproinsulin prior to
secretion. Preproinsulin consists of a signaling peptide, the A and B chains of insulin, and
C-peptide. In the rough endoplasmic reticulum, the signaling peptide is removed almost
immediately after production, and the remaining peptide is termed proinsulin, shown in
Figure 1.3A. After production, proinsulin is transported to the Golgi apparatus where it is
packaged into vesicles prior to final maturation and release to the bloodstream. Acidic
conditions arise within the granule which supports proinsulin hexamer formation

consisting of two Zn?* ions and six proinsulin molecules. The A and B chains of insulin
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are cleaved apart from C-peptide by two endopeptidases and carboxypeptidase H, which
are activated by the drop in pH. While C-peptide is cleaved apart from insulin, the Zn?*
content of the vesicle approaches millimolar levels facilitated through the ZnT8 protein,
and the final release of the secretory vesicle is initiated by glucose levels above 5.5 mM

in the bloodstream.

Originally, it was thought that the main function of C-peptide was only to help insulin fold
properly, however recent work continues to provide evidence that C-peptide specifically
binds and affects human cells.3®4* Previous work has investigated the binding of
C-peptide to human fibroblasts and the measured specific binding correlated to 1,000 -
1,500 C-peptide receptors per cell.*>46 A similar result was also attained with human
RBCs (Figure 1.3B). A 7% RBC solution was saturated with about 2 pmoles of C-peptide,

which correlates to about 1,500 C-peptide molecules binding per cell.#’
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Figure 1.3 — Proinsulin Structure and RBC C-peptide Binding. A. The structure of
proinsulin. C-peptide is shown in yellow, and the A and B chains of insulin are shown in
orange. B. RBC C-peptide uptake with (black circles) and without (open circles) Zn?*. As
more C-peptide was added to the RBCs, the cells become saturated when about 10
pmoles was added, correlating to about 2 pmoles on the cells. The presence of Zn?* does
not affect the amount of C-peptide binding to RBCs. n = 4, error bars = SEM.4’

An increase in the ATP release from RBCs treated with C-peptide and a metal was
reported in 2008.#8 The original metals used were Fe?* and Cr®*, but future realization of
the high Zn?* concentration in the B-cells lead to Zn?* being the predicted metal to activate
C-peptide in vivo. Further investigation in the Spence lab discovered that in order for C-
peptide to elicit a biological effect it must be combined with not only Zn?*, but also the
blood protein albumin.*” Activated C-peptide has been shown to have positive effects on
RBCs, including increased ATP release and deformability.% 4750 |t is thought that the
amount of C-peptide and Zn?* binding to RBCs directly correlates to the downstream
effects of ATP release and deformability. RBCs from MS patients release significantly

more ATP compared to control RBCs, and results also suggest an increase in C-peptide
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binding to MS RBCs compared to control RBCs, as shown in Figure 1.4.51 To further
investigate the mechanism of action in question, previous work evaluated the RBC Zn?*
binding to MS RBCs to determine its correlation with C-peptide binding and ATP

release.??!

w
i 1 i

pmole C-Peptide on RBCs
— N

Control MS

Figure 1.4 — RBC C-peptide Binding. When 20 nM C-peptide was added to control and
MS RBCs, a statistically significant increase in C-peptide binding was measured from MS
RBCs compared to control RBCs. This increase in C-peptide binding may suggest
properties of MS RBCs that cause experienced complications downstream. n = 12 MS
patients and 6 healthy controls, * p < 0.001 to Control, error bars = SEM.>!

11
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1.1.5 Red Blood Cell Zn?* Binding

Zn?* is secreted into the blood stream along with C-peptide and insulin. It makes sense
that if a metal helps elicit the effect that C-peptide has on cells, that the metal is most
likely Zn?* due to its high concentration in B-cells. In order to further investigate that
statement, binding of radiolabeled %Zn?* to RBCs was previously studied.>! A significant
increase in #5Zn?* binding to MS RBCs was measured compared to control RBCs (Figure
1.5).5! This result is thought to correlate with both the increase in RBC C-peptide binding,
as well as the increase in RBC ATP release previously mentioned. Research suggests
that although C-peptide is able to bind to RBCs in the absence of Zn?*, Zn?* is unable to
bind to RBCs without the presence of C-peptide.3? 47 As C-peptide and Zn?* bind to RBCs,
a potential hypothesis involves an increase in cell metabolism, leading to the altered RBC

ATP release measured.

12

www.manaraa.com



pmoles 89zn2* on RBCs

Control MS

Figure 1.5 — RBC %2Zn?* Binding. When 20 nM C-peptide and %°Zn?* were added to RBCs
and the %5Zn?* binding measured, a statistically significant increase in °Zn?* binding was
measured by MS RBCs compared to control RBCs. The measured increase correlates to
the increased C-peptide binding (Figure 1.4), which together may be the cause of certain
experienced complications. n = 22 MS patients and 11 healthy controls, * p < 0.001 to
Control, error bars = SEM.5!

The work presented in this dissertation aims to investigate the RBC metabolism of
autoimmune patients and more fully understand the mechanisms of action within the
RBC. ATP is known to be important with regard the RBC due to its ability to regulate blood
flow, and certain autoimmune diseases have been characterized with RBCs that release

elevated (MS) or decreased (diabetes) ATP. Evaluating the cause of the altered ATP

13
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release may prove successful at more fully understanding the diseases as a whole, and

also evaluating potential therapies.
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Chapter 2 — Red Blood Cell GLUTL1 Levels in Autoimmune Diseases

2.1 Introduction to Autoimmune Diseases

Immune systems of healthy individuals neutralize invaders of the body by sending cells
throughout the body to bind to and inactivate foreign antigens. Autoimmune diseases
consist of abnormal innate and adaptive immune responses to a normal part of the body,
often leading to inflammation. It is unclear what triggers an autoimmune attack; however,
certain traits make individuals more susceptible. Women encounter certain autoimmune
diseases almost twice as often as men do, while some autoimmune diseases are
hereditary.'® It is suspected that environmental factors such as infections, diet, and
chemical exposure may be involved in triggering an autoimmune disease; however, to
date little has been proven. Although there are over 80 different classified autoimmune
diseases,* the work in this dissertation will focus on type 1 diabetes (T1D) and multiple

sclerosis (MS).

2.1.1 Overview of Diabetes Mellitus

It is estimated by the Centers for Disease Control and Prevention (CDC) that more than
23 million Americans are diagnosed with diabetes, and another 7.2 million people are
affected but currently undiagnosed.® Diabetes mellitus, commonly referred to as diabetes,

is a metabolic disease resulting from either low insulin production from damaged
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pancreatic B-cells, or an improper response to the insulin produced by the body. The
result of the disease is improper glucose utilization, leading to elevated blood glucose

levels.

Insulin is a hormone produced by the islets of Langerhans in pancreatic B-cells that
regulates the amount of glucose in the bloodstream. Glucose absorption into skeletal
muscle, liver, and fat cells is accomplished through the activation of the glucose
transporter 4 (GLUT4) protein by insulin.®® As insulin activates the translocation of
GLUT4 to the cell membrane, glucose is transported through the protein, down the
concentration gradient.” If glucose is unable to be cleared from the bloodstream,
hyperglycemic conditions arise, leading to long-term complications such as

cardiovascular disease, retinopathy, neuropathy, and nephropathy.®

In healthy individuals, fasting plasma glucose levels fall between 70 and 100 mg/dL, or
3.8 and 5.6 mM. If fasting plasma glucose levels are greater than or equal to 126 mg/dL,
or 7.0 mM, the person is termed hyperglycemic and diagnosed with diabetes.'® There are
four main types of diabetes, T1D, Type 2 diabetes (T2D), gestational diabetes, and other
types of diabetes. Each type of diabetes is characterized by differing mechanisms, but all
involve hyperglycemia. Management of the disease focuses on maintaining healthy blood
glucose levels, with specific treatments dependent on each patient. The following sections

will describe the specific diagnoses of diabetes in greater detail.

22

www.manaraa.com



2.1.1.1 Classifications and Diagnoses of Diabetes

T2D is the most common form of diabetes in the United States (about 90% of all diabetes
cases) and is characterized by insulin resistance in the body.®> Occurring mostly in adults,
T2D is primarily caused by lifestyle choices and genetics. Obesity, poor diet, stress, and
lack of physical activity are the main factors in the development of T2D, and prior to a
T2D diagnosis, most people are termed prediabetic. It is estimated that 84.1 million adults
who are 18 and older are already in the prediabetic stage, which indicates a high risk for
developing T2D; however, prediabetes is often reversible with strict diet and lifestyle
changes.® Specific ethnic groups, such as African Americans, Latinos, Native Americans,

Alaskan natives, Asian Americans, and Native Hawaiians are more susceptible to T2D.°

The insulin resistance in T2D patients means that the insulin produced in the body is not
as effective at stimulating glucose transport as it would be in a healthy person. Insulin
resistance often leads to a reduction in insulin secretion in T2D, and a leading hypothesis

for insulin resistance involves defective responses of insulin receptors.®

Medications such as metformin are often utilized to lower blood sugar in T2D patients.
Metformin works by decreasing the production of glucose in the liver, leading to
decreased overall blood sugar.!! Similar medications increase insulin release, decrease
the absorption of sugar, or make the body more sensitive to insulin.*>** Insulin is not

always used to treat T2D; however when it is, a long-acting form is used to supplement
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the oral medications previously mentioned. In extreme cases, weight loss surgery in
obese patients is an effective measure. After surgery, patients often have success

maintaining healthy blood glucose levels, and long-term mortality is decreased.®

T1D, commonly referred to as juvenile diabetes, is classified as an autoimmune disease
and involves the loss of insulin production through the destruction of pancreatic -cells.
Insulin and B-cells are destroyed by autoimmune processes involving (3-cell autoantigens,
macrophages, dendritic cells, B lymphocytes, and T lymphocytes, and this type of
diabetes accounts for about 5% of all diabetes cases.®> ®> The exact etiology of the disease
is incomplete; however, the leading hypothesis involves a genetic predisposition coupled
with environmental factors such as viral infections or diet.® Insulin supplementation is the
main treatment for T1D, and frequent blood glucose monitoring must accompany insulin

administration in order to verify that proper blood glucose levels are achieved.

Gestational diabetes occurs in about 2-10% of all pregnancies, and may disappear
postpartum.> ° Resembling T2D, gestational diabetes involves a combination of
inadequate insulin secretion and insulin resistance. Medical supervision is required
throughout pregnancy; however, gestational diabetes is fully treatable with a proper diet,
blood glucose monitoring, and in some cases insulin supplementation. Untreated
gestational diabetes may risk the health of the mother or fetus. Risks to the mother include

high blood pressure and preeclampsia, while risks to the fetus include high birth weight
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and skeletal muscle malformations. After experiencing gestational diabetes, women have

an approximately 7-fold increased risk of developing T2D postpartum.®

Along with the three previously mentioned diabetes diagnoses, there are many other
specific forms of diabetes related to diseases where the pancreas becomes damaged, or
the insulin levels within the body are altered due to certain hormones. The pancreas may
become damaged in diseases such as pancreatitis, cystic fibrosis, or damage caused by
trauma.'” Hormones that alter the insulin levels within the body include cortisol, growth
hormone, and epinephrine. These hormones decrease the insulin sensitivity of cells, and
cortisol increases the glucose production of the liver from glucagon, all of which lead to
insulin resistance in the body.® Table 2.1 summarizes the four types of diabetes described

here.
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Table 2.1 - Overview of the four main classifications of diabetes.

Cause

Treatment

Type 1 Diabetes

A loss of insulin production
through the destruction of
pancreatic 3-cells

Insulin administration

Type 2 Diabetes

Lifestyle choices and genetics
causing insulin resistance in the
body

Medications to increase insulin
sensitivity and decrease blood
glucose levels, along with a
healthy lifestyle

Gestational
Diabetes

Buildup of glucose in the
bloodstream during pregnancy

Healthy lifestyle

Other forms of
Diabetes

Damaged pancreas

Insulin administration and/or
medications to increase insulin
sensitivity and decrease blood

glucose levels

When patients present with diabetic symptoms of hyperglycemia, physicians must

distinguish between T1D and T2D before determining the most effective treatment

process. Since the main difference between T1D patients and T2D patients is the

functionality of the pancreatic B-cells, B-cell activity is tested to determine the correct

diagnosis. Insulin has a half-life of about 10 minutes in the bloodstream, making it difficult

to measure. However, C-peptide, a peptide secreted in equimolar amounts as insulin, has

a half-life of about 30 minutes in the bloodstream, and is thus a more ideal candidate to

measure and ultimately diagnose T1D or T2D.'® T1D patients will have very low (or

nonexistent) concentrations of C-peptide due to their damaged B-cells, while T2D patients

will have a significantly higher C-peptide concentration in their bloodstream.
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2.1.1.2 Diabetic Complications

Complications are experienced by most people with diabetes, including retinopathy,
neuropathy, and nephropathy. Retinopathy is any damage to the retina of the eye, which
may lead to vision impairment or blindness. This will often occur due to retinal vascular
disease or damage caused by insufficient blood flow.° Insufficient blood flow results in a
lack of oxygen delivered to the tissue, leading to the experienced symptoms. Diabetic
retinopathy is the leading cause of blindness, and accounts for about 12% of blindness
worldwide.?%-21 Within 20 years of a confirmed diabetic diagnoses, T1D patients will most
likely experience retinopathy, while T2D patients usually experience retinopathy

complications within 7 years of diagnosis.?°

Most diabetic patients also experience neuropathy to some degree. Neuropathy is
classified as damage to the nervous system, which may affect various aspects of the
body, depending on the nerves impacted; however, the legs and feet are most commonly
affected.?? Similar to retinopathy, neuropathy is thought to be caused by hindered blood
flow along with hyperglycemia. Duration of hyperglycemia along with genetic
predisposition contribute to the extent of neuropathy experienced. Weakness and loss of
sensation often occur in neuropathy, which lead to the majority of the non-traumatic

amputations in the United States when combined with other poor blood flow conditions.??
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The greatest mortality rate among diabetic patients involves complications of
nephropathy, or kidney dysfunction.?* In the body, the kidneys are responsible for filtering
blood and removing waste from the body via urine. Diabetic patients experience
nephropathy due to microvasculature complications leading to altered pressure within the
kidneys. This pressure change causes the common blood protein, albumin, to be secreted
into the urine, leading to albuminuria.?> As diabetic nephropathy persists in patients, it is
the leading cause of kidney failure in the United States.?® A summary of the diabetic

complications discussed here is shown in Table 2.2.

Table 2.2 — Overview of common diabetic complications.

Definition Result Cause
Retinopath Damage to the Vision impairment or Insufficient
pathy retina of the eye blindness blood flow
Impaired movement Insufficient
Neuropath Damage to the or sensation to blood flow and
pathy nervous system various parts of the :
hyperglycemia
body
Albuminuria and Insufficient
Nephropathy Kidney dysfunction eventual kidney blood flow
failure

Although the three complications described above affect different organs or systems in
vivo, each are thought to be derived from poor blood flow.27-30 These complications cannot
be avoided in diabetic patients; however, it is thought that enhancing blood flow will help
to alleviate some of these complications. Previous work has reported that red blood cells
(RBCs) from T2D patients release significantly less adenosine triphosphate (ATP)

compared to control RBCs,*! and as mentioned in Chapter 1, RBC-derived ATP
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stimulates vasodilation through the production of endothelial nitric oxide (NO) (Figure
1.2). A treatment to enhance RBC ATP release from diabetic RBCs is predicted to greatly
enhance the quality of life for diabetic patients by decreasing the symptoms of

retinopathy, neuropathy, and nephropathy.

Long-term glucose monitoring is accomplished by measuring glycated hemoglobin (A1C)
in the bloodstream, and A1C levels have been shown to be related to disease
complications.®? Although A1C tests are the accepted method to determine long-term
glucose levels, conditions such as anemia, pregnancy, and uremia may interfere with the
test.3® Researchers have since recommended glycated albumin as a measure of short-
term glucose levels, and even potentially as a biomarker in diabetes.33-% The glycation of
bloodstream molecules and cells may be a cause of the decreased RBC deformability
and sequential ATP release in diabetic patients, ultimately leading to the diabetic
microvasculature complications. Studies have reported that diabetic RBCs are less
deformable than control RBCs, which is related to RBC ATP release.3’-3° This effect is
proposed to be caused by hyperglycemic conditions in the bloodstream. However, this is

not the case with all autoimmune diseases, as will be discussed in the next section.

2.1.2 Overview of Multiple Sclerosis

MS is an inflammatory autoimmune disease of the central nervous system. Debate on an

autoimmune or immune-mediated classification of the disease is ongoing due to the lack
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of an identified specific antigen; however, most experts believe it to be an autoimmune
disease.? It is the most widespread disabling neurological condition of young adults, and
while disease development can happen at any age, most people are diagnosed between
the ages of 20 and 40.#! Hallmark features of the disease are blood brain barrier (BBB)
breakdown and brain lesions.*?>*3 Lesions form as the myelin sheath covering the axons
of nerve cells becomes damaged causing nerve signals to slow, leading to impaired
coordination, motor skills, and cognition.*? 44 The myelin sheath is made up of lipids and
proteins, such as myelin basic protein and proteolipid protein. The main function of the
myelin sheath is to increase the speed of nerve signal propagation through nerve cells by
inhibiting the electric current from leaving the axon. Figure 2.1 depicts a myelinated nerve
cell, which make up the “white matter” of the brain due to their white color, while the “dark
matter” of the brain is composed of mainly cell bodies and glial cells. Oligodendrocytes
are the cells that make myelin, and their presence allows for remyelination in the central

nervous system.
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Myelin Sheath

Figure 2.1 — Myelinated Nerve Cell. Axons of nerve cells are coated in myelin to increase
the speed of nerve signal propagation from cell bodies to the axon terminals. This is done
by inhibiting the electric current from leaving the axon while it propagates. When axons
become demyelinated, lesions form and nerve signals are compromised, which is seen
in MS.

It is estimated that 2.5 million people worldwide, and over 400,000 people in the United
States are diagnosed with MS, and the total cost of MS in the United States alone is
approaching $12 billion per year.*® The origin of MS is currently unknown; however, the
incidence of MS is higher farther from the equator, and women are diagnosed almost
twice as frequently as men.*! 46 People of Northern European descent have the highest
risk of developing MS, regardless of where they live, and Native Americans, people of

African descent, and people of Asian descent, appear to have the lowest risk.*7-48
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While MS is not an inherited disorder, research suggests a genetic predisposition to
developing the disease. The offspring of an MS patient has a 2-3% risk of getting MS,
and there is a 300-fold increase in instance of the disease if an identical twin has the
disease.**-% Oksenberg and colleagues found that the HLA-DRB1 and IL7R genes are
associated with disease susceptibility, and although the etiology of MS is still unknown, a
leading hypothesis involves the combination of a genetic predisposition and an
environmental or viral factor.>! Certain infections such as Epstein-Barr, herpes, and
varicella-zoster have been studied and are thought to possibly be part of the viral factor
associated with MS onset.>?>° Because MS is an autoimmune disease, people with other
autoimmune diseases such as T1D, thyroid disease, and inflammatory bowel disease,

are found to have a slightly higher risk of developing MS.56-59

2.1.2.1 Diagnosis of Multiple Sclerosis

Many people who are diagnosed with MS originally present with a clinically isolated
syndrome (CIS), which is a first episode of neurologic symptoms caused by inflammation
and demyelination of the central nervous system (CNS).®° By definition, the episode must
last for at least 24 hours; however, a confirmed CIS diagnosis does not necessarily lead
to a MS diagnosis. Results show that individuals with CIS who are treated with a MS
disease-modifying therapy are seen to have a delayed onset of MS compared to CIS

patients without early treatment.5!
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Figure 2.2 — Depiction of the Four Types of MS. Relapsing-remitting MS (RRMS) consists
of relapses followed by periods of disease remission. Secondary-progressive MS (SPMS)
originally presents as RRMS and suddenly begins to decline without periods of remission.
Primary-progressive MS (PPMS) consists of a steady increase in disability without
attacks, and progressive-relapsing MS (PRMS) consists of a steady decline of health

along with relapses.

There are four main types of MS, and the disease progression of each is shown in Figure

2.2. Relapsing-remitting MS (RRMS) is the most common type of MS diagnosed after a
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CIS diagnosis, with approximately 80% of MS patients initially diagnosed with RRMS, and
is characterized by relapses of increased disease activity followed by remissions where
the disease does not progress.®® Following a relapse, new symptoms may disappear
without causing any increased disability, or they may only partially disappear, leading to

an increase in overall disability.

Following a diagnosis of RRMS, if left untreated, about 50% of people transition to a
diagnosis of secondary-progressive MS (SPMS) within 10 years of the initial
diagnosis.*3%9 SPMS is characterized by a progressive worsening of neurologic function
and increased disability over time. Relapses do not necessarily occur during this course,
but instead the disease worsens gradually. Approximately 15% of MS patients are
originally diagnosed with primary-progressive MS (PPMS), which consists of a steady

progression of the disease without early relapses or remissions.44 63

The final type of MS is progressive-relapsing MS (PRMS), and it is the rarest form of MS
(about 5% of MS patients at onset).** PRMS is a combination of both RRMS and PPMS
in that it consists of clear relapses along with a steady progression of the disease.
Interestingly, about 10-20% of people with MS do not experience any symptoms and
experience very little disease progression, while about 1% of patients develop a form of

the disease that progresses very rapidly.*

The disease progresses differently for each individual, which makes it a difficult disease

to predict and diagnose, but there are common symptoms seen for most patients: fatigue,
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blurred vision, numbness, dizziness, coordination problems, and muscle weakness. Less
common symptoms experienced by patients include mood swings, depression, difficulty
walking, and bladder dysfunction. Although MS causes painful and debilitating symptoms,
studies conflict on whether the symptoms lead to a 10-12 year decreased life
expectancy,®? or do not reduce life expectancy significantly compared to the general

population.®?

2.1.2.2 Remyelination in Multiple Sclerosis

Lesions are repaired in the brain through remyelination. Studies have measured the
reappearance of oligodendrocytes in active lesions of patients with early MS, indicating
remyelination.®* Oligodendrocyte presence may lead to partially or fully remyelinated
lesions, termed ‘shadow plaques’, and studies report restoration of conduction due to
remyelination in some lesions.®4% Remyelination in later stages of MS is suggested to
be scarce and not penetrate throughout the entire lesion well. Unfortunately, there is not
yet a noninvasive method to measure remyelination, and studies must rely on
hisopathological analysis postmortem to determine the extent of remyelination. Patrikios
et al. measured lesion remyelination in 51 autopsied MS patients, and found extensive
remyelination in patients with both relapsing and progressive disease courses.%
Extensive remyelination was found in 20% of the patients studied, and disease duration,
along with age, were found to be associated with significantly more remyelinated
lesions.®* Work is ongoing to better understand spontaneous remyelination, and hopefully

develop it into a therapy.
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2.2 Glucose Metabolism in Autoimmune Diseases

Autoimmune diseases are characterized by T-cell mediated attacks throughout the body,
and the metabolism of T-cells plays a large role in their ability to function. In the immune
system, glucose serves as the primary source for the generation of ATP, which is
essential for the survival of both resting and active T-cells.®® GLUT1 is the primary glucose
transporter in T-cells, and without its transport of glucose, T-cells would not be able to
respond to foreign antigens properly. Glucose metabolism is of great importance in
autoimmune diseases because cells involved in autoimmune attacks generally require an
increased amount of energy due to their hyperactive nature. An overview of potential
glucose metabolism pathways is depicted in Figure 2.3. The following sections will focus

on the overall glucose metabolism of both diabetes and MS.
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Figure 2.3 — Overview of Glucose Metabolism in the Body. Glucose can be metabolized
in the body to glucose-6-phosphate which has three distinct fates: glycogen synthesis,
glycolysis, or the pentose phosphate pathway. Glycogen is a form of glucose that is stored
until required for energy. Glycolysis produces pyruvate which is involved in the synthesis
of certain amino acids, is a precursor for the citric acid cycle, and is also involved in
fermentation processes. The pentose phosphate pathway produces ribose-5-phosphate,
and also protects cells against oxidative stress. Machinery of the cell dictates which
method of glucose metabolism is required for cells at a given time for survival.

2.2.1 Glucose Metabolism in Diabetes

Diabetes consists of ineffective glucose metabolism within the body, contributing to the
elevated blood glucose levels experienced with the disease. The disease also

encompasses an improper balance of hormones. Without the proper balance of
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hormones in the body, glucose is not metabolized properly.8” It is essential to treat
diabetes with a healthy lifestyle, medications, and/or insulin to maintain proper glucose
metabolism in vivo and keep blood glucose levels within the healthy range. Although a

very different disease, improper glucose metabolism has also been implicated in MS.

2.2.2 Glucose Metabolism in Multiple Sclerosis

RBCs do not contain mitochondria, and use glycolysis to produce ATP. Glycolysis begins
with glucose entering the cell, and ends with the products of two ATP molecules and two
pyruvate molecules. Various studies report defective pyruvate metabolism in MS
patients,%8-70 and Jones et al. reported an elevated blood pyruvate level in MS patients.58
These reports suggest a mitochondrial dysfunction in MS patients, which may be
significant with regard to the RBC. If there is mitochondria dysfunction within MS patients,
the result may lead to an increased glucose metabolism within the RBC to compensate
for the experienced dysfunction, or contrary to that, the RBCs may metabolize too much
glucose, thereby hindering the amount metabolized by cells containing mitochondria,
causing the elevated pyruvate level. It has been reported that MS RBCs release an
elevated amount of ATP compared to control RBCs, which is thought to directly correlate
to glucose metabolism within the cell.”* In addition to these results, a significant increase
in the ATP content of RBCs from MS patients was measured compared to control RBCs

after patients consumed 50 g of glucose.”? The work presented in this chapter
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investigates the basal RBC GLUT1 content in the diseases of both T1D and MS, hoping

to give insight as to characteristics of each disease with regard to the RBC.

2.3 Experimental

2.3.1 Isolation and Purification of Red Blood Cells

Whole blood was obtained through venipuncture into heparnized tubes from consented
adults. The whole blood was centrifuged at 500g for 10 minutes, and the plasma and
buffy coat were removed via aspiration. The remaining RBCs were resuspended and
washed three times in a physiological salt solution (PSS) containing 4.7 mM KCI, 2.0 mM
CaClz, 140.5 mM NaCl, 12 mM MgSO4, 21.0 mM tris(hydroxymethyl) aminomethane, 5.5
mM dextrose and 0.5% bovine serum albumin at pH 7.4. RBCs were prepared on the day
of experiment and used within 8 hours of collection. To determine the percentage of RBCs
in the final sample, the hematocrit of the washed RBCs was measured using a hematocrit

centrifuge (StatSpin CritSpin, Beckman Coulter, Brea, CA).

2.3.2 Preparation of Reagents

Distilled deionized water (DDW, 18.2 MQ) was used for all experiments. 1 mL samples
were prepared with 7% RBCs by volume in PSS. Tris buffered saline (TBS) was prepared
by dissolving 2.4 g of Tris-hydrochloride and 29.2 g of sodium chloride in 1 L of water at
a pH of 7.5, and tris buffered saline with tween (TBST) was prepared by mixing 500 mL

of TBS with 250 uL of Tween-20 (Sigma Aldrich, St. Louis, MO). Bicarbonate buffer was
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prepared by dissolving 4.1 g of sodium bicarbonate and 0.2 g of magnesium chloride in
500 mL of DDW. 10x running buffer was prepared by dissolving 144 g glycine, 30 g Tris,
and 10 g SDS in 1 L of water, and 10x transfer buffer was prepared by dissolving 3 g Tris
and 14.4 g glycine in 200 mL of methanol and 800 mL water at a pH of 8.3. Running buffer
and transfer buffer were reused six times before disposal, and 500 mL of lysis buffer was

prepared with 10 mM Tris HCl and 0.2 mM EDTA at a pH of 7.2 in DDW.

2.3.3 Preparing RBC Ghost Samples

To assess the membrane protein content of the RBC, the cytosolic contents of the cell
was removed, and the remaining sample was termed a RBC ghost. After incubation and
centrifugation, the supernatant of each sample was removed, and the remaining pelleted
RBCs were lysed with 1 mL of lysis buffer. The samples were then placed on ice for 30
minutes and then centrifuged at 22,0009 for 15 minutes at 4°C. The resulting supernatant
was removed, and the pellet resuspended in 1 mL of lysis buffer. Once again, the samples
were centrifuged at 22,000g and 4°C for 5 minutes, the supernatant was removed, and
the RBCs were resuspended in lysis buffer. This process was repeated three times total
or until no more hemoglobin (red color) was visible. Once all hemoglobin was removed,

the remaining lysis buffer was removed, and the pellets were stored at -20°C.
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2.3.4 SDS-PAGE and Coomassie Blue Staining

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate the proteins of the RBC membrane prior to analysis. RBC ghosts diluted 1:200
in 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA) were loaded onto a 10%
polyacrylamide gel. The gel was subjected to 80 V for 20 minutes, and then 120 V for
about 90 minutes or until the buffer reached the bottom of the gel by visual inspection.
Subsequent analysis consisted of either Coomassie Blue staining or Western Blot

analysis.

Coomassie staining of the resulting gel was utilized to visualize all proteins. After
separation, the gel was covered with 20 mL of Coomassie Brilliant Blue R-250 (Bio-Rad)
and microwaved on high for 1 minute. The stain was discarded and 20 mL of destaining
solution (Water/methanol/acetic acid: 50/40/10 v/v/v) was added to the gel to remove all
nonspecificially bound stain. The gel was microwaved for 1 minute, and the destaining
solution was removed. This process was repeated twice, and the resulting gel was
allowed to incubate overnight in the destaining solution. A picture of the final gel was

captured on a Gel Imaging System (Bio-Rad).
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2.3.5 Western Blot Analysis

To specifically probe the GLUT1 content of the RBCs, Western Blot analysis was utilized.
Once the proteins were separated by SDS-PAGE, all proteins were transferred to a
polyvinylidene difluoride (PVDF) transfer membrane (EMD Millipore, Burlington, MA)
overnight at 15 V for Western Blot analysis the following day. After transfer, the PVDF
membrane was blocked for nonspecific binding for 1 hour with 5% dry milk in TBST.
Primary antibodies for GLUT1 (Abcam, Cambridge, MA) and Spectrin Beta 1 (Novus
Biological, Littleton, CO) (diluted 1:1000 in TBS with 0.75 g dry milk) were added and
allowed to incubate for 1 hour at room temperature. After rinsing in TBST, anti-rabbit and
anti-mouse secondary antibodies conjugated with alkaline phosphatase (Sigma Aldrich)
(diluted 1:3000 in TBST with 0.75 g dry milk) were added and allowed to incubate an
additional hour. Following a final rinsing step with TBST, incubation with 4.5 mg NBT
(nitro-blue tetrazolium chloride) (Sigma Aldrich) and 2 mg BCIP (5-bromo-4-chloro-3’-
indolyphosphate p-toluidine salt) (Sigma Aldrich) in 500 pL N-dimethylformamide and 15
mL bicarbonate buffer produced a colorimetric indication of the GLUT1 and Beta Spectrin
present. After color development, the membranes were rinsed in water and allowed to
dry. Once dried, the membrane was scanned using an office scanner, and ImageJ
software was used to quantify band thickness and intensity. GLUT1 band intensities were
normalized to Beta Spectrin band intensities, and all samples were normalized to the

control sample on each membrane.
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2.4 Results

RBC GLUT1 content was evaluated initially by SDS-PAGE separation followed by
Coomassie blue staining. A Coomassie blue stained gel is shown in Figure 2.4 and the

proposed GLUT1 (54 kDa) and Beta Spectrin (246 kDa) bands are labeled.
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Figure 2.4 — RBC Membranes Separated by SDS-PAGE and Stained with Coomassie
Blue. After the cytosolic contents was removed from the RBCs using lysis buffer, the
resulting ghosts were subject to SDS-PAGE to separate the remaining proteins.
Coomassie Blue staining was used to visualize all proteins present, and a molecular
weight ladder was used to evaluate the mass of each protein band. Bands that are thought
to be GLUTL1 and Beta Spectrin are labeled above.

Although the labels are appropriate based on molecular weight, if any other proteins in
the RBC membrane have the same or similar molecular weight, the analysis of GLUT1

would be compromised. Western Blot analysis was utilized to specifically probe only
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GLUT1 and Beta Spectrin proteins (Figure 2.5). To verify that the GLUT1 and Beta
Spectrin antibodies did not interfere with each other, probing the membrane with each
antibody individually (Beta Spectrin: Figure 2.5A, GLUT1: Figure 2.5B) was performed
and compared to a membrane probed with both antibodies simultaneously (Figure 2.5C).
No interference between the two antibodies was detected, and all analyses consisted of

both antibodies mixed and incubated together on the same membrane.
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Figure 2.5 — Resulting Western Blots. Western Blot analysis was utilized to probe for Beta
Spectrin and GLUT1. To confirm that the antibodies for Beta Spectrin and GLUT1 did not
interfere with each other, they were initially probed on a membrane alone, and then
probed simultaneously on the same membrane for comparison. A. Membrane probed for
Beta Spectrin only. B. Membrane probed for GLUT1 only. C. Membrane probed for both
Beta Spectrin and GLUT1 simultaneously. The resulting bands are labeled.

A significant difference in the RBC membrane GLUT1 content was measured in both MS
and T1D RBCs compared to control RBCs when Western Blot analysis was used, shown
in Figure 2.6. MS RBCs contain 23.3 + 4.8% more GLUT1 at basal levels compared to
control RBCs (n = 12 MS donors and 7 control donors), and T1D RBCs contained 23.6 +

4.2% less GLUTL1 than control RBCs (n = 8 T1D donors and 7 control donors).
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Figure 2.6 — Normalized RBC Membrane GLUT1 Content of MS, Control, and T1D RBCs.
When the GLUT1 content of control and MS RBS were probed, a significant 23.3%
increase in the RBC membrane GLUT1 content was measured by Western Blot analysis.
Contrary to the MS RBCs, a significant 23.6% decrease in RBC GLUT1 content was
measured in T1D RBCs compared to control RBCs. n =12 MS donors, 7 control donors,
and 8 T1D donors, error bars = SEM, * p < 0.05 to Control.

2.5 Discussion

Patients with autoimmune diseases have overactive immune systems, and glucose is the

primary molecule that supplies energy for the immune system. It is thought that the
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glucose transporter content of cells directly correlates with glucose transport into those
cells and eventual cell metabolism. With that in mind, this work focused on the GLUT1
content of RBCs from control, MS, and T1D patients. GLUTL1 is the primary glucose
transporter on RBCs, and it follows that the amount of GLUT1 present on the RBC

membrane correlates to overall cell metabolism.

Although both T1D and MS are autoimmune diseases, the RBC GLUT1 content of each
disease were contradictory. While MS RBCs contained significantly more GLUT1 than
control RBCs, T1D RBCs contained significantly less GLUT1. These results give insight
to the amount of cell metabolism occurring within the RBCs of each disease. Even though
both diseases have autoimmune classifications, T-cells are the main cells that are known
to be overactive in autoimmune diseases, and less is known about RBC metabolism. The
elevated GLUT1 measured in MS RBCs is thought to correlate with elevated ATP
production and release by the cells. An increase in RBC ATP release was previously
measured from MS RBCs by Letourneau et al, ’* and literature reports that ATP
stimulates the production of NO from endothelial cells in vivo. 374 NO is damaging to the
BBB at high concentrations, and NO metabolites have been found at elevated
concentrations in the spinal fluid and urine of MS patients.”>’” Elevated RBC metabolism
may be a key link to the BBB disruption experienced by MS patients, and methods to

decrease RBC metabolism may prove to also decrease BBB damage.
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Contrary to MS RBCs, T1D RBCs contain less GLUT1 than control RBCs, which may be
associated with reports of decreased deformability of diabetic RBCs.38-3° 7@ A decrease
in RBC deformability has been reported to be related to a decrease in RBC ATP release,
which has also been previously measured from diabetic RBCs.”*82 As less GLUT1 is
present on the diabetic RBC membrane, it is thought that less glucose will be able to enter
the cell and undergo glycolysis to produce ATP within the cell. If less ATP is produced
within the RBC, insufficient ATP will likely be released, and blood flow may be hindered
due to a decrease in the endothelial NO production; 884 |eading to the experienced
microvasculature complications in diabetes. A therapy to enhance microvasculature
blood flow by enhancing the RBC GLUT1 content may prove successful at ameliorating

the diabetic microvasculature complications previously described.

Even though MS and T1D RBCs contain different basal levels of GLUTL, it is clear that
RBCs from both diseases have altered cell metabolism when compared to control RBCs.
The rest of the work presented in this dissertation aims to more fully understand the RBCs
of MS and T1D patients, and hopefully determine methods to manipulate the GLUT1
levels to more closely reflect levels of healthy individuals to better study and treat each

disease.
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Chapter 3 — Effects of Multiple Sclerosis Therapies

3.1 Multiple Sclerosis Therapies

Although there is no current biomarker or cure for multiple sclerosis (MS), various
medications are used to treat the disease, modify the disease course, and manage
symptoms. Disease modifying therapies are the most common long-term MS treatment
method, and have been shown to delay progression of the disease, reduce relapses, and
limit new disease activity. ! To date, there are 18 medications approved by the food and
drug administration (FDA), including injectable, oral, and intravenous medications. 2 The
first MS disease modifying therapy was approved in 1993, and is in the interferon (IFN)
drug class. IFNs are cytokines, and although their mechanism of action is not completely
understood, it is thought that they inhibit the proliferation of T-cells and decrease the

production of pro-inflammatory cytokines.*

Although naturally present in all humans, IFNs used to treat MS are manufactured using
recombinant DNA. There are currently four FDA-approved medications made from IFNs
(Betaseron, Avonex, Rebif, and Extavia), all of which are injectable. IFN-§, the specific
IFN utilized in each listed medication, is a protein comprised of two identical subunits and
has three associated ligands: beta-D-glucose, 6-deoxy-a-d-glucose, and zinc ion. Avonex
and Rebif are specifically IFN-B-1a, while Betaseron and Extavia are IFN-B-1b, the
difference being the type of cell from which it is produced (IFN-B-1a, mammalian cells,
IFN-B-1b, E. coli). Overall, IFNs reduce the relapse rate of patients with RRMS by about

309%.%4
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Glatiramer acetate (Copaxone) is the most commonly prescribed MS medication, and its
treatment requires an injection three times per week or every day, depending on dosage.
Approved by the FDA in 1996, this drug mimics myelin basic protein. The drug’s
effectiveness was discovered while treating experimental autoimmune encephalomyelitis
(EAE), the animal model for MS.® Glatiramer acetate reduced the severity of EAE in mice,
which lead to its development for human use. Clinical trials have shown a 33% reduction
in relapse rates, a reduction in disability, and a reduction in the number of enhancing

lesions in RRMS patients treated with glatiramer acetate.®

Oral medications used to treat MS were introduced in 2010; the first was fingolimod
(Gilenya). Fingolimod has been shown to reduce peripheral blood lymphocytes in both
animal models and humans, and multiple studies report that the mechanism of action of
fingolimod is correlated to G protein-coupled receptors (GPCRs) and altered lymphocyte
trafficking.®® Teriflunomide (Aubagio) and dimethyl fumarate (Tecfidera) are the other
FDA-approved oral medications to treat MS, and while their mechanisms of action are not

identical, they both involve inhibiting immune cells.%-10

Although not thought to have any long-term benefit on MS, corticosteroids are commonly
prescribed to MS patients to more quickly end exacerbations of the disease. Steroids are
thought to end exacerbations by acting on the nucleus of cells to alter the inflammatory
gene expression and decrease the pro-inflammatory protein expression in cells.1113 At
high concentrations, steroids activate the expression of anti-inflammatory proteins such

as IkB and annexin |, leading to decreased overall inflammation.'*13 These mechanisms
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are depicted in Figure 3.1. High doses of intravenous steroid treatments for three to five
days are commonly prescribed to reduce inflammation, and the main medications used
are methylprednisolone (Soul-Medrol), prednisone (Deltasone), and adrenocorticotropic
hormone (ACTH Gel). Steroids are not exclusively prescribed to MS patients; other
diseases such as asthma, rheumatoid arthritis, and lupus require steroid use to decrease
inflammation and pain. Although beneficial at decreasing inflammation and pain, serious
side effects such as hypertension, osteoporosis, weight gain, and hyperglycemia are

experienced by patients being treated with steroids.4-16
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Figure 3.1 — Steroid Mechanism of Action. Steroids act on cells by binding to a
cytoplasmic receptor within the cell, and the steroid-receptor complex is subsequently
translocated to the nucleus of the cell. Once in the nucleus, the steroid-receptor complex
binds to the promoter region of the target genes, resulting in regulation of gene
expression. At low concentrations steroids decrease the expression of pro-inflammatory
genes, and at high concentrations, steroids active the expression of anti-inflammatory
genes. 1113

Alternative treatments for MS are also widely used, such as herbal medicines, massage,
acupuncture, and certain diets. Studies report that up to 70% of MS patients have tried
one or more complementary and alternative medicine (CAM) treatment.1’-1° To date there
has been little research investigating the efficacy of CAM treatments, however many MS

patients using CAMs report benefit from their usage.'’” Most MS patients who use CAM
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treatments combine them with conventional therapy instead of substituting conventional
therapies altogether. One of the most promising CAM for MS treatment is a low-fat diet,
or ‘Swank diet’.1” The diet consists of consuming no more than 10-15 g of saturated fats
per day, and was widely used before disease-modifying therapies were introduced.
Literature reports a 50-year study beginning in 1953 that followed 144 MS patients; 70
consumed less than 20 g/day of fat (‘good dieters’), and 74 consumed more than 20 g/day
of fat (‘bad dieters’). The study reported in the year 2000 there were only 15 survivors
from the beginning 144 patients, and most of whom were currently healthy MS patients
who were originally from the ‘good dieters’ group.’ 20 Although criticized for lacking a
control group, this work along with others supports a diet low in saturated fats contributing

to reduced disease activity and disability.?!

Recent work has linked a ketogenic diet (KD) to decreased MS disease activity.?2-24
Known for being a low carbohydrate diet, the KD consists of high fats and low
carbohydrates, which forces the body to produce ketones from the breakdown of fats in
the liver, rather than carbohydrates, to be used as energy. Carbohydrates cause the body
to produce glucose, which is the easiest molecule for your body to convert and use as
energy, which is why the KD is often referred to as a carbohydrate fast. The KD is widely
used in patients with epilepsy and has been found to have neuroprotective effects and be
both clinically safe and effective.???* When the KD was used to treat EAE, motor disability
improved and periventricular lesions were reversed.?® A decrease in reactive oxygen
species and inflammatory cytokines were also measured due to a KD in EAE.?® Studies

report a neuroprotective role of ketone bodies in animal models of neurodegeneration
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and are thought to have beneficial effects by stabilizing neurons and allowing their
potassium ion channels to open.?® In order to more fully understand how various therapies

are effective in MS patients, certain traits of the disease must be understood.

3.2 Multiple Sclerosis Traits

3.2.1 ATP and NO in Multiple Sclerosis

Various reports in the literature implicate adenosine triphosphate (ATP) as being toxic to
oligodendrocytes, the cells that make myelin.?6-?8 Oligodendrocytes have extremely high
metabolic rates, which allows them to properly myelinate, and a large amount of ATP is
necessary for their success. The ATP receptor on oligodendrocytes is the P2X7 receptor,
which is a Ca?*-permeable purinergic receptor. Healthy ATP levels will reversibly open
the P2X7 cation channel, while higher ATP levels cause sustained activation of the
receptors, leading to oligodendrocyte excitotoxic cell death and lesions that are similar to
those found in MS patients.?% 28 Interestingly, Matute et al. reported that chronic EAE
treated with P2X7 antagonists reduced demyelination and ameliorated neurological
symptoms.?’ In the same study, elevated levels of P2X7 RNA and protein levels were
measured in axon tracts of patients with MS, implying oligodendrocyte P2X7 receptor
signaling is enhanced in MS, which has potential to be used as a diagnostic tool.?5-2” An
additional study of interest investigated EAE induction in P2X7 deficient mice.?®
Interestingly, the P2X7 deficient mice were 4-times less likely to experience EAE
symptoms compared to wild type mice, and although activated T-cells were detected in

the brains of the deficient mice, no clinical signs of EAE were observed. ?° These results
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together are indicative of ATP playing a large role in MS, suggesting that MS symptoms

decrease as the amount of available P2X7 receptors decrease.

T-cells also contain purinergic receptors that bind ATP to open Ca?* ion channels.
Increased Ca?* flux activates T-cells, and as in autoimmune disease, MS is associated
with overly active T-cells. When activated, T-cells proliferate and enhance inflammation
through cytokine secretion. ATP is a known stimulus of T-cell activation, but only at
elevated levels (such as ATP release due to cell death), and although the origin of the
excess ATP is debated, it is clear that overactive T-cells lead to the demyelination seen

in MS.30'31

If ATP is a determinant in MS, finding sources of this extracellular ATP is a key step
towards understanding disease etiology. The Spence group has reported that RBCs from
MS patients, in comparison to control RBCs, release elevated amounts of ATP when
subjected to flow-induced shear stress.3> RBC ATP release is triggered by RBC
deformation, and while debate is ongoing as to whether or not MS RBCs are more or less
deformable than control RBCs,*3 an increase in RBC deformability is thought to lead to

increased RBC ATP release.?*

As shown in Figure 2.1, RBC ATP release in the bloodstream begins with activation of
the heterotrimeric G protein (Gi) by mechanical deformation.343¢ It follows that if RBC
deformation activates Gi, the more deformable a RBC is, the more often Gi will become

activated, leading to elevated ATP release. This mechanism is of particular importance in
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MS due to the fact that ATP is a stimulus of endothelial NO production, which is a

determinate in MS. 37

The production of NO is often thought of as a positive event in the bloodstream due to its
role as a vessel dilator leading to improved blood flow;3 however, reports suggest that
high levels of NO break down the BBB and are detected in lesions of MS patients.3%-4°
Elevated levels of NO metabolites, such as nitrate and nitrite, have also been measured
in the CSF and urine of MS patients.%4 Smith et al. studied the effect of NO on axons,
and discovered that the combination of NO in lesions and normal impulse traffic of axons
may cause degeneration of axons, leading to permanent damage and disability that
accompanies MS.*® Also noteworthy, the inducible form of nitric oxide synthase (iINOS) is
able to release low micromolar concentrations of NO, which can impair mitochondrial
metabolism, and is often found at sites of inflammation (lesions in MS patients).4®
Collectively, it is clear that ATP and NO play a role in MS. Most MS studies focus on the
central nervous system, where most of the damage occurs in the disease; however,
events in the bloodstream may play a larger role than previously anticipated in the onset

of MS.

3.2.2 Zinc and Multiple Sclerosis

The role of zinc in MS has been debated for over 30 years. As an essential element for
all organisms, and secreted from pancreatic beta cells into the bloodstream at very high

concentrations, the immune system and nervous system rely heavily on zinc to properly
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function. T-cell count, function, and activity are affected by zinc concentrations.
Interestingly, there exists cluster studies that investigated geographical clusters of
increased MS diagnoses with respect to trace metal contamination, specifically zinc.
Results found that areas exposed to zinc contamination were associated with higher than
normal MS diagnoses in people living in that area, suggesting elevated zinc levels may

play a role in the etiology of the disease.*’-4®

Other studies involving zinc and MS were reported in the mid 1980’s by Dore-Duffy; she
reported that RBCs obtained from people with MS contain three times more zinc when
compared to RBCs from healthy controls.*® Studies from the Spence lab have also
measured similar results, strongly implicating zinc in MS, specifically with regard to the
RBC.%° Researchers suggest hypotheses implicating zinc carrier protein affinity to RBCs,
RBC increased affinity for zinc carrier proteins, or increased receptors for the complex on
RBCs.*% 51 Work presented in this dissertation, along with previous work, attempts to
better understand the role of the bloodstream in MS disease onset, and mechanisms of

action of certain MS therapies.

3.2.3 Pregnancy and Multiple Sclerosis

Overall, women are diagnosed with MS twice as frequently as men, although men tend
to have a more progressive disease state compared to women.> In accordance with

these statistics, it has been suggested that the Y chromosome may contain genes that
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produce protective effects on MS. Conversely, the X chromosome may have promoting
effects that lead to the discrepancy of MS diagnoses; however there is no conclusive

evidence to date.®3

Before 1950, women with MS were advised to avoid pregnancy. It was thought that the
combination of pregnancy and MS might increase relapse rate. It is now understood that
pregnancy has a protective effect on MS symptoms, and various explanations have been
implicated in its mechanism.>*%6 Pregnancy is known to have an immunosuppressive
effect on the body, due to the necessity of compatibility between the maternal immune
system and the fetomaternal unit, > and high levels of immunologically active substances
such as IFN-B, estrogen, and cortisol have been found in the serum of pregnant women.¢
An important immune shift during pregnancy is from helper T-celll (Th1l) dominance, to
Th2 dominance. Because of this T-cell shift, it follows that pregnancy improves Thl-
dominant immune diseases such as rheumatoid arthritis and MS. The shift in immune
cells is thought to be caused by high levels of estrogen and progesterone associated with
pregnancy. Estrogens downregulate the activity of microglia, have been found to
decrease the negative effects associated with EAE, and inhibit cell-mediated immunity at

high concentrations.>®

The pregnancy in MS (PRIMS) study was conducted in 1998 by Confavreux et al., and
followed 254 pregnant women with MS during their pregnancies and for up to 12 months

postpartum, documenting experienced relapses.®” Results from this study found that MS
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relapses decreased in number during pregnancy, particularly during the third trimester;
however, relapses increased during the first three months postpartum before returning to
the rate experienced before pregnancy. MS relapse rate during pregnancy correlates to
steroid hormone levels such as the estrogens, estradiol and estriol. Both steroid
hormones are present during pregnancy, and are at their highest during the third
trimester. Noteworthy, the levels of both estradiol and estriol dramatically decrease after
delivery, suggesting a direct correlation between estrogen content in the body and relapse

rate.>8

Following the PRIMS study, Vukusic et al. studied the treatment of MS patients with
progestin and estradiol immediately postpartum (when relapses recur), in the Prevention
of Post-Partum Relapses with Progestin and Estradiol in Multiple Sclerosis
(POPART'MUS) trial. High doses of progestin (10 mg daily) or estradiol (100 ug
transdermal patch weekly) were administered to MS patients immediately following
delivery in a randomized, placebo-controlled and double-blind clinical trial. The trial
consisted of 202 patients, and researchers anticipated a decrease in relapse rate.>°
Unfortunately, the trial was stopped early in October 2011 due to no significant difference
in relapse rate between control and treated groups. A possible explanation could be that
the dose of steroids used in the study was not sufficient. Regardless, researchers agree

that the role of steroids should be further studied with respect to MS.59-60
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Due to the sex discrepancy and results from the PRIMS study, Sicotte et al. investigated
the treatment of female MS patients with 8 mg/day of oral estriol.®° The study reported a
significant decrease in enhancing lesions with estriol treatment, and when treatment was
stopped, the lesions increased to levels seen before treatment.®° To investigate if estriol
treatment is gender specific, Palaszynski et al. investigated the effect of estriol on male
and female EAE in mice.%! Results concluded that a decrease in EAE severity was
measured due to estriol treatment in both female and male mice.®! Proinflammatory
cytokine production also decreased with estriol treatment in both male and female EAE,

suggesting a significant role for the sex steroid in both males and females with MS.6%

The Spence lab investigated the in vitro effects of estradiol on RBC ATP release and
subsequent endothelial NO production from bovine pulmonary arterial endothelial cells
(bPAECSs).3? RBCs from MS patients release significantly more ATP (375 + 51 nM) when
subjected to flow induced shear stress compared to control RBCs (138 + 21 nM).
Furthermore, the ATP release, along with the subsequent endothelial NO production, was
attenuated almost 40% when the controls RBCs were treated with estradiol.>® Although
estradiol-treated MS RBCs were not studied, a similar trend is hypothesized due to the

suggested mechanism of action within the RBC.?

Although estrogens are not currently an approved MS therapy, other steroids, such as
prednisone, are commonly prescribed to alleviate MS symptoms. Avila-Ornelas et al.
reported a statistically significant benefit of 1 g of the intravenous steroid

methylprednisolone (used to treat acute MS relapses) in preventing MS relapses after

67

www.manaraa.com



delivery.? Although sex steroids were not used, sex steroids such as estradiol are similar
in structure to methylprednisolone, suggesting their effect on cells may be similar, even

though their structures are different.

Steroid treatments are successful in decreasing inflammation and pain; however,
hypertension is known to be a common side effect.1415 63 Steroids reduce inflammation
by decreasing the pro-inflammatory protein expression of cells, and at high
concentrations activate the expression of anti-inflammatory proteins in cells.'*-*? Although
this is the accepted mechanism of action, it is only relevant to cells containing a nucleus,
which does not include RBCs. Any effect steroids have on RBCs must be through a

different mechanism of action.

To further investigate how steroids affect RBCs and the downstream mechanisms,
studies involving cell-to-cell communication between RBCs and endothelial cells are
necessary. Previous work utilized soft lithography and poly(dimethylsiloxane) (PDMS) to
create microfluidic devices that allowed RBCs to flow in channels beneath bPAECS,
separated by a membrane. This set-up allowed for an in vitro mimic of in vivo conditions
within blood vessels; however, the devices proved to be difficult to produce and reuse,

which led to alternate methods, discussed in the following section.
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3.3 3D Printed Device and Design for Experimental Analysis

3D printing has been in existence for nearly 30 years, and is very popular in the fields of
engineering and biomedical sciences.®* The fabrication process involves using computer
aided design (CAD) software to create models that are saved as .STL (Standard
Tessellation Language) files and are compatible with a 3D printer. The .STL file
triangulates the design and allows the 3D printer to read the design as coordinates, and

the printing process uses additive manufacturing to build a 3D model one layer at a time.

After realizing the shortcomings of PDMS devices, the Spence group began utilizing 3D
printing to create a device to mimic in vivo circulatory vessels. The Connex PolyJet 3D
printer available in the Department of Electrical and Computer Engineering at Michigan
State University was used for this research. The printer contains a nozzle that lays down
a layer of monomer, and then cures that layer using UV light. This process occurs many
times until the object is finished. As the object is built, support material can be utilized to
create void spaces that can be cleared out using high-pressure water after printing. The
ability to design all specifications of an object makes 3D printing is a preferable technique

compared to soft polymer lithography.

Human resistance vessels range in size from about 10 — 200 pum in diameter, which
cannot be created with this 3D printer. The resolution of the printer available for the work
reported here is 100 um in the X, y direction, and 16 um in the z direction. In order to

guarantee consistent and reproducible channels throughout the device, all channels were
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created 2 mm in diameter. Although not directly mimicking microfluidic conditions, fluidic

conditions simulating the in vivo shear stress experience by RBCs were still achieved.

The device printed for this work contains 6 channels to allow for high throughput, all with
two detection wells containing a membrane for separation. RBCs were circulated through
the channels using a peristaltic pump and tygon tubing, creating a closed-loop system,
and as RBCs released ATP due to flow induced shear stress, the released ATP diffused

into the buffer-filled detection wells to be measured.

bPAECs were also cultured in the detection well to allow for cell-to-cell communication
between RBCs and the bPAECs. As the RBC-released ATP bound to the endothelial P2Y
receptors, NO was produced and detected using a fluorescent probe. Although not the
first device to allow for cell-to-cell communication, the ability for .STL files to be amenable
to any 3D printer allows for standardization and more consistent results between various

laboratories.

3.4 Experimental

3.4.1 Isolation and Purification of Red Blood Cells

Whole blood was obtained from consenting donors through venipuncture, and collected
into heparinized tubes. The whole blood was centrifuged at 500g for 10 minutes, and the
plasma and buffy coat removed via aspiration. The remaining RBCs were resuspended

and washed three times in a physiological salt solution (PSS) containing 4.7 mM KClI, 2.0
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mM CacClz, 140.5 mM NaCl, 12 mM MgSOa4, 21.0 mM tris(hydroxymethyl) aminomethane,
5.5 mM dextrose, and 0.5% bovine serum albumin at pH 7.4. RBCs were prepared the
day of the experiment and used within 8 hours of collection. To determine the percentage
of RBCs in the final sample, the hematocrit of the washed RBCs was measured using a

StatSpin CritSpin hematocrit centrifuge (Beckman Coulter, Brea, CA).

3.4.2 Preparation of Reagents

18.2 MQ distilled deionized water (DDW) was used for all experiments. Estriol (Sigma
Aldrich, St. Louis, MO) stock solutions were prepared by dissolving 2.9 mg in 0.5 mL
dimethyl sulfoxide (DMSO, EMD Chemicals, Gibbstown, NJ) and two serial dilutions were
performed in PSS to make 50 uM (12.5 uL of the stock solution in 5 mL of PSS) and 0.5
UM (10 pL of the 50 uM solution in 990 uL of PSS) solutions. Prednisolone, the active
form of prednisone, (Sigma Aldrich) stock solutions were prepared by dissolving 2.4 mg
in 0.5 mL DMSO, and working solutions were made by diluting the stock to 0.5 mM in
PSS (38 pL in 962 pL PSS). A stock solution of Zn?* was prepared by dissolving 0.02 g
Zinc (1) chloride (Jade Scientific, Canton, Ml) in 200 nM DDW and diluting to 800 nM in
DDW, and the initial ®5Zn?* stock was prepared by diluting 500 uCi of 85ZnCl2 in 30 mL

DDW (80 uM), and sequential dilutions were prepared in DDW (10 uL in 990 uL DDW).

Crude C-peptide (80% pure, Peptide 2.0, Chantilly, VA) was purified using reverse-phase
high performance liquid chromatography (HPLC) and the parameters shown in Table 3.1.

The purified C-peptide was subsequently lyophilized overnight prior to dissolution of 5 mg
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in 5 mL DDW. The resulting C-peptide purity was verified using HPLC- mass
spectrometry, and a final 8 uM stock solution was prepared in DDW and used for all

experiments (121 pL in 5 mL DDW).

Hanks’ balanced salt solution (HBSS) was prepared by dissolving Hanks’ Balanced Salts
(Sigma Aldrich) in 1.0 L DDW. A stock luciferin/luciferase solution was prepared by
dissolving 20 mg of Luciferin (Golden Bio, Olivette, MO) and 100 mg firefly lantern extract
(Sigma Aldrich) in 10 mL DDW. NO detection utilized a stock solution of 4-amino-5-
methylamino-2’,7’-difluorescein (DAF-FM, Life Technologies, Waltman, MO), prepared by
dissolving 1 mg of DAF-FM in 288 yL DMSO and diluting to 5 yM in HBSS. A PPADS
(pyridoxalphosphate-6-azophenyl-2’, 4’-disulfonic acid, Abcam, Cambridge, MA) working
solution of 10 mM was prepared by diluting a 100 mM stock (50 mg PPADS in 1 mL

DMSO) in HBSS.
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Table 3.1 — HPLC gradient method C-peptide purification.

Time (min) Flow Rate (mL/min) % Solvent A %Solvent B

0 5 100 0

5 5 60 40
30 5 50 50
40 5 0 100
45 5 0 100
50 5 100 0

55 5 stop stop

Solvent A: 0.1% HPLC-grade trifluoracetic acid (TFA) in HPLC-grade water

Solvent B: 0.089% TFA + 60% HPLC-grade Acetonitrile in HPLC-grade water

Flow Rate: 5 mL/min

Column: Waters Atlantis T3 OBD Prep Column. 10 mm x 150 mm.

The following reagents were prepared and used for all Western Blot analysis: Tris
buffered saline (TBS) was prepared by dissolving 2.4 g of Tris-hydrochloride and 29.2 g
of sodium chloride in 1 L of water at a pH of 7.5, and Tris buffered saline with Tween
(TBST) was prepared by mixing 500 mL of TBS with 250 uL of Tween-20 (Sigma Aldrich).
Bicarbonate buffer was prepared by dissolving 4.13 g of sodium bicarbonate and 0.24 g
of magnesium chloride in 500 mL of water. 10x running buffer was prepared by dissolving
144 g glycine, 30.2 g UltraPure Tris, and 10 g SDS in 1 L of water, and 10x transfer buffer
was prepared by dissolving 3.0 g UltraPure Tris and 14.4 g glycine in 200 mL of methanol
and 800 mL water at a pH of 8.3. Running buffer and transfer buffer were reused six times

before disposal, and 500 mL of lysis buffer were prepared with 10 mM UltraPure Tris HCI

and 0.2 mM EDTA at a pH of 7.2 in DDW.
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3.4.3 Red Blood Cell Prednisolone and Estriol Treatment

RBC samples (1 mL total volume) were prepared at 7% hematocrit with varying
concentrations of estriol or prednisolone. The estriol concentrations reflect levels of estriol
per RBC seen during pregnancy. Scaled to the 7% RBC samples used throughout these
studies, estriol is present at 7 nM in a healthy female, 30 nM is present during early
pregnancy, and up to 0.5 uM is present in late pregnancy.®® Samples prepared throughout
these studies reflected these estriol concentrations along with additional concentrations

for resolution.

Prednisolone is the active form of prednisone, which is commonly prescribed to MS
patients to help with symptoms of acute relapses. A common dosage prescribed is
between 500 and 1000 mg once daily for three to five days total.®®> Scaling to proper
steroid concentration per RBC, the appropriate physiologically relevant prednisolone
concentrations fall within a range of 50 — 100 uM for a 7% RBC sample. Lower

prednisolone concentrations were also examined in this work for full analysis.

Samples 1 mL in total volume were prepared by adding the steroid to a 1.6 mL sample
vial, followed by PSS and then enough RBCs to result in a 7% RBC solution (about 7.8 x
108 cells) prior to a 45-minute incubation at 37°C before flowing through the 3D printed
device. All NO experiments required a washing of the RBCs after the initial 45-minute
incubation, which consisted of centrifugation at 500g at 25°C for 5 minutes followed by

850 pL of the supernatant replaced with fresh PSS.
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When samples required C-peptide and Zn?* addition, the samples were centrifuged at
5009 for 5 minutes after the initial 45-minute incubation, and 840 pL of the supernatant
were replaced with 790 pL of fresh PSS. 50 pL of a 400 nM C-peptide and Zn?* mixture
were subsequently added to each sample, followed by a 2 hour incubation at 37°C prior

to sample analysis.

3.4.4 3D Printed Device Preparation

Autodesk Inventor software was used to create a model prototype of the device. The
model was then saved as a .STL file and sent to the 3D printer (Objet Connex 350)
housed in the Department of Electrical and Computer Engineering. Once printed, a
high-pressure water stream was used to remove support material before utilizing the
device for experiments. The device was made of VeroClear material (Stratasys Ltd, Eden
Prairie, MN), and a schematic drawing of the device along with dimensions is shown in
Figure 3.2. While the exact composition of the VeroClear material is proprietary, it
approximately contains isobornyl acrylate (15-30%), acrylic monomer (15-30%), urethane
acrylate (10-30%), acrylic monomer (5-10; 10-15%), epoxy acrylate (5-10; 10-15%),
acrylate oligomer (5-10; 10-15%), and photoinitiator (0.1-1; 1-2%). Samples were
circulated by a peristaltic pump (IDEX Health & Science LLC, Oak Harbor, WA) below
inserts containing a 0.4 ym polyester membrane (Sterlitech, Kent, WA). All membranes
were in direct contact with the flowing sample to aid in diffusion, and a unique feature of
the device is that when finger tight fittings were attached to the end of each channel, the

device was the exact size of a 96 well plate. This design allowed for ease of
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measurements using a plate reader, as the device fit directly into the instrument for

detection following flow.

127.00 mm

R}

womoy Wy
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Figure 3.2 — 3D Printed Device Design and Dimensions. The device used for all ATP and
NO measurements is shown above. Six channels allow for high throughput, and each
channel can hold two membrane inserts. The dimensions of the device are 127.00 mm x
66.24 mm x 13.40 mm. Each channel is 2.00 mm in diameter, and a membrane insert
with a diameter of 9.30 mm is compatible. The ends of each channel contain threads
compatible with commercial finger tight fittings. When each channel contains two finger
tight fittings, the device is the same size as a 96-well plate and can be integrated into a

plate reader for detection.

76

www.manaraa.com



3.4.5 ATP Detection Procedure

The luciferin/luciferase chemiluminescent assay was utilized to determine the amount of
ATP released from RBCs. Samples were prepared and incubated prior to circulation
through the 3D printed device at a rate of 250 pL/min. As the RBCs were subjected to
shear stress, the released ATP diffused through the porous polyester membrane (0.4 ym
pore size, Sterlitech, Kent, WA) into 100 yL of PSS loaded above the membrane. After
20 minutes of circulation, 10 uL of the luciferin/luciferase solution were added to the
transwell insert, and the chemiluminesence intensity was detected exactly 20 seconds
later using a Spectra Max M4 plate reader (Molecular Devices, San Jose, CA). The entire
experimental set-up is shown in Figure 3.3, and the reaction measured is depicted in
Figure 3.4. ATP standards were circulated under identical conditions in order to quantify

the ATP release.
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Figure 3.3 — Experimental Setup and Detection. A. The device used for all experiments.
Each channel contains two transwell inserts with a 0.4 um membrane. A schematic
drawing shows that the device is diffusion based, and as RBCs release ATP, the ATP will
diffuse into the detection wells. bPAECs can be cultured on one of the transwell insert to
measure NO production. B. View of a flow experiment. The experimental set up utilizes a
peristaltic pump and Tygon tubing to create a closed loop system mimicking in vivo
vasculature. C. Luminescence or fluorescence is measured using a plate reader. The
device is the size of a 96-well plate and fits into the detection compartment of the
instrument.
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Figure 3.4 — Chemiluminescent Luciferin/Luciferase Reaction. As D-Luciferin mixes with
Firefly Luciferase, Mg?*, and ATP in the presence of oxygen, oxyluciferin is generated
along with inorganic phosphate (PPi), AMP, and carbon dioxide. The generated products
produce a chemiluminescence intensity that can be measured by a photomultiplier tube
(PMT), and standards are used to quantify the amount of ATP released.

3.4.6 Bovine Pulmonary Arterial Cell Culture

Bovine pulmonary arterial endothelial cells (0PAECs) were used as a mimic of a human
endothelium and cultured in a T-75 culture flask in cell media (Endothelial Growth Media
(EGM), which contains 5% fetal bovine serum with penicillin, streptomycin and phenol
red). Once grown to confluence (confirmed using optical microscopy, shown in Figure
3.5A), the cells were harvested using a 0.25% trypsin solution to release them from the

flask, and washed in EGM by centrifugation at 15009 for 5 minutes followed by aspiration
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of the supernatant. After resuspension in EGM, the cells were ready to be immobilized to

the detection well membranes.

Benzotriazole
Derivative

Ex: 495 nm
Em: 515 nm

Figure 3.5 — Optical Microscopy bPAEC Picture and DAF-FM Reaction. A. Optical
microscopy picture of confluent bPAECs grown in a tissue culture flask. B. As NO is
produced and reacts with DAF-FM in the presence of oxygen, a benzotriazole derivative
is produced. This product can be measured by fluorescence with an excitation wavelength
of 495 nm and an emission wavelength of 515 nm.

To allow the cells to adhere and grow on the membranes, 50 uL of a 32 ug/mL fibronectin
solution in DDW were added to the detection well and allowed to dry. Once fully dried,
the device was exposed to a UV light for 15 minutes for sterilization purposes. 200 uL of
the bPAEC suspension solution (30,000 — 40,000 cells) were then added to the well and

allowed to incubate at 37°C overnight before use in experiments.
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3.4.7 NO Detection Procedure

To determine the amount of NO produced from endothelial cells, DAF-FM was used as a
fluorescent probe. Similar to the ATP release protocol, samples were circulated
underneath a porous membrane that contained a layer of cultured endothelial cells.
Above the membrane, 200 pL of a 5 uM DAF-FM solution in HBSS were loaded onto the
cultured cells, and the produced NO was allowed to react with the probe in total darkness
(reaction shown in Figure 3.5B). After 60 minutes of circulation, a fluorescence
measurement of the wells was performed (excitation: 488 nm, emission: 520 nm).
Following the fluorescence measurement, the bPAECs were removed from the inserts
using 0.25% trypsin, and counted using a hemacytometer (Reichert, Buffalo, NY). All
fluorescence measurements were normalized to the cell count of each insert, and that

ratio normalized to the control sample ratio.

The ATP receptor on endothelial cells (P2Y receptor) was inhibited to verify that the
measured NO was produced from the endothelial cells due to ATP exposure. PPADS
was used to inhibit the NO production of the endothelial cells, and if a similar amount of
NO was detected after PPADS treatment, the results would suggest that NO was being
produced by a source other than ATP stimulation of the endothelial cells. 50 uL of the
PPADS working solution were added to the inserts containing bPAECs and allowed to

incubate for 30 minutes at 37°C before rinsing with HBSS prior to use in experiments.
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3.4.8 Deformability Procedure

The deformability of RBCs was assessed using a 3D-printed cell filter containing a porous
membrane. Samples of 5% RBCs were forced through the deformability device utilizing
a peristaltic pump, and collected. The number of RBCs that passed through the filter in
10 minutes were counted on a hemacytometer (Reichert, Buffalo, NY) and compared

relative to other samples as a measure of deformability.

The device was created by a previous member of the Spence group, and is shown in
Figure 3.6.%6 As shown, the two main parts of the filter were printed in VeroClear material
with rubber-like TangoBlack material (Stratasys Ltd,) O-rings that sandwiched a 5 pum
polycarbonate membrane. Binder clips held the device together, and a peristaltic pump
delivered the cells via tygon tubing screwed into the device by a finger tight adapter. All
RBCs that passed through the membrane after 10 minutes were collected and the number

of cells counted.%®
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Figure 3.6 — 3D Printed Deformability Device Design and Experimental Setup. A. O-rings
on each slab sandwich a 5 um polycarbonate membrane which acts as a filter for this
device. B. The assembled device with binder clips to hold the membrane and two slabs
in place. C. View of a deformability experiment. As RBCs are forced through the device
and membrane, the cells that pass through are collected and later counted. Comparing
the number of RBCs that pass through the membrane in a given time is used as the
measure of deformability. D. A schematic view of the filtration process. RBCs are forced
through the device using a peristaltic pump, and the cells are required to deform to fit
through the membrane. Cells that are deformable enough to fit through the membrane
pass through and are collected, while cells that are not deformable enough will not pass
through the membrane. The device was created by a former Spence lab member.%®
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3.4.9 Red Blood Cell Radioactive °Zn?* Binding

Zn?* binding to RBCs was measured with radiolabeled 9°ZnCl> using a scintillation
counter. Samples were prepared with and without prednisone as described in section
3.4.3 with one exception; the Zn?* added was 800 nM %2Zn?*. After the addition of C-
peptide and ©2Zn?*, all samples were incubated for 2 hours at 37°C followed by
centrifugation at 500g for 5 minutes. %5Zn?* binding was determined by analysis of the
amount of 85Zn?* left in the supernatant, which was subtracted from the initially added 20
nM 65Zn2*. A Micro Beta scintillation counter (Perkin Elmer, Boston, MA) was used for
detection of 200 pL of the sample supernatant mixed with 100 uL of Ultima Gold
scintillation cocktail (Perkin Elmer, Boston, MA) in a 96-well plate and allowed to incubate

for 30 minutes prior to detection.

3.4.10 Red Blood Cell C-peptide Binding

RBC C-peptide binding was measured with a commercially available C-peptide enzyme
linked immunosorbent assay (ELISA) kit (ALPCO, Salem, NH). After treatment with
prednisolone, 50 pL of the 400 nM C-peptide and Zn?* stock were added to the samples
before a 2 hour incubation at 37°C. After the incubation, all samples were centrifuged and
the supernatant was removed for analysis. The amount of C-peptide bound to the RBCs
was calculated by subtracting the amount left in the supernatant from the amount initially

added (20 nM, as described in section 3.4.3). Prior to analysis, all samples were diluted
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1:50 in DDW to assure final values within the dynamic range of the assay. The ELISA kit
assay consists of wells coated with primary C-peptide antibodies to capture the C-peptide
molecules in the sample. After the initial capture, secondary antibodies conjugated with
an enzyme were added to each well. Before detection, a substrate that produced a
colorimetric reaction when combined with the enzyme was added. A final addition of the
stop solution halted the ongoing reaction and an absorbance measurement was taken at

450 nm by a Spectra Max M4 plate reader (Molecular Devices).

3.4.11 Preparing Red Blood Cell Ghost Samples

RBC samples were prepared as described in sections 3.4.3 and 3.4.5. After the 2 hour
incubation with C-peptide and Zn?*, the samples were centrifuged at 500g for 5 minutes
and the supernatant removed. The remaining pelleted RBCs were lysed with 1 mL lysis
buffer. All samples were then stored at 4°C for 30 minutes before centrifugation at 22,0009
for 15 minutes at 4°C. The supernatant was removed and the pellet resuspended in 1 mL
of lysis buffer. After mixing, the samples were centrifuged again at 22,000g and 4°C for 5
minutes, the supernatant removed, and fresh lysis buffer added. This process was
repeated three times total or until no more hemoglobin was visible (red color). Once all
hemoglobin and cytosolic content were removed; the remaining pelleted ghosts were

stored at -20°C until use.
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3.4.12 SDS-PAGE and Western Blot Analysis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate the proteins of the RBC membrane prior to analysis. RBC ghosts diluted 1:200
in 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA) were loaded onto a 10%
polyacrylamide gel. The gel was subjected to 80 V for 20 minutes, and then 120 V for
about 90 minutes or until the buffer reached the bottom of the gel by visual inspection.

Subsequent analysis consisted of Western Blot analysis.

Western Blot analysis was utilized to specifically probe the GLUT1 content of the RBCs.
Once the proteins were separated by SDS-PAGE, all proteins were transferred to a
polyvinylidene difluoride (PVDF) transfer membrane (EMD Millipore, Burlington, MA)
overnight at 15 V for Western Blot analysis the following day. After transfer, the PVDF
membrane was blocked for nonspecific binding for 1 hour with 5% dry milk in TBST.
Primary antibodies for GLUT1 (Abcam, Cambridge, MA) and Spectrin Beta 1 (Novus
Biological, Littleton, CO) (15 pL in 15 mL of TBS and 0.75 g dry milk) were added and
allowed to incubate for one hour at room temperature. After rinsing in TBST, anti-rabbit
and anti-mouse secondary antibodies conjugated with alkaline phosphatase (Sigma
Aldrich,) (5 uL in 15 mL of TBST and 0.75 g dry milk) were added and allowed to incubate
an additional hour. Following a final rinsing step, incubation with 4.5 mg NBT (nitro-blue
tetrazolium chloride) (Sigma Aldrich,) and 2.0 mg BCIP (5-bromo-4-chloro-3’-
indolyphosphate p-toluidine salt) (Sigma Aldrich,) in 500 pL N-dimethylformamide and 15

mL bicarbonate buffer produced a colorimetric indication of the GLUT1 and Beta Spectrin
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present. Once dried, the membrane was scanned and ImageJ software was used to

guantify band thickness and intensity. GLUT1 band intensities were normalized to Beta

Spectrin band intensities, and all samples were normalized to the control sample on each

membrane.

3.5 Results

Prior to measuring ATP release from flowing RBCs, the effect of estriol and prednisolone

on the chemiluminescence was assessed. Table 3.2 depicts no significant difference in

chemiluminescence intensity when 1 uM estriol, or 100 uM prednisolone is added to an

ATP standard of 200 nM and flowed under conditions described in section 3.4.5.

Table 3.2 — The Effect of Estriol and Prednisolone on Luminescence Detection.

Luminescence

1 uM Estriol*

(Intensity)
200 nM ATP in Buffer 152.6 +24.3
200 nM ATP in Buffer + 169.3 + 9 1

Luminescence
(Intensity)
200 nM ATP in Buffer 151.0+17.3
200 nM ATP in Buffer +
100 pyM Prednisolone* 158.4 9.1

*p > 0.2 to 200 nM ATP in Buffer
n = 3, error = standard deviation

A significant decrease in RBC-derived ATP release from both control and MS RBCs

treated with estriol is shown in Figure 3.7. While healthy RBCs release 216 = 11 nM ATP

at basal level, when treated with estriol, the ATP release measured decreased to 108 +
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12 nM. The 3 nM treated reduction was not statistically significant, however, when treated
with 7 nM, 30 nM, or 1 uM estriol, a significant decrease in RBC ATP release was
measured. Due to flow induced shear stress, MS RBCs release 105 nM more ATP than
control RBCs, as seen in Figure 3.7. Interestingly, when MS RBCs were treated with the
same estriol concentrations as the control RBCs, the measured ATP release decreased
to statistically the same level as control RBCs when treated with 7 nM estriol, and a

significant decrease in ATP release was measured at all estriol concentrations.
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Figure 3.7 — RBC ATP Release from Control and MS RBCs Treated with Estriol. When
both control and MS RBCs were treated with estriol, the measured ATP release
significantly decreased. Control RBCs are depicted in the black circles, and MS RBCs
are depicted in the white circles. At basal level, control RBCs release 216 £ 11 nM ATP,
and MS RBCs release 321 + 18 nM ATP. As higher estriol concentrations were incubated
with RBCs, the ATP release continued to decrease until reaching a plateau level.
Noteworthy, when MS RBCs are treated with 7 nM estriol, the RBC ATP release
decreased to statistically the same level as the untreated control RBC ATP release. n =
4 donors, *p < 0.05 to control RBCs, **p < 0.05 to MS RBCs, #p > 0.4 to control RBCs,
E3 = estriol, error bars = SEM.

Similar to estriol treated RBCs, a decrease in RBC ATP release was also measured due
to the presence of prednisolone, from both control and MS RBCs. Shown in Figure 3.8,
when control RBCs (closed circles) are treated with prednisolone, the measured ATP
release decreased from 226 £ 9 nM to 146 + 17 nM and a significant decrease in ATP

release was measured at all prednisolone concentrations tested. MS RBCs responded

89

www.manaraa.com



similarly to prednisolone, also shown in Figure 3.8 (open circles). MS RBCs released 330
+ 22 nM ATP when subjected to flow induced shear stress, which decreased to 178 £ 15
nM ATP release when the cells were treated with 100 uM prednisolone. As with the estriol
treated MS RBCs, treatment with prednisolone decreased RBC ATP release to
statistically the same level as control RBCs for prednisolone concentrations of 5 and 50
MM, and interestingly, 5, 50, and 100 uM prednisolone-treated MS RBCs all released
significantly less ATP than the untreated MS RBCs.

400 -

Control RBCs
* MS RBCs

350 {

300 - {
] * % * %

250 4

Q

% %k

*

200 - i

150 -

ATP Release (nM)

e
*
e+ ¥ oo *®
e o4 *

100 -

Y ol ol ol .ol
O ,\\)@\? “\? “\? “\?

R\
< 5% QN '\QQ\?

Figure 3.8 — RBC ATP Release from Control and MS RBCs Treated with Prednisolone.
When both control and MS RBCs were treated with prednisolone, the measured ATP
release significantly decreased. Control RBCs are depicted in the black circles, and MS
RBCs are depicted in the white circles. As higher prednisolone concentrations were
incubated with RBCs, the ATP release continued to decrease. Noteworthy: when MS
RBCs were treated with 5 or 50 uM prednisolone, the RBC ATP release decreased to
statistically the same level as the untreated control RBC ATP release. n = 4 donors, *p <
0.05 to control RBCs, **p < 0.05 to MS RBCs, #p > 0.4 to control RBCs, P2 =
prednisolone, error bars = SEM.
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Diamide was used as a control to verify that the ATP release measured was not due to
cell lysis while the RBCs traversed through the printed channels. Literature reports that
diamide stiffens cells,®” which has a direct correlation to ATP release from RBCs.%® As
shown in Figure 3.9, 40 uM diamide treatment on samples of 7% RBCs decreased the
measured ATP release from 189 + 25 nM, to 57 £ 17 nM. This result suggests the RBCs
are not lysing during the time of the experiment. If cell lysis did occur, the ATP release
would increase greatly due to the large ATP pool within the RBC. Reports that cell
stiffening leads to decreased ATP release also support the conclusion that the cells are

not lysing during the experiments.®°
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Figure 3.9 — RBC ATP Release from Control Cells Treated with Diamide. As a control,
diamide was used to verify that the measured ATP was not due to cell lysis. Diamide
stiffens cells, which has a direct correlation to ATP release from RBCs. When RBCs were
treated with diamide, the measured ATP release decreases from 189 + 25 nM, to 57 + 17
nM. This result confirms that the RBCs are not lysing during the time of the experiment,
as diamide would not decrease the ATP release from lysed RBCs. n = 4 donors, *p <0.05
to control, error bars = SEM.

To study the direct relationship between RBC ATP release and endothelial NO
production, NO production from bPAECSs in contact with RBCs treated with either estriol
or prednisolone was measured. To avoid any interference from excess steroid in the
sample, all samples were washed with fresh PSS after incubation, prior to flowing for NO
measurements. This ensured that NO production was from the RBCs and their secretions,

instead of excess steroid that may have been in the sample.
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7% RBC samples were treated with varying concentrations of estriol and allowed to
incubate at 37°C for 45 minutes prior to centrifugation at 5009 for 5 minutes. The resulting
fluorescence intensities, summarized in Figure 3.10, were normalized to the number of
bPAECs on the membrane insert and also to the control untreated RBC samples. When
treated with 3 nM, 7 nM, 30 nM, or 1 uM estriol, the fluorescence intensities decreased
up to 31 + 4% compared to the control sample. Although the highest concentration of
estriol (1 uM) elicited statistically the same NO produced as control cells, 3 nM, 7 nM, and
30 nM estriol-treated RBCs elicited a significant decrease in NO production compared to

control, untreated RBCs.
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Figure 3.10 — Normalized Cell Fluorescence from bPAECs in Contact with RBCs Treated
with Estriol. When the bPAEC NO production was measured as RBCs treated with estriol
were flowed beneath, the NO production significantly decreased compared to bPAECs in
contact with control RBCs. Shown above, the normalized bPAEC fluorescence when
RBCs were treated with 3 nM, 7 nM, 30 nM, or 1 uM estriol resulted in a decrease in
fluorescence intensity up to 31 + 4% compared to the control sample. All fluorescence
intensities are normalized to the number of cells in each well, and also to the untreated
control RBCs. n 2 5 donors, *p < 0.05 to control, E3 = estriol, error bars = SEM.

Similar to the NO production of bPAECs in contact with estriol treated RBCs, bPAECs in
contact with RBCs treated with 1, 3, 5, 50, or 100 uM prednisolone were also evaluated.
An extra prednisolone concentration of 3 UM was added to this data set to add resolution
to the study. The data in Figure 3.11 shows the resulting fluorescence intensities

normalized to both the number of bPAECs on each membrane, and the control untreated
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RBC NO stimulation. Fluorescence intensities decreased up to 31 + 5% compared to the
control sample when bPAECs were in contact with flowing RBCs treated with
prednisolone. While no significant difference was measured with RBCs treated with 1 uM
prednisolone, RBCs treated with 3, 5, 50, and 100 uM prednisolone all elicited a

significant decrease in bPAEC NO production.
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Figure 3.11 — Normalized Cell Fluorescence from bPAECs in Contact with RBCs Treated
with Prednisolone. When the bPAEC NO production was measured as RBCs treated with
prednisolone were flowed beneath, the NO production significantly decreased compared
to bPAECs in contact with control RBCs. Shown above, the normalized bPAEC
fluorescence when RBCs were treated with various prednisolone concentrations resulted
in a decrease in fluorescence intensity up to 31 + 5% compared to the control sample. All
fluorescence intensities were normalized to the number of cells in each well, and also the
untreated control RBCs. n = 4 donors, *p < 0.05 to control, P2 = prednisolone, error bars
= SEM.
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To assure the measured NO was due to its production by the bPAECs and not from cell
lysis or from RBCs directly, PPADS was used to inhibit the P2Y receptors on bPAECs as
RBCs flowed through the device. Shown in Figure 3.12, a significant decrease in
fluorescence (30 £ 1%) was measured when bPAECs were treated with PPADS. This
result suggests the NO measured by fluorescence through DAF-FM is the product of NO
synthesis, activated by the P2Y receptor on the bPAECs, and not from another method

such as cell lysis or from the RBCs directly.
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Figure 3.12 — Normalized Cell Fluorescence from PPADS Treated bPAECs in Contact
with Control RBCs. PPADS inhibit P2Y receptors on bPAECs, and was used as a control
to verify that the measured NO was due to bPAEC production. A 30% decrease in the
normalized cell fluorescence was measured from PPADS treated bPAECs when control
RBCs were flowed beneath the cells. This decrease suggests the NO measured by
fluorescence through DAF-FM is the product of NO synthesis activated by the P2Y
receptor on the bPAECs. n = 3 donors, *p < 0.05 to control, error bars = SEM.
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Literature suggests that RBC ATP release is related to RBC deformability.®® 79 In order to
evaluate how estriol and prednisolone lead to a decrease in RBC ATP release, the
deformability of RBCs treated with estriol or prednisolone was evaluated. The data in
Figure 3.13 shows a decrease in RBC deformability in the presence of 21.4 nM and 0.74
MM estriol. Because deformability measurements had previously been optimized to
contain 5% RBCs, the estriol and prednisolone concentrations were scaled appropriately
to contain a consistent concentration of steroid per RBC. When treated with estriol, the
RBC deformability decreased up to 13 + 2% compared to the untreated control RBC

sample.
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Figure 3.13 — The Deformability of RBCs Treated with Estriol. Deformability is reported to
be directly correlated with ATP release, and a significant decrease of 5% and 13% in RBC
deformability was measured when RBCs were treated with 21.4 nM or 0.74 pM estriol,
respectively. This decrease in RBC deformability is thought to correlate to a decrease in
RBC ATP release (Figure 3.7). n 24 donors, *p < 0.05 to 5% RBC, E3 = estriol, error bars
= SEM.

Shown in Figure 3.14, when RBCs were treated with various concentrations of
prednisolone, the RBC deformability decreased to 75 + 2% of the untreated control RBCs.
While 3.6 pM treatment of prednisolone did not significantly decrease the RBC
deformability, a significant decrease in RBC deformability was measured with treatment
of 35.7 and 71.4 uM prednisolone. Surprisingly, results shown in Figure 3.15 report a 21

+ 5% decrease in deformability of MS RBCs compared to control RBCs, which may be
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due to a difference in MS RBC diameter.®® ! To date, methods to evaluate MS RBC
deformability along with the validity of reported results have come into question, which
may also call into question results presented in Figure 3.15.32 This result will be discussed

further in section 3.6.
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Figure 3.14 — The Deformability of RBCs Treated with Prednisolone. Deformability is
reported to be directly correlated with ATP release, and a significant decrease in RBC
deformability of 15% and 25% was measured when RBCs were treated with 35.7 and
71.4 uM prednisolone, respectively. This decrease in RBC deformability is thought to
correlate to a decrease in RBC ATP release (Figure 3.8). n = 4 donors, *p < 0.05 to 5%
RBC, P2 = prednisolone, error bars = SEM.
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Figure 3.15 — The Deformability of Control and MS RBCs. Reported above, MS RBCs are
21 + 5% less deformable than control RBCs. A possible explanation for this result could
involve the size of MS RBCs compared to control RBCs. Reports suggest MS RBCs may
be larger than control RBCs, and due to the membrane used in the device to measure
deformability, different RBC sizes may skew results obtained. n = 6 donors, *p < 0.05 to
5% control RBCs, error bars = SEM.

In addition to RBC deformation, chemical stimulus is also a method resulting in RBC ATP
release.3® Previous work suggests that the complex of C-peptide, Zn?*, and albumin is
able to elicit an increase in RBC ATP release,’”? and evaluation of the ability of
prednisolone to disrupt the binding of the complex may be a mechanism of action leading
to the measured decrease in RBC ATP release. Figure 3.16 shows the %Zn?* binding
from RBCs treated with varying amounts of prednisolone. A significant decrease in the

RBC %Zn?* binding was measured when RBCs were treated with as little as 0.1 pM
100
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prednisolone. Untreated, control RBCs bind an average of 1.99 + 0.12 nM %Zn?*;
however, with the addition of prednisolone the RBC %5Zn?* binding decreased to 0.18 +
0.30 nM, and statistics report that the %Zn?* binding significantly decreased for all

prednisolone concentrations evaluated.
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Figure 3.16 — RBC %°Zn?* Binding in the Presence of Prednisolone. When the RBC %5Zn?*
binding was measured after treatment with prednisolone, a significant decrease in RBC
857n?* binding was measured at all concentrations of prednisolone tested. The evaluated
concentrations of prednisolone were 0.1, 0.5, 1, 5, 50, and 100 pM, and all samples
contained 20 nM C-peptide and %Zn?*. P2 = prednisolone, C+Z = C-peptide and %5Zn?*,
n = 4 donors, error bars = SEM, * p < 0.05 to Control.
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The amount of C-peptide binding to RBCs treated with prednisolone was also measured,
and shown in Figure 3.17. When RBCs were treated with varying amounts of
prednisolone, C-peptide binding decreased from 2.02 + 0.22 nM (untreated cells) to -0.47
+ 0.27 nM when treated with 100 uM prednisolone. All treatments with prednisolone
resulted in a statistically significant decrease in RBC C-peptide binding compared to

untreated RBCs.
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Figure 3.17 — RBC C-peptide Binding in the Presence of Prednisolone. When the RBC
C-peptide binding was measured after treatment with prednisolone, a significant decrease
in RBC C-peptide binding was measured at all concentrations of prednisolone tested. The
evaluated concentrations of prednisolone were 5, 50, and 100 pM, and all samples
contained 20 nM C-peptide and Zn?*. P2 = prednisolone, C+Z = C-peptide and Zn?*, n 2
7 donors, error bars = SEM, * p < 0.05 to Control.

102

www.manaraa.com



Because ATP is produced through glycolysis within RBCs, GLUT1 content is proposed
to be associated with RBC metabolism. RBC GLUT1 content was measured on cells
treated with 20 nM C-peptide and Zn?* and shown in Figure 3.18. When control RBCs
were treated with 20 nM C-peptide and Zn?*, a statistically significant 25.0 + 1.9%
increase in GLUT1 content was measured compared to control, untreated RBCs. As
previously stated in Chapter 2, a significant increase in the RBC membrane GLUT1
content was also measured in MS RBCs compared to control RBCs, shown in Figure 2.6.
MS RBCs contain 23.3 + 4.8% more GLUTL1 at basal levels compared to control RBCs,

which may reflect altered cell metabolism within MS RBCs.

103

www.manaraa.com



30 - *

20 -

15 -+

10 A

Normalized Membrane GLUT1 Content

0 T

Control 20 nM C+Z

Figure 3.18 — Normalized RBC Membrane GLUT1 Content of RBCs treated with 20 nM
C-peptide and Zn?*. When samples of 7% RBCs were treated with 20 nM C-peptide and
Zn?*, a significant 25% increase in the RBC membrane GLUT1 content was measured by
Western Blot analysis. This increase correlates with previous work suggesting that C-
peptide and Zn?* alter the cell metabolism of the RBC. C+Z = C-peptide and Zn%*, n = 8
donors, error bars = SEM, * p < 0.05 to Control.

The GLUTL1 content of control RBCs treated with varying amounts of prednisolone is
shown in Figure 3.19. An increase in GLUT1 content is measured with the addition of
increasing amounts of prednisolone. Compared to untreated RBCs, the RBC GLUTL1
content increased up to 23.1 £ 2.6% when treated with prednisolone. This increase in
GLUT1 may give insight as to how prednisolone affects RBCs, and ultimately the entire

body.
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Figure 3.19 — Normalized RBC Membrane GLUT1 Content of RBCs Treated with
Prednisolone. When control RBCs were treated with varying concentrations of
prednisolone and the resulting RBC GLUT1 content evaluated, a significant increase in
GLUT1 content was measured at prednisolone concentrations of 0.1, 0.5, 1, 5, 50, and
100 uM. P2 = prednisolone, n = 6 donors, error bars = SEM, * p < 0.05 to Control.

The blood protein albumin has been present in all of the experiments previously
described. To further investigate the mechanism of action of prednisolone on RBCs,
albumin was removed from the samples and the GLUT1 content evaluated. After
treatment with prednisolone, no measureable change in GLUT1 content was observed
when albumin was absent from the samples (Figure 3.20). Also noteworthy, compared to
control RBCs without albumin, control RBCs with albumin contain 6.2 = 3.7% more

GLUT1 at basal levels.
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Figure 3.20 — Normalized RBC Membrane GLUT1 Content of RBCs Treated with
Prednisolone, with and without Albumin. A significant increase in RBC GLUT1 content
was measured after treatment with 50 uM prednisolone in the presence of albumin. When
albumin was absent, there was no measureable change in RBC GLUT1 content due to
prednisolone treatment, or due to C-peptide only, Zn?* only, or the combination of the two.
The prednisolone concentrations evaluated were 5, 50, and 100 pM. This results
suggests that prednisolone requires albumin to specifically bind to RBCs and elicit an
effect. P2 = prednisolone, Alb = albumin, CP = C-peptide, C+Z = C-peptide and Zn?*, n 2
6 donors, error bars = SEM, * p < 0.05 to RBC Control.
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When treated with varying amounts of prednisolone, RBC GLUT1 content increases when
albumin is present; however, when albumin is absent there is no significant measureable
GLUT1 change due to the presence of prednisolone. There was also no significant
increase in GLUT1 content measured due to 20 nM C-peptide, 20 nM Zn?*, or 20 nM C-
peptide and Zn?* in the absence of albumin. Final results were obtained from normalizing
GLUT1 bands to Beta Spectrin bands of each lane, and normalizing each sample to the

control sample on each membrane.

3.6 Discussion

MS is often thought of as a strictly neurological disease involving the brain and spinal
cord and until recently, RBCs were not implicated in the disease.”® The progress of the
disease is difficult to understand and predict, but it is reported that NO is found at high
concentrations in various fluids and is thought to contribute by breaking down the BBB
and infiltrating MS lesions.”*7® NO may be a major factor in the disease, beginning in the

bloodstream with RBCs.

Although the mechanism of action of steroids is known in nucleated cells, the exact
mechanism of action on RBCs is unknown. Interestingly, treatment with steroids is
correlated with hypertension,'> ¢ and may be caused by decreased endothelial NO
production.3¢ Steroid treatment also alters blood glucose levels to the point that insulin
often needs to be co-administered.®° These two facts may further indicate that steroids

affect cell metabolism, specifically for the RBC.

107

www.manaraa.com



Literature reports RBC deformability has a direct effect on RBC ATP release.%® 70 Results
presented here show RBC deformability slightly decreases after treatment with estriol or
prednisolone, although not as predominately as expected from the ATP release results
(Figures 3.7 and 3.8), which may be due to low sensitivity of the deformability
measurement device. As steroids affect the deformability of RBCs, a proposed
mechanism of this may include the hydrophobic steroids intercalating with the RBC
membrane, leading to a stiffened cell and decreased deformability. This would lead to

downstream hypertension through pathways investigated by this work.

Surprisingly, MS RBCs were found to be less deformable than control RBCs. Looking to
the literature, a possible explanation for this result could be that MS RBCs are larger than
control RBCs (p < 0.001).7% 8! It would inherently be more difficult for the larger cells to
pass through the 5 um membrane, hindering the amount of RBCs able to pass through
the membrane in the given amount of time. Size discrepancy is an inherit problem with
this measurement device, and although the deformability results suggest otherwise, due
to the RBC size difference, these results are not reliable and prove to be inconclusive.
Alternative deformability methods that are not subjective to RBC size must be

implemented to better understand the deformability of MS RBCs.

Coupled with deformability studies, RBC ATP release was measured. Comparable to
previously reported results, MS RBCs released significantly more ATP compared to
control RBCs,# and as anticipated, RBC ATP release decreased in both control and MS
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RBCs when treated with either steroid. Interestingly, the MS RBC ATP release decreased
to statistically the same level as control RBCs with treatment of physiologically relevant
concentrations of 7 nM estriol, 5 uM prednisolone, and 50 uM prednisolone. As MS RBC
ATP release is decreased to statistically the same level as control RBCs due to steroid
treatment, a potential mechanism of action of these steroids on RBCs may involve the
reduction of RBC deformability, hindering the activation of the heterotrimeric G protein,

leading to a reduction in the amount of ATP released from the RBCs.

Sequential to RBC ATP release in vivo is NO production from endothelial cells. As the
treated RBCs were flowed through the tubing and 3D printed device, the ATP released
due to shear stress would bind to bPAECs and stimulate the production of NO. Although
successful at decreasing bPAEC NO production at low concentrations, estriol-treated
RBCs did not alter the NO production of bPAECs at the highest concentration studied, 1
MM. This may be explained by the high levels of excess estriol not being removed during
a single washing step, and the excess estriol itself stimulating NO production. The
concentration of 1 uM estriol is also higher than levels experienced in the third trimester
of pregnancy, and was only studied as an extreme case to fully understand the effects of

estriol.

A decrease in bPAEC NO production was also measured when RBCs were treated with
increasing concentrations of prednisolone. Although MS RBCs were not used for any of

the NO measurements, the data presented here along with the mechanism being
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proposed leads to the hypothesis that the basal NO production level would be higher from
bPAECs in contact with MS RBCs compared to control RBCs. The same trends of
decreased NO production measured due to each steroid is also hypothesized with MS
RBCs, due to a decrease in the amount of RBC ATP release, supporting our hypothesis

of bloodstream cells having a large impact in MS.

To further investigate the mechanism of action of prednisolone on RBCs, the binding of
C-peptide and %5Zn?*, along with the GLUT1 content of RBCs, were investigated when
the cells were treated with prednisolone. Literature suggests that the binding of C-peptide
and Zn?* to RBCs increases cell metabolism, which is what this research aimed to
evaluate more fully.”? When healthy control RBCs were initially treated with varying
amounts of prednisolone, a significant decrease in 85Zn?* binding was observed. If less
Zn?* is able to bind to RBCs after prednisolone treatment, any effect that Zn?* has on the
RBC should also be attenuated, which is hypothesized through this work to be glucose

internalization leading to cell metabolism.

Following the %Zn?* measurements, the amount of C-peptide binding to RBCs treated
with varying amounts of prednisolone was also measured. As with the 5Zn?* results,
prednisolone treatment significantly decreased the amount of C-peptide binding to RBCs.
These results, combined with the 85Zn?* results, suggest that prednisolone affects the
binding of both C-peptide and Zn?* to RBCs, and is thought to cause a decrease in the

cell metabolism, ATP release, and subsequent NO production by the endothelium.”? A
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possible mechanism of action may involve prednisolone binding the 65Zn?* or C-peptide
to itself before they are able to bind to the RBCs, or prednisolone is possibly binding to
RBCs in the same location as 9Zn?* or C-peptide, thereby causing a decrease in the

measured binding.

Lacking mitochondria, the only way for RBCs to produce ATP is through glycolysis, which
begins with glucose. GLUT1 is the primary glucose transporter on RBCs, and GLUT1
content in the RBC membrane may correlate to glucose flux into the cell and overall cell
metabolism. Initial studies investigated the changes in the GLUT1 content of RBCs
treated with C-peptide and Zn?*, and a significant 25% increase compared to control,
untreated cells was measured. This increase was expected, as RBC C-peptide and Zn?*
treatment has previously been shown to increase RBC ATP release,’? which is thought

to be caused by an overall increased cell metabolism.

Chapter 2 showed a significant 23% increase in GLUT1 content on MS RBCs compared
to control RBCs, and this increase is in agreement with the increase in RBC ATP release
measured from MS RBCs compared to control RBCs (Control: 226 nM, MS: 330 nM). A
proposed mechanism involves the increased GLUT1 content of MS RBCs leading to an
increase in glucose flux into the cells, causing an increase in the RBC ATP production
and release. This increase in cell metabolism of MS patients may be an initiation of the

disease, or a cause of the experienced symptoms of the disease.
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To evaluate if prednisolone has a similar effect on the RBC GLUT1 content as its effect
on RBC ATP release, the GLUT1 content of control RBCs treated with prednisolone was
assessed. Surprisingly, an increase in the RBC GLUT1 content was measured with
treatment of prednisolone. While this does not correlate with the RBC ATP release results
from prednisolone treated RBCs, a possible explanation may involve prednisolone
inhibiting glucose transport through GLUT1. Studies report that steroids competitively
inhibit glucose transporters,® which may cause RBCs to translocate elevated amounts of
GLUT1 to the cell membrane to compensate for the inhibited glucose transport. This
theory may explain the discrepancy between decreased RBC ATP release and increased

RBC GLUTL1 content due to the presence of prednisolone.

To further investigate how prednisolone specifically interacts with RBCs, the carrier
molecule albumin was removed from the samples to evaluate its effect. Albumin is the
most abundant blood protein, and aids in specific delivery of molecules to certain cells.
Albumin was present in all of the experiments discussed above, but to evaluate the ability
of prednisolone to bind to RBCs and elicit an effect, samples were prepared without
albumin. Albumin and prednisolone have an affinity constant of 4.32 x 102 M, 84 and
when albumin was absent from the samples, prednisolone had no effect on the amount
of GLUT1 on the RBC membrane, suggesting that albumin must be present for
prednisolone to specifically bind to RBCs and elicit an effect. Also noteworthy, a
statistically significant 6% decrease in RBC GLUT1 content was measured in RBCs in
buffer without albumin compared to RBCs in albumin-containing buffer. These results

suggest that albumin content alone effects the RBC GLUT1 content, which may be due
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to oncotic pressure exerted by albumin, or albumin itself stimulating an increase in the

GLUT1 content of the cell.

In summary of the findings from these studies, RBC derived ATP may play a large role in
MS. RBCs from MS patients release significantly more ATP than control RBCs, and RBC
released ATP stimulates endothelial NO production.3® ¢ The excess ATP released from
MS RBCs is thought to lead to excess NO production from endothelial cells, which can
be detrimental to the BBB.3%-4° Although the mechanism of action of steroids in MS is well
established, it only applies to cells containing a nucleus, which does not include RBCs.!-
12 Any effect that steroids have on RBCs must be in a manner that has yet to be
established. Here, further studies were performed to more fully investigate that
mechanism. Estriol and prednisolone were both shown to decrease RBC deformability,
ATP release, and sequential bPAEC NO production; and prednisolone was found to
decrease the amount of both C-peptide and 85Zn?* binding to RBCs, while increasing the
RBC GLUT1 content. C-peptide and Zn?* stimulate RBC ATP release, "2 and this work
supports the hypothesis that MS RBCs have an increased cell metabolism at basal level,
which estriol and prednisolone decrease. This may be a mechanism of action for steroids

in the bloodstream, and ultimately help to better understand the disease of MS.
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Chapter 4 — The Role of Albumin in Delivering C-peptide and Zinc to the RBC
4.1 Insulin and C-peptide

4.1.1 Diabetes and Insulin

As one of the first described diseases, diabetes was originally classified as “madhumeha”,
or “honey urine” around 1500 BC, as the urine had a sweet taste and would attract ants
and flies.! Described in section 2.1.1, diabetes is now often characterized by elevated
blood glucose levels (hyperglycemia) in the body resulting from either low insulin
production from damaged pancreatic B-cells, as seen in Type 1 Diabetes (T1D); or an
improper response to insulin produced in the body, as seen in Type 2 Diabetes (T2D).
Hyperglycemia leads to poor blood flow, a major complication experienced by diabetic

patients, and Table 2.2 summarizes the specifics of the experienced complications.

Insulin is a hormone in the body that stimulates glucose clearance from the bloodstream
into skeletal muscle, liver, and fat cells through the translocation and activation of glucose
transporter 4 (GLUT4) to the membrane of cells.?* Insulin is produced in the islets of
Langerhans in pancreatic 3-cells, and Fredrick Banting and Charles Best discovered it as
a vital hormone for T1D patients in 1921.1 In 1922, the first administration of insulin
occurred in a 14-year old boy who was suffering at the end stages of diabetes. After two
insulin injections his blood glucose levels decreased, and with continued administration

of insulin, the boy lived an additional 13 years before dying of pneumonia.t
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Since its discovery, improved insulin purification methods along with new insulin
formulations have been developed. Insulin is most commonly administered by
subcutaneous injections; however, inhaled insulin is also available.®> Fast acting, along
with long action insulin products are available, and the specific prescription depends on
each patient. Although insulin stimulates the translocation of GLUT4 to decrease blood
glucose levels, most bloodstream cells do not contain GLUT4, but instead contain
GLUT1. An accompaniment therapy to stimulate GLUT1 translocation in bloodstream
cells may help decrease blood glucose levels, along with diabetic blood flow

complications.

When patients present with diabetic symptoms, physicians must distinguish between T1D
and T2D before determining the most effective treatment process. 3-cell activity is tested
to determine the correct diagnosis, as the main difference between T1D patients and T2D
patients is the functionality of the pancreatic 3-cells. Insulin has a half-life of about 10
minutes in the bloodstream, making it difficult to measure.! However, C-peptide, a peptide
secreted in equimolar amounts with insulin, has a half-life of about 30 minutes in the
bloodstream, and is thus a more ideal candidate to measure, and ultimately use as a
biomarker to diagnose T1D or T2D.® T1D patients will have very low (or nonexistent)
concentrations of C-peptide due to their damaged [B-cells, while T2D patients will have a

significantly higher C-peptide concentration in their bloodstream.
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4.1.2 Biological Effects of C-peptide

C-peptide is a 31-amino acid peptide and contains five acidic amino acids, giving it a
charge of -5 at physiological pH. During production, C-peptide is connected to insulin in
the pancreas as the proinsulin hormone, and the two are cleaved prior to secretion into
the bloodstream. The proinsulin hormone, along with the amino acid sequence of

C-peptide is shown in Figure 4.1.

LSG
) 0008 AGp

L C-peptide Ev

Figure 4.1 - Proinsulin. The full structure of proinsulin with the C-peptide amino acid
sequence shown in yellow, and the A and B chains of insulin in orange. Before C-peptide
and insulin are secreted into the bloodstream they are cleaved apart by enzymes at the
locations depicted in blue. Once in the bloodstream, C-peptide has a half-life of about 30
minutes, while insulin has a half-life of about 4-6 minutes.
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Originally, C-peptide was thought to have no biological activity after secretion, but recent
work suggests otherwise.”® An increase in blood flow in the kidney and nervous system
has been measured after administration of exogenous C-peptide, and C-peptide
combined with insulin has been proposed as a T1D therapy to alleviate diabetic
complications.'%!! Reporting success in early phase trials, Cebix, a start-up company in
LaJolla, CA, developed a long-acting C-peptide for use in T1D patients, supplementing
insulin injections.'? Although successful in animal studies, no improvement in nerve
function was measured in T1D humans treated with C-peptide during the phase IIb clinical

trial.12

Previous work in the Spence group has investigated the effect of C-peptide on RBCs.
While C-peptide alone does not elicit any downstream effects on the RBC, when it is
combined with Zn?* and the bloodstream protein albumin, an increase in RBC ATP
release is measured, as shown in Figure 4.2.1% An increase in downstream endothelial
NO production is also only measured when C-peptide is combined with both Zn?* and
albumin.*® This is significant due to the vasodilation effects that NO has on smooth muscle

cells, resulting in increased blood flow.
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Figure 4.2 — RBC ATP Release With and Without Albumin. RBC ATP release with and
without C-peptide, Zn?*, and albumin. Albumin containing samples are depicted in the
black bars and albumin free samples are depicted in the gray bars. An increase in ATP
release is only measured in the presence of the complex of C-peptide, Zn?*, and albumin.
*p < 0.005 to RBCs with albumin, n =5.13

RBCs produce ATP by glycolysis, and because GLUTL1 is the main glucose transporter
on RBCs, its content on RBCs may be an indicator of cell metabolism. RBC ATP release
has been reported to have beneficial effects on blood flow, which is severely hindered in
diabetic patients, *18 and although insulin stimulates glucose uptake into cells, it has no
effects on GLUT1 containing cells such as RBCs and lymphocytes. An accompaniment
therapy to stimulate GLUT1 translocation in bloodstream cells may help decrease both

the blood glucose levels and microvasculature complications of diabetic patients, and the
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work presented in this chapter investigates C-peptide, Zn?*, and albumin as a potential

T1D accompaniment therapy to insulin.

4.2 Albumin

Human serum albumin (shown in Figure 4.3) is the most abundant protein found in human
blood plasma, and constitutes about half of the overall serum protein.'® The concentration
of albumin in the bloodstream of a healthy adult is around 600 puM, which has a half-life
of approximately 19 days.?° The main functions of human serum albumin are to maintain
oncotic pressure in the blood vessels and transport drugs, hormones, metal ions, and
fatty acids.?! Hypoalbuminemia occurs when the levels of albumin in the blood are low,
which can be caused by liver disease and diabetes, among other conditions.?? As stated
in section 2.1.1.2, glycated albumin is present in the diabetic bloodstream, and the

glycosylation may hinder the ability of albumin to transport molecules properly.
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Figure 4.3 - Human Serum Albumin. The tertiary structure of human serum albumin, the
most abundant blood protein. The three domains of the protein are depicted in blue,
green, and red. In the bloodstream, human serum albumin is responsible for maintaining
pressure and transporting drugs, hormones, metal ions, and fatty acids throughout the
body.1?

All experiments presented in this dissertation were performed with buffer containing
bovine serum albumin due to its decreased cost and similar function to human serum
albumin. Bovine and human serum albumin differ slightly in structure, one difference
being that bovine serum albumin contains two tryptophan residues while human serum
albumin only has one, which may affect substrate binding to the protein.*® While we
predict the function of human serum albumin to be similar to what we measure using the

bovine source, it is important to note that there is potential for slight differences.
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Studies using isothermal titration calorimetry (ITC) have shown that bovine serum
albumin will specifically bind two C-peptide molecules and three Zn?* ions; however, C-
peptide and Zn?* are unable to bind each other in the absence of bovine serum albumin.*®
23 Studies involving treatment with albumin, C-peptide, and Zn?* elicit an increase in RBC
ATP release, however no change in RBC ATP release is measured when albumin is
absent from the samples (Figure 4.2).1® The same trend is observed with respect to
endothelial NO production stimulated by RBC ATP release,!® suggesting that albumin is
a necessary component in order for C-peptide and Zn?* to elicit their desired effect on

RBCs.

4.3 Experimental

4.3.1 Isolation and Purification of Red Blood Cells

Whole blood was obtained through venipuncture from consenting donors and collected
into heparinized tubes (Fisher Scientific, Waltham, MA). Whole blood was then
centrifuged at 500g for 10 minutes, and the plasma and buffy coat were removed and
saved. The RBCs were resuspended in either physiological salt solution (PSS) or
albumin-free PSS, containing 4.7 mM KCI, 2.0 mM CaClz, 140.5 mM NaCl, 12 mM
MgSOa, 21.0 mM tris(hydroxymethyl) aminomethane, 5.5 mM dextrose and 0.5% bovine
serum albumin (omitted for aloumin-free PSS) at pH 7.4. All RBCs were prepared the day

of each experiment and used within 8 hours of collection.
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4.3.2 Preparation of Reagents

Distilled deionized water (18 MQ, DDW) was used for all experiments. Zn?* stock
solutions were prepared by dissolving 0.02 g Zinc (ll) chloride (Jade Scientific, Canton,
MI) in 100 mL DDW and diluting to 800 nM with DDW, and the initial ®Zn?* stock was
prepared by diluting 500 UCi of $ZnCl> (Perkin Elmer, Boston, MA) in 30 mL DDW (80
p1M), followed by sequential dilutions in to 800 nM in 1 mL total volume. All solutions were

prepared in DDW.

Crude C-peptide (80% pure, Peptide 2.0, Chantally, VA) was purified using reverse-phase
high performance liquid chromatography (HPLC) with settings shown previously in Table
3.1. The purified C-peptide was subsequently lyophilized overnight prior to dissolution of
5 mgin 5 mL DDW. C-peptide purity was verified using HPLC- mass spectrometry, and
a final 800 nM stock solution was prepared in DDW and the concentration was verified

using C-peptide enzyme linked immunosorbent assay (ELISA) kit standards.

For ATP detection, a stock luciferin/luciferase solution was prepared by dissolving 20 mg
of Luciferin (Golden Bio, Olivette, MO) and 100 mg firefly lantern extract (Sigma Aldrich,
St. Louis, MO) in 10 mL DDW. Samples (1 mL total volume) were prepared at 7%
hematocrit with and without C-peptide and Zn?* by first adding 25 uL of 800 nM C-peptide
or 800 nM Zn?*, followed by PSS, and then RBCs (about 7.8 x 108total cells). In certain
experiments, PSS was substituted for control or T1D plasma to determine if albumin
found in the plasma could serve as the C-peptide and Zn?* carrier to the RBCs. The
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plasma (2-3 mL) was removed from the whole blood following the initial centrifugation,

and added to the specified samples in place of PSS.

The following reagents were all used for Western Blot analyses: Tris buffered saline (TBS)
was prepared by dissolving 2.4 g of UltraPure Tris-hydrochloride and 29.2 g of sodium
chloride in 1 L of water at a pH of 7.5, and TBS with Tween (TBST) was prepared by
mixing 500 mL of TBS with 250 pL of Tween-20 (Sigma Aldrich). Bicarbonate buffer was
prepared by dissolving 4.1 g of sodium bicarbonate and 0.2 g of magnesium chloride in
500 mL of water. 10x running buffer was prepared by dissolving 144.0 g glycine, 30.2 g
Tris, and 10.0 g SDS in 1 L of water, and 10x transfer buffer was prepared by dissolving
3.0 g Tris and 14.4 g glycine in 200 mL of methanol and 800 mL water at a pH of 8.3.
Running buffer and transfer buffer were reused six times before disposal, and 500 mL of
lysis buffer was prepared with 10.0 mM UltraPure Tris-hydrochloride and 0.2 mM EDTA

ata pH of 7.2 in DDW.

4.3.3 Radioactive %5Zn?* Binding Determination

To measure %Zn?* binding to RBCs, 7% RBC samples (1 mL total volume) were prepared
with varying concentrations of ¢°Zn?* (Perkin Elmer, Downers Grove, IL), or a combination
of C-peptide and %Zn?* (0, 2.5, 5, 10, 20, 50 nM). The samples were prepared in either
albumin-containing PSS, or albumin-free PSS, and all samples were incubated for 2

hours at 37°C followed by centrifugation at 500g for 5 minutes. The supernatant of each
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sample was analyzed, and the amount of 85Zn?* binding was determined by subtraction
of the remaining amount of 6°Zn?* from the amount initially added. For detection, 200 pL
of the sample supernatant was mixed with 100 pL of Ultima Gold Scintillation Cocktail
(Perkin Elmer, Boston, MA) in a 96-well plate and analyzed using a Micro Beta scintillation

counter (Perkin Elmer).

4.3.4 C-peptide Binding to Red Blood Cells

To measure C-peptide binding to RBCs in various matrices, 7% RBC samples were
prepared with 20 nM C-peptide in PSS with and without albumin (1 mL total volume). Two
other sets of samples were prepared in plasma obtained from either control donors or
donors with T1D to evaluate the effect of physiological aloumin on C-peptide binding.
These samples were prepared in the same manner; however, the albumin source came
from the plasma rather than the PSS. RBCs used for the albumin-free samples and all
plasma samples were washed in albumin-free buffer before sample preparation, while
RBCs for all other samples were washed in buffer containing bovine serum albumin.
Samples were prepared in their respective buffers with 20 nM C-peptide and allowed to
incubate at 37°C for 2 hours. After the incubation, the samples were centrifuged and the
supernatant was removed and diluted 1:50 in DDW to assure final values within the
dynamic range of the assay prior to analysis with commercially available C-peptide ELISA
kits (ALPCO, Salem, NH). Similar to the 5Zn?* measurements, the amount of C-peptide

binding to RBCs was calculated by subtracting the amount measured in the supernatant
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from the amount added. The ELISA kit assay consists of wells coated with primary C-
peptide antibodies to capture the C-peptide molecules in the sample. After the initial
capture, secondary antibodies conjugated with an enzyme were added to each well.
Before detection, a substrate was added that produced a colorimetric reaction when
combined with the enzyme. A final addition of the stop solution halted the ongoing reaction

and an absorbance measurement was taken at 450 nm by a plate reader.

4.3.5 Detection of Red Blood Cell Released ATP

A luciferin/luciferase chemiluminescence assay was used to quantify the amount of ATP
released by RBCs. 7% RBC samples were prepared in albumin-containing PSS with
20 nM C-peptide only, 20 nM Zn?* only, and a 20 nM Zn?* and C-peptide mixture (1 mL
total volume). A final set of samples contained 7% RBCs with 20 nM Zn?* and C-peptide
in albumin-free PSS. All samples were incubated at 37°C for 2 hours, and ATP standards
(0, 20, 40, 60, and 80 nM) in PSS were prepared for use in calibration for quantitative
analysis. After the incubation period, the standard addition method was used to quantify
the amount of ATP released by the RBCs. For detection, 120 uL of the RBC sample were
mixed with 20 pL of each ATP standard (one at a time) and 10 uL of the luciferin/luciferase
mixture in a 96-well plate prior to luminescence detection by a Spectra Max M4 plate

reader (Molecular Devices, San Jose, CA) exactly 20 seconds later.
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4.3.6 Preparing Red Blood Cell Ghost Samples

RBC sample preparation was similar to preparation described in section 4.3.5, resulting
in 1 mL samples of 7% RBCs with and without C-peptide, Zn?*, and albumin. Two other
sets of samples evaluated the effect of control and T1D plasma on the GLUT1 content in
control and T1D RBCs, in place of PSS. These two sets of samples were prepared in
exactly the same manner, however the albumin source came from the respective plasma
instead of PSS. After incubation and centrifugation, the supernatant of each sample was
removed, and the remaining pelleted RBCs were lysed with 1 mL of lysis buffer. The
samples were then stored at 4°C for 30 minutes and then centrifuged at 22,0009 for 15
minutes at 4°C. The resulting supernatant was removed, and the pellet was resuspended
in 1 mL of lysis buffer. Once again, the samples were centrifuged at 22,000g and 4°C for
5 minutes, the supernatant was removed, and the RBCs resuspended in 1 mL of lysis
buffer. This process was repeated three times total or until no more hemoglobin (red color)
was visible. Once all hemoglobin was removed, the remaining lysis buffer was removed,
and the pellets were stored at -20°C until use. This was done to remove all cytosolic

contents from the RBC to allow for analysis of the membrane protein content.
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4.3.7 GLUT1 SDS-PAGE and Western Blot Analysis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent
Western Blot analysis was used to probe GLUT1 content of each sample. Experimental

procedures are as stated in section 3.4.12.

4.4 Results

The amount of 5Zn?* binding to RBCs in the presence and absence of C-peptide and
albumin was evaluated and shown in Figure 4.4A. %5Zn?* does not bind to RBCs when
C-peptide is absent (dark circles), and while binding does occur when albumin is absent
(open circles); the binding is nonspecific. Only when the complex of 8Zn?*, C-peptide,
and albumin are present together does a specific binding curve of #Zn?* to RBCs result
(dark triangles and Figure 4.4B). The specific binding curve saturates around 10 nM of C-
peptide and 95Zn?* added (correlating to about 2 pmoles of 6°Zn?* bound to RBCs), before

going onto nonspecific binding past 20 nM of C-peptide and %5Zn?* added.
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Figure 4.4 — Control and T1D RBC %Zn?* Binding. A. RBC %Zn?* binding in the presence
and absence of C-peptide and albumin as increasing concentrations of #Zn?* and C-
peptide are added to the RBCs (along the x-axis). B. RBC %°Zn?* binding with C-peptide
in the presence of albumin shown on a smaller scale to more clearly highlight the specific
binding curve measured. n = 8 donors, error bars = SEM. C. Control and T1D RBC 65zZn?*
binding with and without C-peptide and insulin, in the presence of albumin. Control RBC
= black bars, T1D RBC = gray bars. * p < 0.05 to Control 20 nM Zn, ** p <0.05to T1D 20
nM Zn, n 2 5 donors, error bars = SEM. D. Control and T1D RBC %5Zn?* binding with and
without C-peptide and insulin, all without albumin. Control RBC = black bars, T1D RBC =
gray bars. n = 6 donors, error bars = SEM.
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The amount #Zn?* binding to control and T1D RBCs when saturated with 20 nM 85Zn?*
is shown in Figures 4.4C and 4.4D. Albumin was present in the samples shown in Figure
4.4C, while Figure 4.4D represents samples prepared without albumin. Without albumin,
nonspecific binding of 5Zn?* to both control and T1D RBCs occurs, and there is no
significant difference between any of the samples. When albumin is present, a significant
difference in control and T1D RBC %°Zn?* binding is measured (Control: 2.26 + 0.20 nM
65Zn%* T1D: 1.01 £ 0.15 nM %Zn?*, p < 0.05), but only when C-peptide is present. Notably,

insulin did not have any significant effect on 85Zn?* binding to control or T1D RBCs.

Previous work demonstrated that C-peptide and Zn?* stimulate in vivo ATP release;
however, albumin is requisite for this result.*® Similar results are described here under
static conditions. Figure 4.5A shows an average ATP release of 31.2 = 0.80 nM from
RBCs without albumin (black triangles), and a release of 41.6 = 1.3 nM when albumin is
present. C-peptide and Zn?* are titrated into RBCs (along the x-axis), and the ATP release
does not statistically change unless albumin is present in the samples (open circles).
When albumin is present, the RBC ATP release increased from 42.1 + 1.3 nM to 76.1

1.5 nM in the shape of a specific binding curve.
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Figure 4.5 — Control and T1D RBC ATP Release. A. RBC ATP release in the presence
and absence of C-peptide, Zn?*, and albumin, with increasing concentrations of Zn?* and
C-peptide are added to the RBCs (along the x-axis). n = 6 donors, error bars = SEM. B.
Control and T1D RBC ATP release with and without C-peptide, Zn?*, and insulin, in the
presence of albumin. Control RBC = black bars, T1D RBC = gray bars. * p < 0.05 to
Control RBC, ** p <0.05to T1D RBC, # p > 0.4 to Control RBC, n = 7 donors, error bars
= SEM. C. Control and T1D RBC ATP release with and without C-peptide, Zn?*, and
insulin, all without albumin. Control RBC = black bars, T1D RBC = gray bars. n =7 donors,
error bars = SEM.

When 20 nM C-peptide and Zn?* are added to the RBCs in the presence of albumin, a

significant increase in ATP release is measured from both control and T1D RBCs
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(Control: 17.5 = 3.3 nM increase, T1D: 9.6 + 2.9 nM increase, Figure 4.5B). Without
albumin, no significant change in ATP release is measured due to the addition of C-
peptide and Zn?* (Figure 4.5C). Noteworthy, T1D RBCs release significantly less ATP at
basal levels in the presence of albumin compared to control RBCs (Control: 34.2 nM %
3.7 nM, T1D: 24.9 nM % 2.8 nM); however, when treated with 20 nM of C-peptide and
Zn?*, T1D RBCs released statistically the same amount of ATP as control RBCs. Similar
to the %5Zn?* experiments, insulin did not have any significant effect on the RBC ATP

release from control or T1D RBCs.

Glucose is necessary for RBC ATP production, and GLUT1 is the main glucose
transporter on RBCs. As the previous results show, when albumin, C-peptide, and Zn?*
are combined with RBCs, the measured ATP release increases. It is thought that GLUT1
content is related to glucose flux and cell metabolism, and to verify that relation, RBC
ghosts (RBCs with their hemoglobin removed) were prepared, and the GLUT1 and Beta
Spectrin (housekeeping protein) content was measured by SDS-PAGE and Western Blot
analysis. Figure 4.6A shows that C-peptide and Zn?* do not statistically affect the RBC
GLUT1 content unless albumin is present (black triangles). When C-peptide and Zn?* are
titrated into control RBCs in the presence of albumin, the GLUT1 content increases
resembling a specific binding curve that levels off at a 25.5 £ 1.3% increase compared to

the untreated control sample.
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Figure 4.6 — Control and T1D RBC GLUT1 Content. A. RBC membrane GLUTL1 content
in the presence and absence of C-peptide, Zn?*, and albumin as increasing
concentrations of Zn?* and C-peptide are added to the RBCs (along the x-axis). n 2 5
donors, error bars = SEM. B. Control and T1D RBC GLUT1 content with and without C-
peptide, Zn?*, and insulin, in the presence of albumin. Control RBC = black bars, T1D
RBC = gray bars. * p < 0.05 to T1D RBC, ** p < 0.05 to Control RBC, # p > 0.1 to Control
RBC, n = 7 donors, error bars = SEM. C. Control and T1D RBC GLUT1 content with and
without C-peptide, Zn?*, and insulin, all without albumin. Control RBC = black bars, T1D
RBC = gray bars. n = 6 donors, error bars = SEM.

140

www.manaraa.com



Figure 4.6B shows the GLUT1 content of control and T1D RBCs treated with and without
20 nM C-peptide and Zn?* in the presence of albumin; and Figure 4.6C shows the same
samples without albumin. At basal levels, T1D RBCs contain 23.6 + 4.2% less GLUT1
than control RBCs; however, when T1D RBCs are combined with C-peptide and Zn?* in
the presence of albumin, the GLUT1 content increases to statistically the same value as
untreated control RBCs. This increase in GLUT1 content is not measured when any
component of the complex is absent, and similar to the previous experiments, insulin had

no effect on the RBC GLUT1 content.

When control or T1D plasma was substituted for PSS as the albumin source, the RBC
GLUT1 levels were similar to those measured in normal PSS. Figures 4.7A and 4.7B
show the T1D and control RBC GLUT1 levels in control and T1D plasma, respectively. In
control plasma, control RBCs contained 14.7 + 2.8% more GLUT1 than T1D RBCs at
basal levels, and the addition of C-peptide and Zn?* increased the GLUT1 content of
control and T1D RBCs 19.9 £ 1.5% and 26.5 + 3.9%, respectively. No significant increase
in GLUT1 content was measured in control or T1D RBCs in the presence of insulin alone
or insulin and Zn?*. In T1D plasma at basal levels, control RBCs contained 13.2 + 2.3%
more GLUT1 than T1D RBCs, and in the presence of C-peptide and Zn?*, the GLUT1
content of control and T1D RBCs increased by 17.9 £ 3.4% and 29.8 + 3.6%, respectively.
As with the control plasma, the presence of insulin alone or insulin and Zn?* did not

significantly affect the GLUT1 content of control or T1D RBCs.
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Figure 4.7 — RBC GLUT1 Content in Control and T1D Plasma. A. Normalized membrane
GLUT1 content of control and T1D RBCs in control plasma with and without C-peptide,
Zn?*, and insulin added to the RBCs. Control RBC = black bars, T1D RBC = gray bars. *
p <0.05to T1D RBC, ** p < 0.05 to Control RBC, n = 7 donors, error bars = SEM. B.
Normalized membrane GLUT1 content of control and T1D RBCs in T1D plasma with and
without C-peptide, Zn?*, and insulin. Control RBC = black bars, T1D RBC = gray bars. *
p <0.05to T1D RBC, ** p = 0.05 to Control RBC, n =7 donors, error bars = SEM.

As shown in Chapter 1, previous work investigated the binding of increasing amounts of
C-peptide in the presence of albumin to 7% RBCs.*3 The aforementioned figure is shown
again in Figure 4.8A, and depicts that RBCs become saturated when 10 nM C-peptide is
added, which correlates to about 1500 molecules of C-peptide binding per RBC when
saturated, and the addition of Zn?* does not affect the amount of C-peptide binding.*®
Figure 4.8B shows C-peptide binding to control and T1D RBCs with and without albumin
when 20 nM C-peptide is added. Control RBCs bind significantly more C-peptide than
T1D RBCs (Control: 1.95 £ 0.14 nM, T1D: 0.86 = 0.11 nM), and no significant C-peptide

binding is measured when albumin is absent from the samples.
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Figure 4.8 — Control and T1D C-peptide Binding. A. C-peptide binding to RBCs with (open
circles) and without (filled circles) Zn?*, as increasing amounts of C-peptide and Zn?* are
added to RBCs (along x-axis). The C-peptide binding is not significantly different without
Zn?*, and saturates around 2.0 pmoles C-peptide on RBCs. n = 4, error bars = SEM.13 B.
Control and T1D RBC C-peptide binding when 20 nM C-peptide was added to RBCs with
and without albumin. C-peptide binding was measured using a commercial ELISA kit and
guantified using standards. Control RBC = black bars, T1D RBC = gray bars. * p < 0.05
to Control RBC no Albumin ** p < 0.05 to T1D RBC no Albumin, n = 7 donors, error bars
= SEM.

Control and T1D plasma was substituted for PSS as the albumin source, and the RBC C-
peptide binding results are shown in Figure 4.9. The results show a significant increase
in the RBC C-peptide binding in control plasma compared to T1D plasma, and Zn?* has
no significant effect on the amount of C-peptide binding. While T1D plasma does not
support any significant C-peptide binding to T1D RBCs, 1.06 £ 0.14 nM C-peptide binds

to control RBCs in T1D plasma. Control plasma supports significantly more C-peptide
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binding than T1D plasma, with 2.00 + 0.12 nM C-peptide binding to control RBCs, and

0.50 = 0.09 nM C-peptide binding to T1D RBCs.
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Figure 4.9 — RBC C-peptide Binding in Control and T1D Plasma. Control and T1D RBC
C-peptide binding in control and T1D plasma. The addition of Zn?* did not change the
amount of C-peptide binding under any of the tested conditions. Control RBCs are
depicted in the black bars, T1D RBCs are depicted in the gray bars. * p < 0.05 to Control
RBC in T1D plasma, ** p < 0.05 to T1D RBC in T1D plasma, n = 7 donors, error bars =
SEM.
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4 5 Discussion

A therapy to improve microvasculature complications is needed for T1D patients, as many
complications of diabetes, such as retinopathy,** neuropathy,'’” and nephropathy, are
associated with insufficient blood flow.?* Insulin is effective at maintaining healthy blood
glucose levels; however, an accompaniment therapy is also necessary to help improve
microvasculature blood flow. While insulin stimulates blood stream glucose clearance
through GLUT4-containing muscle and adipose cells, most blood stream cells contain
GLUT1.%® C-peptide has previously been investigated as a means to improve diabetic
complications with success improving renal blood flow, nerve conduction, and promoting
nerve fiber regeneration, 263! and this work supports and furthers those findings. Results
from this work propose that the complex of C-peptide, Zn?*, and albumin may be a
potential candidate to improve diabetic microvasculature complications, and results
suggest that the complex may work in a similar manner as insulin does on cells containing

GLUTL1.

To summarize the finding of this work, a possible mechanism of increased RBC ATP
release may involve C-peptide and Zn?* increasing the GLUT1 translocation to the cell
membrane. As more GLUT1 is translocated to the membrane, it is thought that glucose
flux into the RBC will increase, leading to an increase in ATP production within the cell
and subsequent ATP release. ATP release in vivo stimulates endothelial NO production
and vasodilation, 3234 which improves blood flow and is proposed to alleviate diabetic

microvasculature complications. However, C-peptide and Zn?* are unable to bind each

145

www.manaraa.com



other without albumin, and no significant change in RBC GLUT1 content or ATP release
is measured without the full complex of C-peptide, Zn?*, and albumin. Interestingly, insulin
has no significant effect on 85Zn?* or C-peptide binding to RBCs, or RBC GLUT1 content
or ATP release, which indicates that administration of insulin alone does not enhance this
proposed mechanism, further supporting the use of this complex to supplement insulin

and alleviate diabetic microvasculature complications.

Overall, the results from experiments involving T1D and control plasma as the albumin
source suggest that T1D plasma and T1D RBCs are glycated or otherwise damaged,
causing them to not bind as much C-peptide or translocate as much GLUT1 to the RBC
membrane compared to control experiments. Additional findings from the experiments
involving plasma were contradictory to each other. C-peptide binding studies indicated
that no binding of C-peptide to T1D RBCs occurs when T1D plasma was used as the
albumin source, however an increase in the GLUT1 content of T1D RBCs was measured
under the same conditions. The cause of this discrepancy is not fully understood, but
hypotheses may include a more complex mechanism than what is currently thought, or
the potential for C-peptide to elicit an effect on RBCs without remaining specifically bound

to the cells.

Previously, C-peptide purity has come into question, with some published work using
C-peptide that is only 95% to 98% pure.3> Our lab has previously investigated the

contaminants in an impure C-peptide sample, and found impurities to mainly be Fe?*.36
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Although this comprises a small percent of contamination by mass, when looked at on a
mole basis, a 98% pure C-peptide sample by mass is actually close to a 1.1 molar ratio
of C-peptide and Fe?*.®> This amount of Fe?* contamination may affect C-peptide
interactions throughout certain experiments, and is the reason that all C-peptide was

purified by HPLC prior to use in experiments presented in this dissertation.

The company Cebix previously attempted to use C-peptide as a T1D replacement therapy
to accompany insulin, however their phase Ilb clinical trial did not improve nerve function
of the T1D patients tested.?? Important to note, the company was only treating patients
with a long-acting C-peptide (unspecified purity), rather than the C-peptide, Zn?*, albumin
complex reported here. Although speculative, work presented in this chapter suggests
that the trial may have ended with different results had the company administered the
complex of (purified) C-peptide, Zn?*, and albumin to the T1D patients, opposed to

C-peptide only.

Results presented in this chapter suggest that T1ID RBCs contain significantly less
GLUT1, release significantly less ATP, and bind significantly less C-peptide and ¢°zn?*
compared to healthy control RBCs. However, an increase in control and T1D RBC GLUT1
content and ATP release was measured when RBCs were treated with the complex of
C-peptide, Zn?*, and albumin. Interestingly, as T1D RBCs are treated with C-peptide and
Zn?* in the presence of albumin, both the GLUT1 content and the RBC ATP release

increased to statistically the same level as the control RBCs. These results support the
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hypothesis that the complex of C-peptide, Zn?*, and albumin may be working as insulin
does on GLUT1 containing cells, and lead to increased blood flow to ultimately alleviate
diabetic microvasculature complications such as retinopathy, neuropathy, and

nephropathy; and ultimately help T1D patients live longer and healthier lives.418
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Chapter 5 — Overall Conclusions and Future Directions

5.1 Overall Conclusions

The overall goal of the thesis presented in this dissertation is to improve the
understanding and define new roles for red blood cells (RBCs) in autoimmune diseases.
The metabolism of RBCs obtained from patients with type 1 diabetes (T1D) and multiple
sclerosis (MS) was investigated and the results provide new insight to a potential T1D
therapy and an alternate mechanism of action for MS therapies. This work evaluated RBC
metabolism through measurements of both the RBC glucose transporter 1 (GLUT1)
content, and the amount of RBC-derived adenosine triphosphate (ATP) released in
response to flow-induced shear stress as well as molecular stimuli. In addition, cell-to-cell
communication between RBCs and endothelial cells was enabled through the use of a
3D printed device that greatly improved precision over previous devices used by our
group and others. Overall, the results presented in this work further the knowledge of both

T1D and MS and aim to better treat each disease.

Initial studies aimed to evaluate the metabolism of both T1D and MS RBCs through
measurements of the RBC GLUT1 content. RBCs do not contain a nucleus, and the only
pathway for energy production is through anaerobic glycolysis, beginning with glucose
entering the cell. The primary glucose transporter on RBCs is GLUT1,! and results
presented in chapter 2 suggest that TID RBCs contain 24% less GLUT1 than control

RBCs, while MS RBCs contain 23% more GLUTL1. Although not a direct measurement of
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cell metabolism, when the RBC GLUT1 content is combined with results presented in
chapters 3 and 4, the metabolism of T1D and MS RBCs is more fully represented, and

may provide further insight into disease onset.

Within the RBC, as glucose is metabolized through glycolysis, two ATP molecules are
produced, and as RBCs become deformed due to flow induced shear stress, that ATP is
released as a signaling molecule into the bloodstream.?3 P2Y purinergic receptors on
endothelial cells bind ATP molecules and ignite a signaling pathway that produces nitric
oxide (NO),*® which is significant in the bloodstream due to its ability to relax smooth
muscle cells and dilate blood vessels.* To more fully understand the cell metabolism of
MS RBCs, along with downstream applications, the pathway of RBC ATP release and

sequential endothelial cell NO production was evaluated.

5.1.1 Steroids and Multiple Sclerosis

Collaboration with the Neurology and Ophthalmology Clinic at Michigan State University
enabled us to obtain blood samples from MS patients to evaluate in our lab. Using a 3D
printed device to mimic the flow induced shear stress experienced by RBCs in vivo
(experimental set-up shown in Figure 3.3), the ATP release of control and MS RBCs was
measured after treatment with either the steroid hormone estriol or the steroid
prednisolone. Estriol was studied due to the reports that high estrogen levels during

pregnancy have protective effects on MS,” and prednisolone (the active form of
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prednisone) was studied because it is often prescribed to MS patients to help end MS

exacerbations.®

Results suggest that MS RBCs release elevated amounts of ATP compared to control
RBCs at basal levels, which was expected due to previously reported results.? RBC ATP
release after treatment with each steroid was also similar to ATP release results from
estradiol treated RBCs reported by Letourneau, et al.° As RBCs were treated with
increasing amounts of estriol, the RBC ATP release decreased in both control and MS
RBCs. Significantly, when treated with 7 nM estriol, the MS RBC ATP release decreased
to statistically the same level as control RBC ATP release at basal level. The estriol
concentrations used reflect levels of estriol per RBC seen during pregnancy. Scaled to
the 7% RBC samples used throughout these studies, estriol is present at 7 nM in a healthy
female, 30 nM is present during early pregnancy, and up to 0.5 uM is present in late
pregnancy.’® Samples prepared throughout these studies reflected these estriol
concentrations along with additional concentrations to fully understand the effects of

estriol on RBCs.

In a similar manner, RBC treatment with prednisolone decreased the RBC ATP release
from both control and MS RBCs, and treatment of MS RBCs with 5 or 50 uM prednisolone
led to an ATP release statistically the same as the untreated control RBCs. A common
dosage of prednisolone prescribed to patients is between 500 and 1000 mg once daily
for three to five days total.® Scaling to proper steroid concentration per RBC, the

appropriate physiologically relevant prednisolone concentrations fall within a range of
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50 - 100 uM for a 7% RBC sample. Lower prednisolone concentrations were also
examined in this work to fully understand its effects on RBCs. Both estriol and
prednisolone have the ability to decrease the MS RBC ATP release to that of the basal
level of healthy RBCs, which may be an indicator of the mechanism of action that steroids
have on RBCs, and a way that MS exacerbations are controlled by their presence in the

bloodstream.

ATP is a stimulus of NO production in vivo, and NO has been previously implicated in
MS.11-12 Elevated levels of NO have been found to break down the blood brain barrier
(BBB),'*1* and NO metabolites have been found in the cerebral spinal fluid and urine of
MS patients.'>1’ Breakdown of the BBB is a hallmark feature of MS, and therapies to
decrease the amount of BBB permeability would significantly help to alleviate

complications experienced by MS patients.

To investigate the NO production of bovine pulmonary arterial endothelial cells (0PAECs,
used as a human endothelial cell mimic) in contact with flowing RBCs, we used the 3D
printed device described previously. As RBCs were circulated, they released ATP due to
shear stress that bound to the P2Y purinergic receptors on the bPAECs and produced
NO. The amount of NO production from bPAECs in contact with control RBCs treated
with varying amounts of either estriol or prednisolone was evaluated, and for all
physiologically relevant concentrations, a significant decrease in the NO production was
measured. Although MS RBCs were not used in this study, due to the correlation between
RBC ATP release and bPAEC NO production, a similar trend is expected from bPAECs
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in contact with MS RBCs. As estriol and prednisolone decrease the amount of ATP
released from RBCs of MS patients, a consequence is a decrease in the endothelial NO
production, proposed to relieve MS complications. This finding is both a mechanism of
action of steroids in the bloodstream along with a discovery to further the research

involving novel MS therapies.

Further investigations as to how steroids directly affect RBCs focused on the deformability
of RBCs. Previous work has reported that RBC deformability is associated with RBC ATP
release, and the more deformable the RBC is, the more ATP is released from the cell.®
19 When this theory was tested on RBCs treated with either estriol or prednisolone, a
decrease in RBC deformability was measured with treatment of physiologically relevant
concentrations. The decrease in deformability was not as predominant as the decrease
in ATP release measured however, possibly suggesting that the deformability
measurements were not sensitive enough to detect small differences. Regardless, the
ability of steroids to decrease the deformability of RBCs is another piece of evidence,
combined with the decrease in RBC ATP release, implicating that their mechanism of

action may begin in the bloodstream with RBCs.

While shear stress and mechanical deformation is a main mechanism of RBC ATP
release, chemical stimuli also leads to RBC ATP release.? Previous work has proven that
when the pancreatic peptide, C-peptide, is combined with Zn?* and the blood protein
albumin, an increase in RBC ATP release is measured.? If this complex increases the

RBC ATP release, it follows that inhibiting the binding of C-peptide and Zn?* to RBCs
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would attenuate RBC ATP release, which may be significant in MS because MS RBCs
have been shown to bind an elevated amount of C-peptide and Zn?* at basal levels.?1-22
However, this work suggests that RBCs treated with prednisolone bind less C-peptide
and Zn?*, and as a consequence, any downstream effects should also be attenuated,

such as RBC ATP release.

To further investigate how steroids affect RBC metabolism, the GLUT1 content of RBCs
treated with prednisolone was evaluated. While glucose uptake measurements were not
directly performed, GLUT1 content is proposed to be associated with glucose flux, leading
to ATP production within the cell. Findings revealed that the RBC GLUT1 content
increased when RBCs were treated with prednisolone. Although contrary to the RBC ATP
release results, a possible explanation may involve prednisolone acting as an antagonist
to GLUTL, hindering the amount of glucose flux through the protein. Steroids are known
to inhibit glucose transport,?® and as the cell experiences hypoglycemic conditions due to
prednisolone, additional GLUT1 proteins may be translocated to the cell membrane to
allow additional glucose flux, thereby causing the increased GLUT1 content measured by

this work.

Overall, a proposed mechanism of action involving steroids and RBCs has been
suggested to result in a decrease of RBC glucose flux, deformability, and binding of C-
peptide and Zn?*. These effects are all associated with decreased RBC ATP release, and

may occur through a proposed mechanism involving steroids intercalating into the RBC
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membrane, antagonizing GLUT1 glucose transport, and altering the location of the
C-peptide and Zn?* binding site. As the RBC ATP release is decreased, less NO is
produced by endothelial cells, causing less damage to the BBB and amelioration of MS

symptoms.

5.1.2 Type 1 Diabetes Therapy to Improve Blood Flow

C-peptide and Zn?* have been shown to increase the RBC ATP release and subsequent
NO production from endothelial cells.?° While this mechanism was previously studied with
regard to MS, it may also be applicable to T1D. Poor blood flow is proposed to be the root
cause of many diabetic complications such as diabetic retinopathy, neuropathy, and
nephropathy, and a therapy to alleviate these complications is needed for diabetic
patients.?*2” ATP is produced through glucose metabolism in vivo, and if glucose
metabolism is enhanced within the diabetic bloodstream, blood flow may also be

enhanced as the produced ATP is released into the blood stream.

T1D patients administer insulin to maintain proper blood glucose levels in vivo, which
binds to receptors on cell membranes and activates the translocation of glucose
transporter 4 (GLUT4) proteins to the cell membrane and facilitates the diffusion of
glucose into GLUT4 containing cells. Insulin is very effective at this process; however,
most bloodstream cells do not contain GLUT4, but instead contain GLUT1. Importantly,

GLUTL1 is not affected by insulin. If an accompaniment therapy to insulin would increase
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the GLUT1 content of bloodstream cells, the elevated glucose clearance from the
bloodstream would lead to elevated ATP production within bloodstream cells and

potentially elevated ATP release.

Due to the finding in chapter 2 that T1D RBCs contain less GLUT1 than control RBCs at
basal level, a therapy to increase RBC GLUT1 content along with RBC ATP release was
hypothesized to have the most success as a blood flow enhancing therapy in T1D.
Previously published work has implicated C-peptide as being beneficial for diabetic
patients by increasing nerve function and renal blood flow,?83° and a clinical trial by the
company, Cebix, investigated C-peptide as an auxiliary therapy for T1D patients.3! While
initial studies were positive, the phase llb clinical trial resulted in no measureable benefit
in T1D neuropathy from the addition of C-peptide.3! Interestingly, a study from the Spence
group found that in order for C-peptide to elicit an effect on RBCs, it must be combined
with Zn?* and the blood protein albumin,?° which Cebix did not use. Work presented in
chapter 4 evaluated the necessity and effects of the C-peptide, Zn?*, albumin complex on
RBCs, and results may prove to be significant with regard to an auxiliary therapy to

accompany insulin for T1D patients.

Results found that in order for both C-peptide and Zn?* to bind to RBCs and potentially
elicit an effect, alboumin must be present at the time of complex formation. Measurements
of RBC ATP release evaluated the effect that each component of the C-peptide, Zn?*,

albumin complex had on the RBC ATP release, and results found that only when the full
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complex was combined with RBCs did the RBC ATP release increase. This result is
significant with regard to the failed clinical trial by Cebix, and suggests that Cebix may not
have obtained positive results from their phase llb clinical trial because the complex,

proven necessary by this work, was not administered.

Further investigation of the proposed complex evaluated the change in RBC GLUT1
content due to each component of the complex. This was performed because of the
previously suggested relationship between GLUT1 and RBC metabolism. Similar to the
RBC ATP release results, only when the full complex was present did the RBC GLUT1
content increase. As C-peptide, Zn?*, and albumin elicit an effect on RBCs, a potential
mechanism of action involves the complex stimulating GLUT1 translocation leading to
increased ATP production within the cell and subsequent release that is able to bind to
P2Y purinergic receptors on endothelial cells and stimulate NO production and
vasodilation. Resulting vasodilation will enhance blood flow and potentially alleviate the
complications of retinopathy, neuropathy, and nephropathy experienced by diabetic

patients.

Overall, this research advances the knowledge of autoimmune diseases in the
bloodstream. Although through different mechanisms, it is clear that RBC metabolism is
altered in both T1D and MS patients. With this knowledge, new mechanisms of action are
suggested for current MS therapies, and an auxiliary therapy to supplement T1D insulin
injections is also proposed. Further work is necessary to more directly measure RBC

metabolism, such as RBC glucose transport; however, results from this work are
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hypothesized to strongly correlate to RBC metabolism. Research must continue to better
understand the etiology of these diseases in order to offer more effective treatment

options to patients.

5.2 Future Directions

5.2.1 Red Blood Cell Interferon Beta Treatment

While steroid treatments are administered at high doses for a short amount of time to
alleviate MS exacerbations, other medications are administered over a much longer
duration. Interferon beta (IFN-f) medications are commonly prescribed to MS patients as
a disease modifying therapy, and overall, IFN-B medications reduce the relapse rate of
MS patients by about a third.3?-3* As cytokines, IFN-B medications are thought to inhibit
the proliferation of T-cells and decrease the production of pro-inflammatory cytokines in
the body, thereby protecting against MS complications.3® Interestingly, IFN-B has three
associated ligands: beta-D-glucose, 6-deoxy-a-d-glucose, and Zn?*. Although a proposed
mechanism of action of IFN-f involves a reduction in pro-inflammatory cytokines, due to
the ability of IFN-B to bind Zn?*, this work suggests that it may have an alternate

mechanism of action effecting the metabolism of RBCs.

Since IFN-B is a Zn?* binding protein, a hypothesized mechanism involves IFN-B binding

Zn?* in the bloodstream, attenuating the effect that C-peptide and Zn?* binding has on
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RBCs. To evaluate if IFN-B affects RBC metabolism, initial studies measured the GLUT1
content of RBCs treated with IFN-B and 20 nM C-peptide and Zn?*. Figure 5.1 shows an
initial 25% increase in RBC GLUT1 content when treated with C-peptide and Zn?*, and
as shown in Figures 5.2 and 5.3, IFN-B neutralizes the initial GLUT1 increase due to C-
peptide and Zn?* in both control and MS RBCs, respectively. These results support an
additional role of IFN-B in the bloodstream involving Zn?* binding. Hindering the binding
and effect of the C-peptide and Zn?* complex on RBCs will lead to a decrease in RBC
metabolism. This data is preliminary work, and further studies must evaluate the
reproducibility of this data as well as more directly correlate the results to RBC metabolism

in the form of RBC ATP release or glucose transport.
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Figure 5.1 — RBC GLUT1 Content with C-peptide and Zn?*. As a 7% RBC sample is
treated with 20 nM C-peptide and Zn?*, a 25 + 2% increase in the GLUT1 content is
measured. Interestingly, no significant increase was measured due to C-peptide only or
Zn?* only. n = 5 donors, *p < 0.05 to control, error bars = SEM.
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Figure 5.2 — Control RBC GLUT1 Content with IFN-B. As samples of 7% RBCs are treated
with 20 nM C-peptide and Zn?* along with IFN-B, the initial increase in GLUT1 content
measured due to C-peptide and Zn?*, decreases 26-28%. This decrease leads to a
GLUTZ1 content statistically the same as the basal level of control RBCs and is thought to
be caused by IFN-B binding the Zn?* in solution, hindering any effect on the RBCs caused
by Zn?* binding, shown here as RBC GLUT1 content. n = 3 donors, *p < 0.05 to Control
+ C+Z, #p > 0.2 to Control, error bars = SEM.
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Figure 5.3 — RBC GLUT1 Content with IFN-B. When control and MS RBCs are treated
with C-peptide and Zn?*, MS RBCs contain more GLUT1 than control RBCs. Interestingly,
as MS RBCs are treated with IFN-B after treatment with C-peptide and Zn?*, the GLUT1
content decreased to significantly the same levels as control RBCs treated with C-peptide
and Zn?*. n = 3 donors, *p < 0.05 to control + C+Z, **p < 0.05 to MS + C+Z, #p > 0.05 to
control + C+Z, error bars = SEM.

5.2.2 Red Blood Cell Glucose Internalization Measurements

To date, all work has focused on indirect measurements of RBC metabolism. Although it
is proposed here that GLUT1l content correlates to glucose flux into the cell,

measurements of glucose transport have not been performed to directly correlate the two.

166

www.manaraa.com



Studies involving radioisotope-labeled glucose may advance research by measuring the
amount of glucose internalized into cells. Fludeoxyglucose (FDG) is a glucose analog
with an 8F substituted for the hydroxyl group at the C-2 position of glucose. This molecule
is a positron-emitting radionuclide used in positron emission tomography (PET) imaging,
and glucose internalization is monitored by the amount of FDG in various tissue, which is
correlated to metabolism within the tissue. Once internalized, phosphorylation of FDG by
hexokinase prevents its release from the cell. This allows imaging without constant
transport of the molecule in and out of the tissue. Although commonly used to image
tumors, it is proposed that this system is applicable to RBC glucose internalization, as
reports suggest that GLUT1 will transport FDG; however, whether or not its affinity for

GLUT1 is the same as glucose is debated.36-38

FDG is a gamma-emitting molecule, and working with large quantities of it can be
dangerous, as gamma-emitting particles are able to penetrate the skin and damage DNA
molecules within the body. However, working with proper shielding and low levels of
radiation greatly decreases any health risk to the scientists involved in its use. In addition,
the half-life of FDG is short, only 110 minutes, which allows its radiation to be penetrating
for only a short amount of time before the 8F decays into stable 0. For all preliminary

experiments, the scientists involved took all necessary precautions.

Attempts to optimize an assay to measure FDG internalization has focused on varying

the glucose concentration in the physiological salt solution (PSS) used to prepare
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samples. This was done due to the small number of FDG molecules present in our buffer,
which was required to ensure safety during experimentation. To afford FDG a greater
opportunity for RBC internalization, PSS was prepared with 0, 0.1, or 0.25 mM glucose.
As the glucose amount in the PSS was decreased, an elevated amount of FDG was able
to be measured within the RBCs. All measurements were performed using a 2480
WIZARD2 Automatic Gamma Counter (Perkin Elmer, Waltham, MA), and the final
samples consisted of pelleted RBCs. Washing steps proved necessary to remove
nonspecifically bound FDG before analysis; however, continual glucose transport during
the washing steps has come into question, and a method to replace the aforementioned

washings is advantageous.

Preliminary studies involving RBC internalization of FDG when RBCs were initially treated
with C-peptide and Zn?* have not proven successful to date. Although the results
presented in this dissertation suggest that RBC metabolism is increased due to addition
of C-peptide and Zn?*, when the FDG internalization was measured after 5 and 45
minutes of incubation, a decrease in the FDG internalization was measured after
treatment with C-peptide and Zn?*, suggesting a decrease in cell metabolism. It is
noteworthy that glucose transport happens very quickly through GLUT1, and it has been
suggested that in order to properly study sugar transport across GLUT1, transport
measurements must be limited to less than one second or temperatures must be lowered
to 4°C.3° All preliminary studies involved incubations at 37°C (physiological temperature)
for 5 minutes or greater, which may be a factor in the obtained results. Future work

optimizing a protocol to measure RBC internalization of FDG would more directly
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measure glucose utilization of the RBC compared to previous work presented in this
dissertation, and may require incubations at 4°C instead of 37°C to slow down the
transport of glucose. Overall, a more direct method to measure glucose transport through
GLUT1 is necessary to correlate the results obtained in this dissertation directly with RBC
metabolism, and while not the only method available, FDG internalization measurements

may prove to be a viable method.
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