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Abstract 

Multiple Sclerosis is a chronic demyelinating inflammatory disease that causes 

symptoms ranging from fatigue to cerebellar ataxia. I propose a novel treatment for MS 

that targets the aberrant inflammatory cells directly in order to halt the progression of the 

disease. This protein complex will competitively bind to inflammatory cells that target the 

components of the central nervous system and subsequently eliminate them, thus 

eliminating the disease as it arises. Experimental autoimmune encephalomyelitis 

induced mice were treated with 0.2 mL of trimeric protein at peak disease. Gait score 

was used to measure disease progression. The cerebellum was fixed, sectioned and 

stained to measure lesion load. CD3+ and CD19+ cell populations from the spleens 

were counted. I found that administration of the trimeric protein at low doses significantly 

improved the motor function and significantly reduced the amount of cerebellar lesioned 

area of the EAE-induced mice.  

 

Keywords:  Multiple Sclerosis; Experimental Autoimmune Encephalomyelitis; gait 

analysis; lesion; flow cytometry  
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Chapter 1. Introduction 

Multiple Sclerosis (MS) is defined as a chronic inflammatory demyelinating 

autoimmune disease of the central nervous system1–3. It is one of the world’s most 

common neurological disorders, and is often the leading cause of nontraumatic 

neurologic disability in young adults1. There is currently no universally effective treatment 

for MS because the disease origins remain unknown. Here I aim to treat an animal 

model of MS, known as experimental autoimmune encephalomyelitis (EAE), with a novel 

protein sequence designed to target the specific autoreactive immune cells involved in 

the autoimmune disease in order to treat the inflammation of the central nervous system 

and alleviate the subsequent symptoms of MS. 

 

1.1. The Nervous System 

 The nervous system regulates autonomic and somatic function of the body, via 

both the central nervous system (CNS) and peripheral nervous system (PNS). The CNS 

is comprised of neurons and supporting glial cells in the brain, brainstem, cerebellum 

and spinal cord4. These networks are responsible for combining information from other 

parts of the body, calculating a reaction and coordinating an appropriate activity 

response4. In contrast, the PNS relays sensory information via afferent tracts to the CNS 

and motor information via efferent tracts from the CNS to the muscles.  
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1.1.1. Neurons and Myelin 

Neurons are made up of a cell body from which axonal and dendritic projections 

extend5. The cell body houses the nucleus that contains genetic material and controls 

the cell’s activities. The dendritic processes receive and compute cellular inputs from 

presynaptic cells, whereas the axon transmits electrochemical signals to adjoining post 

synaptic cells. The electrical component of the electrochemical signaling in axons is 

called an action potential. Action potentials are changes in the membrane’s electrical 

potential, due to the activity of voltage-gated ion channels, triggering and subsequently 

allowing the flow of ions based on their Nernst potential. Once this signal reaches the 

end of the axon, neurotransmitters are released into the extracellular spaces, which, in 

turn, interact with the dendrites of adjacent (post synaptic) cells5. Action potentials are 

responsible for the long-range transmission of information within the nervous systems, 

and the transmission of information into target organs. 

 The speed at which an electrical signal moves along a neuron is dictated by the 

electrical properties of the cell. Properties such as membrane resistance, the diameter of 

the axon, and presence or absence of a myelin sheath all affect action potential 

transmission speed. Wider axons have lower longitudinal resistance, which increases 

the signal conductance speed; however, there is still significant membrane current 

leakage and an inability to cluster many neurons together, due to size5. This is seen in 

the squid giant axon that is used to influence siphon activity; a few axons relay 

information quickly to siphon muscles. In contrast, the myelin sheath increases 

membrane resistance, which reduces leaking of electrical current, but requires 

significant energy expenditure to support two different cell types4. The myelin sheath is a 

modified plasma membrane, acting as a resistor, concentrically extending along a nerve 

fiber in intermittent nodes6. The glial cells responsible for the formation of the myelin 
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sheath differ based on the location of the axon in the nervous system; Schwann cells 

myelinate axons in the PNS and oligodendrocytes myelinate those in the CNS. The 

myelin sheath is composed mainly (70-85%) of lipids4,7. The high lipid/protein ratio 

contributes to the close packing and tight organization of the myelin sheath, through 

non-covalent interactions between lipids and myelin proteins7. Myelin does not cover the 

entire axon, but rather insulates sections of it, leaving gaps known as Nodes of Ranvier. 

Clusters of sodium channels at the nodes allow for renewal of the action potential 

(known as saltatory conduction) and significantly increase transmission speed along an 

axon8.  

 The turnover rate of myelin lipids is unknown in humans; but, in animal studies, it 

is known to be remodeled continuously7. If the myelin sheath is compromised or lost, 

current from action potentials may diffuse through the demyelinated portions of the axon 

where the density of voltage dependent sodium channels is low8. This diminishes the 

conduction velocity of action potentials and may result in loss of signal. Furthermore, this 

loss of myelin may result in damage or loss of the actual axon. This accumulated 

damage will result in loss of motion control or diminished sensitivity to touch9. Thus, 

myelin is critical to the smooth and efficient transmission of signals throughout the motor 

pathway and the effectiveness of subsequent motor output. 

 

1.1.2. The motor pathway 

 The motor signaling pathway originates in the cerebral cortex and extends into 

the corticospinal tracts, which send motor information from the motor cortex to the spinal 

cord and eventually on to the muscles. This output is shaped by corticocortical loops, 

from the basal ganglia and the cerebellum10. The basal ganglia are critical to the 
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initiation of movements, whereas the cerebellum controls the coordination of these 

movements 9,11. Afferent pathways include the dorsal column pathways, which bring 

sensory input from the periphery to the brain10. 

 Neurons within the cerebellum and throughout the motor cortex can be 

myelinated or unmyelinated, depending on their specific location and role4. The loss of 

myelin, as a result of demyelinating disease, results in impaired neuronal signaling and 

eventual impairment in both movement and sensation. Lesions in the cerebellum can 

have a wide range of effects, including truncal and gait instability or ataxia10. Lesions in 

the vermis between the cerebellar hemispheres are likely to result in truncal and gait 

instability, whereas lesions of the hemispheres are likely to cause ipsilaterally affected 

limb ataxia10. Lesions in the spinal cord can affect either the recognition of a sensory 

input, or the following through of motor output, depending on where the lesions are 

located along the spinal cord9. Lesions may be caused by physical injury or cellular 

interference such as an inflammation.  

 

1.2. The immune system 

 The immune system has evolved as a mode of protection against various 

pathogens12. These protective measures include physical barriers, such as skin and 

mucus, in addition to various cellular defenses that are either part of the innate immune 

system, or adaptive immune system.  

Cell surface markers on these defensive cells are used to differentiate between 

stages of leukocyte differentiation, or the various stages of activation or inactivation. 

Clusters of antigens on the surface of leukocytes are designated by their reactions with 
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monoclonal antibodies in order to make the distinction between the various different cell 

types13. These clusters of differentiation (CD) can function as a signaling molecule and 

mediate various cellular and metabolic pathways, including during inflammation; as 

such, these unique identifiers are commonly used for study of in vitro and in vivo 

inflammatory processes13. These CD markers can be found in both the innate and 

adaptive immune systems. 

 

1.2.1. The innate immune system 

 The innate immune system consists of basic physical and chemical features, as 

well as cellular components that recognize various conserved features of pathogens 

(e.g. lipids typically found on bacteria)14. The body’s physical barriers include the skin 

and other epithelial surfaces, tight cell-cell junctions, and mucous layers14. Mucous 

layers protect internal epithelial surfaces, such as the lungs, from pathogens adhering to 

the epithelium. The mucus is composed mainly of mucin, a viscoelastic secretion, and 

other glycoproteins15. Mucus also contains defensins, which are short, positively 

charged, hydrophobic proteins. Defensins have the ability to inactivate or kill pathogens 

by disrupting the pathogen’s membranes and protein coats14. Chemokines and other 

chemical components of the innate immune system also play a role in the regulation of 

the inflammatory response12. Macrophages, a key cellular component of the innate 

immune system, engulf various pathogens and become an antigen presenting cell 

(APC), acting as a link with the adaptive immune system. In addition to macrophages, 

dendritic cells play a role in the activation of the adaptive immune system. Dendritic cells 

are similar to macrophages in that they engulf and eliminate foreign bodies, and are 

APCs that present epitopes of the foreign body on their cell surface, which can trigger a 
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cell cascade of the specific adaptive immune response14. Dendritic cells are unique from 

macrophages in that they are the only cells that can activate naïve T cells to become 

effector T cells, forming an adaptive immune response16.  

Basophils and Mast cells are also important for cellular regulation of the innate 

immune system. Basophils are a relatively rare cell type, but have unique effector 

functions that are key to the development of allergic inflammation17. They develop from 

hematopoietic stem cells in the bone marrow; there are many developmental, 

transcriptional, and cytokine-mediated pathways that affect the function of basophils. 

The most recognized activation pathway is initiated by antibody binding to 

Immunoglobulin (Ig) E, after which effector molecules such as histamines are released 

17. Mast cells are very similar to basophils in that they cause an allergic reaction in 

response to Ig E antibodies, but they also recruit further adaptive immune cells in 

response to foreign antigens when they act as an APC18.   

 

1.2.2. The adaptive immune system 

 Adaptive immunity involves the immunological memory to specific epitopes that 

arises after the initial encounter with the pathogen. This memory can provide long-lasting 

protection against that particular pathogen14. The activation of the adaptive immune 

system, in addition to the memory that arises from an infection, is carried out by 

lymphocytes, including CD3+ T-cells and CD19+ B-cells. 

 T-cells are formed in the bone marrow and mature in the thymus, where they are 

challenged against self-proteins. Immature T-cells undergo somatic recombination to 

generate clones expressing unique T-cell receptors (TCRs). These TCRs are key in the 
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antigen recognition process and the binding of the T-cell to the MHC protein on APCs. 

Although the TCRs are capable of binding to the major histocompatibility complex (MHC) 

molecules of all cells, they are processed in the thymus in order not to bind to the MHC 

molecules of normal, self-peptides of the host12. Immature T-cells undergo positive 

selection in the thymus in order to confirm their effectiveness at binding to MHC proteins. 

This positive selection involves the immature T-cell being presented with peptides of 

both major histocompatibility complexes I and II (MHC-I and -II) of thymic epidermal 

cells. The affinity of which the immature cells bind to either MHC-I or -II peptides 

determine whether they will become CD4+ regulatory T cells, including helper T cells, or 

CD8+ cytotoxic T cells. If an immature cell fails to bind, it will undergo apoptosis. 

However, immature cells that bind too strongly also undergo apoptosis as they are likely 

to become autoreactive and bind to MHC molecules of self-antigens. To ensure that 

mature T-cells are not autoreactive, they also contain RNA for self-antigen proteins 

belonging to three classes: those synthesized in peripheral tissues and circulating at 

high, moderate or low concentration, those synthesized in peripheral tissues and 

normally undetectable in the circulation, and secluded self-antigens such as myelin basic 

protein (MBP)19. These self-antigen proteins arise from the AIRE gene associated with 

the extracellular matrix of thymic epithelial cells20.  

B-cells develop and mature in the bone marrow. The development of their 

antigen specificity follows a program of cell surface antigen expression, and sequential 

heavy and light chain gene rearrangement forming the B-cell Ig receptor that determines 

the cell maturation stage within the bone marrow21. Immature B-cells express IgM B-cell 

receptors (BCR) that can bind to antigens. These antigens, primarily within the bone 

marrow, are self-proteins. Similar to the negative selection of T-cells, immature B-cell 

receptors that bind too strongly to autoantigens are eliminated via apoptosis, or the 
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BCRs are edited and rearranged to not respond to a self-antigen, in central regulation 

mechanisms12,22. Helper T-cells also ensure that activation of B-cells is against foreign 

particles and not self-antigens in the periphery, but any mature B-cells that recognize a 

self-antigen without the activation by a T-cell are functionally inactivated by anergic 

mechanisms or die by apoptosis12,22,23. Further development of B-cells occurs in the 

lymph nodes, spleen, and other peripheral tissues where B-cells develop co-expressed 

Ig proteins and acquire the ability to be fully activated24. These cells are able to respond 

productively to T-cells and APCs to produce the high-affinity antibodies that are key to 

cellular immunity of the adaptive immune response24. 

The adaptive immune response is initiated when an APC, such as a monocyte, 

dendritic cell, or naïve B-cell comes into contact with a foreign particle12. The cell engulfs 

the foreign body, and then a specific epitope of that particle is displayed by the major 

histocompatibility complex (MHC-II) molecule on the surface of the cell12. Naïve B-cells 

that come into contact with an APC undergo a differentiation process where they 

become either effector B-cells or memory B-cells and begin producing antigen-specific 

molecules in response to the antigen that the parent naïve cell encountered12,25. Helper 

T-cells interact with the APC and active B-cells to allow T- and B-cell proliferation and 

activation to that specific epitope12. Naïve B-cells may also be activated by previously 

activated T helper cells. Activated B-cells develop into antibody-producing plasma cells, 

or effector B-cells, and produce antibodies against the specific pathogenic epitope26. Ig 

antibodies that are composed of two light chain, and two heavy chain proteins to create 

a Y shape, are produced by mature B-cells27. These antibodies bind to the foreign 

antigen, which can then inactivate the foreign body by blocking its ability to bind to the 

host, and mark the antigen for destruction by phagocytes of the innate immune system28. 

In cell-mediated immune responses, non-specific naïve T-cells directly interact with the 
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APC or activated B-cell, which then triggers a cascade response, rather than relying on 

the interaction with an antibody to create a response against the antigen. The binding 

specificity of the MHC proteins to the foreign antigen is essential for the maturation and 

differentiation of naïve T-cells into helper T- or cytotoxic T-cells29. When helper T-cells 

encounter an APC, they release cytokines. These signaling proteins activate the 

cytotoxic T-cells and macrophage migration to the site of interest and subsequent 

destruction of the APC12. Cell-mediated immune responses typically occur at sites of 

injury or infection. Autoimmunity occurs when there is the presence of antibodies, 

produced by B-cells, and T-cells directed against a self-antigen, rather than against a 

pathogen in cellular defense. 

Autoimmune disorders arise when immune cells fail to distinguish between 

healthy tissue and potentially harmful pathogens. Some evidence suggests that this may 

happen during the maturation process of lymphocytes, due to modifications of the 

autoantigen structure and distribution in apoptotic cells, or due to abnormalities in 

clearance methods of cellular debris from infection; however, the precise mechanisms 

involved in the development of autoimmunity are unknown21,26,30,31. These self-antigens 

may drive a localized response, such as in the brain, or responses may lead to a more 

general inflammatory response. Following the initiation and trafficking of these 

autoreactive immune cells, local damage can amplify the disease state, leading to a 

chronic inflammatory process that disrupts the normal function of the tissue29. 

 

1.2.3. Immune privilege of the CNS 

The central nervous system (CNS) was previously thought to be completely 

isolated from the immune system via the blood brain barrier (BBB), the lack of draining 
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lymphatics, and the apparent immunocompetence of microglia32. However, the view of a 

completely immunologically inert CNS has been reevaluated through the study of 

neurodegenerative disorders, such as Alzheimer’s Disease and Multiple Sclerosis. Now, 

the CNS is considered immune privileged, rather than isolated32,33.  

The BBB is actually a highly selective semipermeable border of endothelial cells, 

and is the first barrier creating the immune privilege34. There is no random accumulation 

of immune cells in the CNS as there is in the periphery, because these cells are normally 

unable to cross this barrier, and there is also no lymphatic system in the CNS where the 

immune cells are produced and mature32. There is also a lack of MHC-II expressing 

APCs in the CNS32.  

Microglia have recently been shown to play a key neuroprotective role within the 

CNS32,35. Upon injury, or infection, microglia become activated and produce pro-

inflammatory mediators that stimulate astrocyte response pathways36. Cytokines and 

chemokines are also released by microglia to increase the inflammatory response within 

the CNS37,38. The elevated inflammatory response stimulates reactive astrogliosis and 

progressive changes in gene expression, resulting in degrees of cellular hypertrophy – 

often of oligodendrocytes but any cells within the CNS can be affected39. If the damage 

is chronic, hypertrophied astrocytes will proliferate around the injured axon to form a 

persisting glial scar40. The formation of a glial scar immediately after injury prevents the 

spread of neuroinflammation and excitotoxicity. However, the chondroitin sulfate 

proteoglycans, which are expressed by reactive astrocytes in the glial scar, inhibit 

neurite outgrowth and repair40,41.  
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1.3. Multiple Sclerosis 

 Multiple sclerosis has been classified as an autoimmune disease, where 

autoreactive immune cells target components of the myelin sheath12. These immune 

cells enter the CNS, through the breakdown of the BBB, via a currently unknown 

mechanism. This inflammatory response then results in the degradation of the myelin 

sheath48. The key cells thought to be involved in the pathophysiology of MS are 

autoreactive T-cells and antibody producing B-cells49. Ultimately, MS is thought to be a 

reduction in the resistance of the BBB, which allows for peripheral immune cell invasion. 

This invasion allows lymphocytes to infiltrate the CNS and target and destroy myelin 

forming oligodendrocytes, which results in the physical manifestation of the disease. 

While the disease state is relatively understood, the etiology of MS is currently unknown 

and globally there has been an increase in the prevalence of MS from 2013 to 2020 

(Figure 1.1)42. There are suggestions that genetic, environmental, or infectious agents 

may play an important role in the disease initiation43. Interestingly, countries in northern 

latitudes tend to have a higher prevalence of MS; Saskatchewan, Canada has one of the 

highest rates of MS in the world, with over 316 diagnoses per 100,000 (figure1.1)44–47.  
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Figure 1.1. Global prevalence of Multiple Sclerosis in 2013 (A) and 2020 (B). Data was 
collected by the International Federation of Multiple Sclerosis into the Atlas of MS. The 
prevalence of MS has increased in every region over the 7 years, where data is 
available. ©MS International Federation, 2021, used with permission.  

A 

B 
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MS affects women more often than men, but manifests as a very heterogeneous 

disease with a wide variety of presenting symptoms2. These symptoms commonly 

include fatigue and cerebellar ataxia, among others50. Due to the variability in the 

manifestation of the disease, MS can often go years without a diagnosis. This is not 

unlike other demyelinating diseases such as Behcet’s disease or Alzheimer’s disease 

where the inconsistent progression of the symptoms can mimic any number of diseases 

and disorders10. Currently, MS can only be confirmed through the visualization of at least 

two separate demyelinating lesions using Magnetic Resonance Imaging (MRI)3. The 

demyelinating lesions are areas of inflammation in the CNS where the inflammatory 

response has caused the degradation of the myelin sheath and surrounding axons50. 

The 2010 McDonald Criteria for diagnosing MS requires two or more attacks, objective 

clinical evidence of two or more lesions, or objective clinical evidence of one lesion with 

reasonable historical evidence of a prior attack51. This is still commonly understood to be 

the only way to diagnose MS properly; however, this was revised in 2017 to 

accommodate the widespread symptomology and clinical presentation. The variability in 

size, severity, persistence, and location of a lesion causes the variance in symptomology 

and dictates the form of MS2,3. 

There are three common forms of MS: relapsing-remitting MS (RRMS), 

secondary progressive MS (SPMS), and primary progressing MS (PPMS) (Figure 1.2). 

RRMS is the most common and is characterized by periods of active inflammation and 

lesion formation, in addition to resultant symptoms, followed by a remission period3. 

Symptoms subside during a remission period but may not be altogether gone. This 

cycling is thought to be caused by the self-activation of the immune system and 

subsequent destruction of myelinating cells followed by the inhibition of the inflammatory 

response and the repair to the damage through endogenous stem cells in the CNS52. 
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SPMS occurs when the damage caused by the inflammatory periods becomes too 

extensive for the repair to be apparent in both the lesions and the symptoms3. The 

remission phases become shorter and less frequent, and the symptoms compound 

rather than ebb and flow based on the active inflammation. PPMS is the least common 

form of MS. It is characterized by increasing disability from the initiation of disease state, 

and no remission period3.  
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Figure 1.2 Types of chronic MS as diagnosed by clinicians. Relapsing Remitting MS 
(RRMS) is characterized by stages of active inflammation and the formation of CNS 
lesions followed by periods of remission and recovery. Secondary progressive MS 
(PPMS) is characterized by the loss of remission periods in RRMS and the steady 
increase in disability. Primary progressive MS (PPMS) is characterized by the continued 
inflammation and increase in disability with no period of remission. (Modified from the 
National Multiple Sclerosis Society, 2020 as sourced from Lublin et al., 2014) 
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1.4. Current MS treatments 

 Current best practice recommends a tiered system of disease modifying 

therapies (DMT) that target the entire immune system in addition to symptom 

management therapies43,53,54. The two most common first line DMTs are interferon-beta 

(IFNB) and glatiramer acetate (GA)43.  

 IFNB is used in the early stages of RRMS and in slowly progressing PPMS, as it 

is known to slow the development of the disease through the reduction of the 

inflammatory response and inhibition of T cell migration into the CNS55. IFNB binds to 

type I interferon receptors, resulting in reduced antigen presentation and T-cell 

proliferation43,53,55. IFNB also protects the integrity of the extracellular matrix, and 

therefore the integrity of the CNS, by decreasing the activation of extracellular matrix 

enzymes, including matrix metalloprotein (MMP) which is key for the degradation of the 

BBB55. 

  GA can be used in most patients with RRMS to reduce the frequency of clinical 

attacks, and the number and volume of lesions visible on MRI43,56. GA contains four of 

the most common amino acids in MBP that are theorized to compete with the myelin 

antigens for the MHC binding site on various APCs38,56,57. This results in a reduction of T-

cell proliferation and altered cytokine expression that reduces the active disease 

state38,57.  

 Plasmapheresis and chemotherapy are alternate treatments of MS; however, 

they are less commonly used because of the extensive negative side effects associated 

with them43,58. Plasmapheresis removes circulating antibodies and other inflammatory 

molecules from the blood plasma, through dialysis or centrifugation. The plasma is then 

replaced with healthy donor plasma58. Chemotherapy involves the removal of 
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hematopoietic stem cells from the bone marrow, followed by the administration of 

cyclophosphamide to inhibit cell division59. Autologous stem cells from the bone marrow 

are reintroduced after the endogenous stem cells are eliminated59. Both plasmapheresis 

and chemotherapies have increased risk of infection due to the suppression of the 

immune system, and there is no evidence of the long term effectiveness of either 

treatment in reducing or eliminating the disease58,59.  

 Symptom management therapies do not target the disease itself, but rather work 

to improve the patient’s quality of life. Some of these targetable symptoms include 

fatigue, depression and bladder dysfunction38. Selective serotonin reuptake inhibitors 

(SSRIs) are used to treat symptoms of depression, whereas physical therapy and a-

adrenergic agonists target the spasticity to relax the muscles in the bladder to increase 

its capacity38. Currently, there are no approved drugs to treat fatigue in MS, but some 

doctors prescribe drugs used to treat narcolepsy or work with occupational therapists 

and physiotherapists to develop an exercise routine for patients suffering from chronic 

fatique38,54. 
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1.5. Novel trimeric protein treatment 

 Similar to the mechanism of GA treatment, here we have created a trimeric 

protein that is thought to target autoimmune cells specifically. The Buttigieg lab, along 

with iProgen in Vancouver, developed a trimeric protein complex that mimics the antigen 

epitope region that is targeted by antigen presenting cells. However, this protein also 

contains a protein sequence that signals cellular death. Thus, this protein sequence is 

theorized to be targeted only by the aberrant autoreactive immune cells active in MS, 

leaving all other key immune processes intact. The protein complex is composed of 

three key parts: a binding domain that specifically targets autoreactive immune cells, 

(1.5.1), an internalization sequence (1.5.2), and an apoptotic inducing factor (1.5.3) 

(Figure 1.3). 
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Figure 1.3. Visualization of the trimeric protein complex. The trimeric protein complex is 
composed of myelin oligodendrocyte glycoprotein (MOG35-55), a type IV internalization 
sequence from Bordetella pertussis, and an apoptosis-inducing factor. Aberrant immune 
cells targeted to the MOG35-55 during active inflammation in multiple sclerosis will bind to 
the MOG35-55 of the complex. The internalization sequence will cause the entire trimeric 
complex to be taken up by the immune cell, and the apoptosis inducing factor will trigger 
programmed cell death resulting in the elimination of the aberrant cells. 
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1.5.1. The binding protein  

 The autoreactive immune cells active in MS can attack, and subsequently 

destroy, a broad spectrum of points along the myelin sheath, including myelin basic 

protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and ribonucleic acid (RNA) 

binding protein60–62. For the purposes of this experiment, the binding domain used was 

myelin oligodendrocyte glycoprotein, epitope 35-55 (MOG35-55). This portion of the entire 

MOG protein was chosen in order to have a very specific immune response target. This 

specific epitope is also used in the most commonly induced experimental autoimmune 

encephalomyelitis (EAE) animal model of MS. 

 

1.5.2. The internalization sequence 

 The second part of the protein complex is an internalization sequence. This 

protein is from a modified type IV secretory system (TIVSS) from Bordetella pertussis. 

The TIVSS is a key part of the cell contact-independent manner in which B. pertussis 

secretes pertussis toxin (PTX) into the extracellular space63,64. Other bacteria, such as 

Agrobacterium tumefaciens, use a TIVSS that requires direct cell-cell contact in order to 

secrete effector proteins or DNA into a target cell63. This cell-cell contact results in the 

inhibition of the target cell’s ability to degrade foreign proteins, and translocation of 

proteins into the target cell65,66. The modified TIVSS of the trimolecular protein complex 

inhibits the degradation of the treatment proteins and facilitates the translocation of them 

into the extracellular space of the immune cells that have bound to the MOG35-55 

protein65. B. pertussis is used because the direct cell-cell contact with the internalization 

factor is not required; however, similar to A. tumefaciens, the protein must be bound to 

an immune cell through the binding domain in order to be effective. 
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1.5.3. The apoptotic inducing factor 

 The final protein of the trimeric complex is the apoptotic inducing factor (AIF). I 

hypothesize that once the protein is bound by an immune cell through the MOG35-55 

protein and translocated into the cell via the TIVSS, the AIF will translocate to the 

nucleus and cause the cell to undergo apoptosis67,68. This AIF causes the autoreactive 

immune cells to die before they are able to target and degrade the myelin sheath. 
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1.5.4. Variation of the trimeric protein treatment 

 Two separate trimeric protein treatments were used in experimental trials. The 

first was labelled as 2075_Pep14. This version contains a 6 amino acid space sequence 

between the MOG35-55 protein and the internalization protein of the trimeric complex. The 

second version of the trimeric protein was 2226.1, a recombinant version of 

2075_Pep14. This version of the trimeric protein is missing the amino acid spacer and 

contains an additional polyhistidine tag (His-tag). This tag is commonly used for 

immobilized metal affinity chromatography (IMAC) studies to check for clearance rate of 

the protein from the mammalian system69. The 2226.1 protein is 47 kDa in size and 

2075_Pep14 is 46 kDa. 

 

1.6. Experimental autoimmune encephalomyelitis 

 The actively induced experimental autoimmune encephalomyelitis (EAE) mouse 

model of MS mimics the relapsing-remitting and chronic disease courses, with 

demyelination and axonal damage similar to the human disease state. EAE is a CD4+ T 

cell-mediated autoimmune disease characterized by perivascular CD4+ T-cell and 

mononuclear cell inflammation70. The subsequent primary demyelination of CNS axonal 

tracks leads to the formation of cerebellar lesions and progressive hind-limb paralysis70. 

EAE development consists of two phases: an induction phase where myelin epitope-

specific CD4+ T-cells are primed through immunization with myelin peptides or proteins 

in complete Freund’s adjuvant (CFA), and an effector phase that consists of multiple 

stages. The first of these stages is the migration of activated myelin-specific T-cells 

through the tight endothelial junctions of the blood-brain barrier to the CNS, which is 

followed by the elaboration of chemokines and cytokines70. This induces an influx of 
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peripheral mononuclear phagocytes into the CNS parenchyma, which are then activated 

(along with peripheral monocytes/macrophages and CNS-resident microglial cells by 

helper T-cell derived cytokines)70. Finally, the axonal tracts of the CNS are demyelinated 

by the phagocytic activity of the activated mononuclear cells and the inflammatory and 

cytotoxic effects of the cytokines that are released from activated CD4+ T-cells and 

monocytes70. 

 EAE has been well studied and has led to the development of many drugs, 

including GA, used to treat MS71. While it shares many similarities with clinical MS, 

including the formation of demyelinating lesions in the CNS and infiltration of immune 

cells into the CNS, EAE is different from MS in that it is based on inflammation induced 

by CD4+ T-cells, is actively induced, and the antigen is known. In contrast, MS is 

thought to be mediated by B-cells and CD8+ T-cells, and the cause is unknown72,73. 

Other animal models of MS include, but are not limited to, active transfer EAE, where the 

pre-activated population of myelin epitope-specific CD4+ T-cells are taken from an 

actively induced EAE mouse and peripherally introduced into a naïve mouse70, or the 

cuprizone model of demyelination where young mice are fed copper chelated cuprizone, 

leading to oligodendrocyte death and subsequent reversible demyelination74. Actively 

induced EAE was chosen over-active transfer EAE because we do not have an already 

active population of EAE induced mice and the disease state is more consistently 

studied and developed. The cuprizone model was not used because our treatment 

targets the inflammatory response rather than repairing demyelination. 
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1.7. Hypothesis and research objectives 

 If multiple sclerosis is caused by the activation of the adaptive immune system 

against self-antigens, then the administration of the trimeric protein complex containing 

that specific epitope should induce the selective elimination of those autoreactive cells 

resulting in an improvement of the disease state as noted through the EAE mouse 

model. This trimeric protein is theorized to eliminate the immune cells that are targeting 

the myelin of the CNS. Animals induced with EAE develop autoreactive immune cells 

that target the MOG35-55 epitope of myelin within the CNS in a manner similar to how MS 

develops. Any cells that bind to the MOG35-55 sequence of the trimeric protein, instead of 

the naturally occurring epitope, will internalize the entire complex. This will result in the 

selective elimination of the autoreactive immune cells present in EAE. Once these 

autoreactive cells have been eliminated and the inflammation within the CNS reduced, 

renewed oligodendrocyte growth and repair is expected to occur in acute EAE. This 

repair would be able to be maintained as it is not continually being berated by the 

aberrant cells and an improvement in the symptoms should be apparent. This proof-of-

concept study will emulate MS and quantify the effects of this novel drug on the immune 

reaction and the subsequent physical changes in gait and lesion load of the cerebellum 

of 10-week-old female C57BL/6 mice. 

 

  



25 

Chapter 2. Materials and Methods 

2.1. Animal Care 

 Animals were procured under the University of Regina Animal Use Protocol 20-

02 and housed according to Canadian Council for Animal Care (CCAC) standards, 

under the supervision of the University of Regina President’s Committee of Animal Care 

(PCAC), on a 12h light/dark cycle. Food and water were provided ad libitum. Animals 

were monitored daily for general health and wellness. 

 C57BL/6 female mice were purchased from Charles River Laboratories 

(Montreal, QC.) at nine weeks old. They were handled daily for a week-long acclimation 

period before the start of each experimental trial. During the experiment, when the mice 

reached a level of disability where their movement and strength were significantly 

diminished, food was placed on the cage bottom, and bottles with extra-long nozzles 

were used to ensure water was easily accessible. Additionally, food was soaked in water 

to decrease the risk of mouse dehydration, and saline injected subcutaneously in any 

mouse showing signs of dehydration. 

 

2.2. Euthanasia and Tissue Harvesting 

Mice were sacrificed with an overdose of Pentobarbital (120 mg/kg) injected 

intraperitoneally. The brains, spinal cords, and livers were removed, preserved in 4 mL 

of 4% paraformaldehyde (PFA), and stored at 4°C. Brains and spinal cords were 

preserved for 2-4 weeks before sucrose was introduced to the solution; over the course 

of three days, sucrose was added to a final concentration of 30%, within the PFA 
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solution. This was done to improve tissue integrity for further processing. Spleens were 

removed and processed immediately. 

 

2.3. EAE Preparation and Induction 

An emulsion of ~1 mg/mL myelin oligodendrocyte protein, epitope 35-55 (MOG35-

55) and ~2-5 mg killed mycobacterium tuberculosis H37Ra/mL emulsion in Complete 

Freud’s Adjuvant was purchased, pre-mixed, along with 5 µg of Pertussis Toxin in 

Glycerol buffer (PTX) (Lot 1007 and 1008) from Hooke Laboratories (EK-2001, 

Lawrence, MA). The antigen used was MOG35-55 rat, mouse, sequence 

MEVGWYRSPFSRVVHLYRNGK. The MOG/CFA emulsion and PTX concentrate were 

stored at 2-4°C until use.  

The sterile PTX solution was prepared fresh from concentrate before each 

injection. PTX is introduced to the alongside the MOG/CFA emulsion, to boost the 

inflammatory response, and compromise the BBB. This compromise theoretically 

ensures that there is more movement of cells across the BBB75. The PTX concentrate 

was mixed with sterile 1x phosphate buffered solution (PBS) to a final concentration of 

80ng/mL (Lot1007, 07/2018-03/2019) or 100ng/mL (Lot1008, 06/2019 – 03/2021), based 

on the number of mice in each trial. The PTX was kept on ice and injected within 2 hours 

of preparation. The PTX concentration was chosen based on recommendations from 

Hooke Labs to ensure a consistent and appropriately developed disease state in the 

mice. The MOG/CFA emulsion was delivered in syringes, ready for use with no 

modification. 
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The 10-week-old mice were anaesthetized with Isoflurane (6%) and injected 

subcutaneously, between the shoulder blades and hips, with 100	µL of the MOG/CFA 

emulsion (day 0). 100 µL of the PTX was administered intraperitoneally in the lower right 

section of the abdomen on both days 0 and 1, 24 hours apart (+/- 2 hours). All injections 

were performed by Dr. Josef Buttigieg for consistency. Mice were monitored for recovery 

from the anesthesia before being returned to their home cage and room. 

 

2.4. EAE Monitoring and Gait Analysis 

 Mice were monitored 2-3 times daily for signs of distress for the duration of the 

study. Starting on day 7 post immunization, mice were scored daily for 21 days 

according to the 5-point EAE scoring guide from Hooke Labs, with 0 being no symptoms 

and 5 being moribund (see appendix A for complete guide). Disease onset was between 

days 8-11 post induction with Lot1007, and between days 9-14 with Lot1008. Scoring 

was done with paired observers, when possible. 

 

 

 

 

 

 



28 

2.5. Treatment and Controls 

 

2.5.1. Storage and Dilution of Treatment 

 The 2075_Pep14 trimeric protein was originally at a stock concentration of 2 

mg/mL and stored at -20°C. The second batch of 2075_Pep14 was at a stock 

concentration of 4.702 mg/mL and stored at -80°C. The 2226.1 peptide was at a 

concentration of 0.84mg/mL and stored at -80°C. The stock concentrations were diluted 

to the appropriate final concentration with sterile 1x phosphate buffered solution (PBS). 

The diluted treatments were made in large batches to reduce the number of freeze thaw 

cycles of the stock tubes. Syringes of treatment were prepared and kept on ice for a 

maximum of 2 hours prior to injection. 

 

2.5.2. Administration of Treatment and Controls 

 On day 15 (Lot1007) or day 16 (Lot1008) post immunization, mice were treated 

with varying concentrations of one of trimeric protein peptides, either 2075_Pep14 or 

2226.1, depending on the experimental design of the individual trial. They were injected 

with the treatment in the same manner that they were immunized with the EAE, but only 

received a single dose of PTX on the same day as the treatment. Mice were monitored 

for 13 days post treatment injection before euthanasia (Table 2.1). 
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Table 2.1 Outline of Experimental Conditions for EAE induced, trimeric protein treated 
C57BL/6 mice. 

Experimental 
Trial 

 

Trimeric 
Protein 

Complex 
Treatment 

Concentrations 
of Peptide 
Included 
(ng/mL) 

PTX 
Lot 

Immunization 
(d.p.i**) 

End of 
Trial 

(d.p.i**) 

200 2075_Pep14 100 
200 1007 15 28 

300 2075_Pep14 100 
200 1007 15 28 

900 2226.1 
200 
600 
900 

1008 16 29 

1000 2226.1 

100 
200 
600 
900 

1008 16 29 

1100 2226.1 

100 
200 
600 
900 

1008 16 29 

1200 2075_Pep14* 

100 
200 
600 
900 

1008 16 29 

1300 2075_Pep14* 

100 
200 
600 
900 

1008 16 29 

1400 2075_Pep14* 

100 
200 
600 
900 

1008 16 29 

 

* From new stock delivered Aug 2020 

** days post induction 
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2.6. Splenocyte Isolation and Staining 

 

2.6.1. Splenocyte Isolation and Staining 

After removal, spleens were placed in a 1x PBS solution and stored on ice for a 

maximum of 30 minutes before they were processed. Each spleen was cut into three 

pieces and each piece squished between the frosted edge of two glass slides and rinsed 

into an iced petri dish with 5mL of cold RPMI media containing 0.5% Penicillin-

Streptomycin and 10% FBS. The solution containing cells was digested to a single cell 

suspension using a series of needles, 18-G, 21-G and 26-G, and a 25mL syringe. The 

cell solution was passed through each needle a minimum of three times. Bubbles and 

foam were avoided by slowly drawing the media into the syringe and evenly ejecting it 

onto the slanted edge of the petri dish, rather than directly onto the pooling solution. 

Connective tissue and fat were removed. 

 The 5 mL cell solution was centrifuged at 500 rcf for 4 minutes, then the pellet 

was resuspended in 10 mL of PBS. This solution was centrifuged for 3 minutes at 2000 

rpm to wash the cells further. Approximately13 mL of supernatant were aspirated, and 

the pellet resuspended into solution with 600	𝜇L of 0.2% bovine serum albumin (BSA) 

wash buffer. 500 𝜇L of the cell solution was placed into a 1.5 mL EppendorfTM tube with 

1 mL of wash buffer and centrifuged for 5 minutes at 2000 rpm in 4°C. A volume of 500 

𝜇L was determined to contain the optimal concentration of cells for efficient fluorescent 

activated cell sorting (FACS): 15-20 million cells. All the supernatant was removed, and 

the pellet was stained with both FITC CD3 (BD553061) and RPE CD19 (BD557399) 

antibody (Mississauga, ON). The cells were incubated for 30 mins in the dark, at room 

temperature. The cells were then resuspended in 1mL of wash buffer and washed in the 
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same manner as the initial wash. The cells were washed three times before the pellets 

were resuspended in 300uL of PFA for FACS processing. 

A portion of each spleen solution was combined into one tube, to a total volume 

of 500 𝜇L, washed and reserved as the negative control. It was preserved with 300 𝜇L of 

PFA after two washes with BSA wash buffer and not stained. 

 

2.6.2. Antibody selection and optimization 

 Previous work in the Buttigieg lab optimized CD3 CD3 (ab34275) and CD80 

(ab95550) antibodies with a concentration of 1:10. These antibodies were deemed 

insufficient and a new dilution curve was run between trials 3 and 4 to test for efficiency 

and accuracy of other antibodies (Table 2.2). 

 Antibody samples were obtained from AbCam (CD3 only), BD Biosciences, Bio-

Rad, and RnD Systems Bio-techne brand (previously Novus). Each was tested on 

healthy splenocytes to determine the optimal concentration, efficacy, and consistency in 

binding to the cell as detected via FACS processing. The initial starting concentrations 

were chosen based on either company recommendations or common concentrations in 

the literature. A total of 5-10 million cells were collected for each sample. 

When possible, the CD3 antibodies were tested together with the CD19 

antibodies from the same company, as well as independently. These products were also 

tested against their isotype controls, at the same concentration as the antibodies.  
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Table 2.2. Antibody optimization of CD3+ and CD19+ for FACS processing of C57BL/6 
mouse splenocytes 

 CD3+ Antibodies CD19+ Antibodies 
Company Catalogue 

Number 
Conjugated 
Fluorophore 

Dilution 
Factor 

Catalogue 
Number 

Conjugated 
Fluorophore 

Dilution 
Factor 

AbCam ab34275 FITC 1:10 ab34275 FITC 

1:10 
1:20 
1:50 

1:100 
BD 

Bioscience
s 

BD561827 FITC 

1:10 
1:20 
1:50 

1:100 
1:200 

BD561736 PE 

1:10 
1:20 
1:50 

1:100 
1:200 

RnD 
Systems 

Bio-techne 
brand 

(previously 
Novus) 

NovusNBP
2-24867P PerCP NovusNBP2

-25196F RPE 

Bio-Rad 
Bio-

radMCA50
0F 

FITC 
Bio-

radMCA14
39PE 

RPE 
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2.7. FACS Processing  

Cells were counted using a Beckman-Coulter MoFlo XDP cell sorter – flow 

cytometer. The blue laser (488nm) was used to excite the cells; CD3+ stained cells have 

an excitation max of 496nm and an emission max of 612nm, whereas CD19+ stained 

cells have an excitation max of 496nm and an emission max of 578nm.  

 

2.8. Tissue Staining 

The cerebellum of each animal was sectioned into 20 𝜇m thick slices using a 

Thermofisher cryostat at -21°C. The frozen sections were stored in -20°C until they were 

stained using the Luxol Fast Blue (LFB), Cresyl Violet (CV) method; the myelin stained a 

dark blue and the rest of the tissue stained purple, allowing visibility of lesions in the 

white matter. At least 15 sections, spanning across one half of the cerebellum, were 

stained for each mouse and at least five mice were used per treatment group. 

The slides were washed with 50% ethanol (etOH) for 30 seconds before 

immersion in 0.1% LFB solution for 75 minutes at 60°C. Slides were immersed in 95% 

etOH for 5 minutes before being rinsed with alternating 0.05% lithium carbonate (Li2CO3) 

solution, 70% etOH, and double deionized water (15 seconds each rinse). Slides were 

rinsed until the LFB did not stain the grey matter, and the white matter was sharply 

defined. The slides were then immersed in a 0.1% CV solution for 90 seconds to stain 

the grey matter. Slides were then immersed in 95% etOH for 3 seconds, followed by 

immersion in anhydrous etOH for 3 seconds. The tissue on the slides was covered with 

xylene for 2 minutes before a coverslip was mounted with DPX mounting media.  
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Images of the stained tissue were taken at 40x total magnification using a Zeiss 

light microscope and analyzed for total white matter and lesion area of the cerebellar 

section using ZEN blue software. Active scaling was set to 1.82 µm/pixel.  

 

2.9. In Vitro Experiments 

 Neural stem progenitor cells were tested against the 2075_Pep14 in order to 

determine whether the trimeric protein binds non-specifically to cells. NSPCs were 

grown in standard working media and treated with 200 ng/mL or 900 ng/mL for 24 hours 

before total cell count and cellular viability was measured via the Trypan Blue exclusion 

method (Equations 1 and 2). 

 THP-1 cells were used to test a cellular immune response against the non-

specific binding of the trimeric protein. THP-1 cells were treated with 1 ug/mL PMA per 

10 mL media for 48 hours to induce differentiation of the cells into macrophages. 

Inactive THP-1 cells and activated macrophages were then treated with 200 ng/mL or 

900 ng/mL for 24 hours before total cell count and cellular viability was counted. 

Equation 1: 

Total cell count =  

 Total living cells × Trypan Blue dilution factor × mL of sample dilution factor 

Equation 2: 

Cellular viability = living cells ÷ total cells 
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2.10. Statistical Analysis 

EAE treated mice that did not reach an open field score of 2.5 or higher and mice 

in the negative control groups that spontaneously recovered to a score of 0.5 or better 

were excluded from statistical analysis. This was done to ensure an equal and 

consistent disease state was achieved in all mice.  

All data were analyzed using SPSS software. Average gait scores were taken for 

each treatment group on each day and compared using a Kruskal-Wallis with Dunn’s 

post hoc test. The splenocyte cell counts were analyzed using Kaluza analysis software 

from Beckman Coulter after FACS processing. The total number of live cells counted 

was compared to the percentage of cells that fluoresced at each wavelength. Images of 

the cerebella were analyzed using Zeiss Zen blue lite software. The area of the lesions 

was totaled and compared to the total area of the white matter of each cerebellum to 

determine the total percentage of lesioned area. 
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Chapter 3. Results 

 

3.1. Gait Analysis 

 

3.1.1. Administration of the 2075_Pep14 treatment significantly 
improves gait at low concentrations 

 The motor function of C57BL/6 mice was scored daily on a 5-point open field 

scale, based on Hooke Laboratories guidelines, for one week before treatment was 

administered and for 13 days after. Ascending paralysis was first noted by limpness in 

the tail when the mouse was picked up, and any increase of disease state was noted as 

the mouse walked freely on a flat surface. A significant improvement in motor function 

was apparent in the 200 ng/mL (n=26) doses of treatment when compared to the EAE 

induced, PBS treated mice (n=21) 13 days after treatment (Kruskal-Wallis with Dunn’s 

pairwise comparison p=0.002). A significant improvement in gait was also observed in 

the 100 ng/mL treated animals (n=27, p=0.014) and no difference was observed in either 

the 900 ng/mL treated group (n=14, over 2 trials) or the PBS control (p=0.844 and 0.660, 

respectively) (Figure 3.1). 

 The greatest variability between the average clinical scores of the treatment 

groups was on day 10 post treatment. The 100 ng/mL, 200 ng/mL, and 600 ng/mL 

groups had a more drastic recovery period than both the 900 ng/mL and PBS treated 

groups. The 200 ng/mL and 600ng/mL groups each had clinical scores of 1.5, 37% lower 

than the score of 2.25 of both the 900 ng/mL and PBS treated groups. The 100 ng/mL 

treated group had a score of 1.7, which was 28% lower. After day 10 post treatment, the 
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100 ng/mL, 200 ng/mL, and 600 ng/mL treated groups began a relapse period, whereas 

the 900 ng/mL and PBS treated groups remained at a relatively stable level of disability 

based on the minimal changes in gait score (Figure 3.1). There was consistently less 

than a change of 0.5 on the scoring scale, which would not result in a noticeable 

physical change (data not shown). 
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Figure 3.1. Mean clinical scores of EAE induced, 2075_Pep14 treated mice in 
comparison to controls over 21 days. Mean clinical scores of EAE induced, 2075_Pep14 
treated mice in comparison to controls over 21 days. C57BL/6 mice were scored daily 
using an open field score of 0-5, where 0 is healthy and 5 is moribund starting on day 8-
9 post EAE induction (day -7). 0.1 mL of treatment was administered 15-16 days post 
EAE induction (day 0). Each data point represents the average score of the combined 
2nd, 3rd, 12th and 13th trial for each treatment (100ng: 27; 200ng: 26; 600ngand 900ng: 
n=14; PBS: n=21). Comparing treated groups to the PBS control revealed a significant 
improvement in gait in only the 100 ng/mL and 200 ng/mL dose of treatment, 13 days 
post treatment (Kruskal-Wallis p=0.014 and p=0.003, respectively). 
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3.1.2. Administration of 200 ng/mL dose of 2226.1 treatment 
significantly improves Motor Function 

 A significant improvement in motor function was apparent 13 days after treatment 

in the 200 ng/mL (n=18) dose when compared to the EAE induced, PBS treated mice 

(n=17) (Kruskal-Wallis with Dunn’s pairwise comparison, p=0.003). No improvement in 

gait was visible in any of the other treatment groups when compared to the PBS control 

(Kruskal-Wallis with Dunn’s pairwise comparison 100 ng/mL, p=0.530; 600 ng/mL 

p=0.365; 900 ng/mL p=0.873) (Figure 3.2). 

 The 200 ng/mL treated animals followed a comparable trend to the Pep14 and 

began to relapse on day ten. The 2226.1 animals treated with 900 ng/mL also recovered 

to a lower mean score than those of the 2075_Pep14 (1.49:2.21) but the relapse rate, as 

defined by a renewed decline in clinical score after the initial recovery phase, left them at 

the same level of disability by the end of the experiment (2.10:2.21)70. Animals treated 

with 100 ng/mL of 2226.1 began to relapse earlier than those in any other treatment 

group (day 8 post treatment) and had a final score comparable to the PBS treated 

control group. The group treated with 600 ng/mL of 2226.1 also had an early relapse and 

had a minimal overall change in gait as noted by the total mean score difference being 

only 0.2 of between days 5 and 13 post treatment (Figure 3.2). This would not have 

been a visible difference in the gait of any individual animal as scores are noted in 

increments of 0.5. 
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Figure 3.2. Mean clinical scores of EAE included, 2226.1 treated mice in comparison to 
controls over 21 days. C57BL/6 mice were scored daily using an open field score of 0-5, 
where 0 is healthy and 5 is moribund starting on day 8 post EAE induction (day -8). 0.1 
mL of treatment was administered 16 days post EAE induction (day 0). Each data point 
represents the average score of the combined 9th, 10th and 11th trial for each treatment 
(100ng: n=27; 200ng: n=26; 600ng and 900ng: n=14; PBS: n=21). Comparing treated 
groups to the PBS control revealed a significant improvement in gait in the 200ng dose 
of treatment 13 days post administration (Kruskal-Wallis p=0.003; 600: p=0.831, 100: 
p=0.505, 900: p=.348) 
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3.1.3. Notable improvements in gait with treatment 

 A slight change in the composition of the drug changed the physical outcome as 

noted in the clinical scores of the animals. While there was no significant difference 

between the average score of animals treated with the same dosage of one version 

versus the other, there were more notable improvements in animals that were treated 

with 2075_Pep14 (Figures 3.3-3.6) 

 Mice that were treated with 2075_Pep14 recovered to a score of 0, at a rate of 

over 1.5x those treated with 2226.1 (14.3%). On average, these mice were at a score of 

0 for 4.5 days. Only 8.6% of mice treated with 2226.1 reached a score of 0: those that 

did had an average of 2.5 days of no visible gait impairment. One animal treated with 

200 ng/mL of 2075_Pep14 reached a score of 0 within four days post treatment and 

remained at that level throughout the remainder of the trial (data not shown). 

 The acute MOG35-55 EAE mouse model follows a relapsing-remitting pattern 

similar to RRMS; each set of treated mice followed this pattern. The most common low 

point for treated groups was on day 10 post treatment. Treated animals differed by more 

than 1 score point on the scoring scale between the healthiest and most paralyzed point 

of the disease course, whereas untreated animals had less than a full point change. The 

mice began to relapse after the low point of recovery and the difference between the 

resultant final score and the peak disease state was comparable within the two groups: -

0.9 when considering all 2226.1 treated animals and -0.95 in 2075_Pep14 treated 

animals. The 2226.1 treated animals had a more variable overall change than those 

treated with 2075_Pep14. However, the 2075_Pep14 treated groups ranged from a 

change of -0.9 (900 ng/mL) to a change of -1.1 (200 ng/mL), whereas the 2226.1 had a 

larger spread; -0.7 (900 ng/mL) to 1.2 (600 ng/mL). 
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Figure 3.3. Comparison of gait between 2075_Pep14 and 2226.1 trimeric proteins at 100 
ng/mL. Mean clinical scores of EAE induced, trimeric protein treated mice in comparison 
to controls over 21 days. C57BL/6 mice were scored daily using an open field score of 0-
5, where 0 is healthy and 5 is moribund starting on day 8 post EAE induction (day -8). 
0.1 mL of treatment was administered 16 days post EAE induction (day 0). Kruskal-
Wallis tests revealed no significant difference between either protein (p=0.561). 
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Figure 3.4. Comparison of gait between 2075_Pep14 and 2226.1 trimeric proteins and 
200 ng/mL. Mean clinical scores of EAE induced, trimeric protein treated mice in 
comparison to controls over 21 days. C57BL/6 mice were scored daily using an open 
field score of 0-5, where 0 is healthy and 5 is moribund starting on day 8 post EAE 
induction (day -8). 0.1 mL of treatment was administered 16 days post EAE induction 
(day 0). Kruskal-Wallis tests revealed no significant difference between either protein 
(p=0.267). 
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Figure 3.5. Comparison of gait between 2075_Pep14 and 2226.1 trimeric proteins at 600 
ng/mL. Mean clinical scores of EAE induced, trimeric protein treated mice in comparison 
to controls over 21 days. C57BL/6 mice were scored daily using an open field score of 0-
5, where 0 is healthy and 5 is moribund starting on day 8 post EAE induction (day -8). 
0.1 mL of treatment was administered 16 days post EAE induction (day 0). Kruskal-
Wallis tests revealed no significant difference between either protein (p=0.552). 
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Figure 3.6. Comparison of gait between 2075_Pep14 and 2226.1 trimeric proteins at 900 
ng/mL. Mean clinical scores of EAE induced, trimeric protein treated mice in comparison 
to controls over 21 days. C57BL/6 mice were scored daily using an open field score of 0-
5, where 0 is healthy and 5 is moribund starting on day 8 post EAE induction (day -8). 
0.1 mL of treatment was administered 16 days post EAE induction (day 0). Kruskal-
Wallis tests revealed no significant difference between either protein (p=0.613). 
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3.2. Administration of treatment significantly reduced the 
lesioned area of the cerebellum 

 Administration of 200 ng/mL of both the 2075_Pep14 and 2226.1 treatments 

significantly reduced cerebellum lesion area, in comparison to PBS treated control group 

(One-way ANOVA with Tukey HSD p<0.000). The least significant difference between 

treated groups and the healthy mice was each of the 200 ng/mL doses of 2075_Pep14 

and 2226.1 treated animals (Tukey HSD p=0.023 and p=0.027, respectively) (Figure 

3.7). There was a more significant difference between all other treated animals and the 

healthy mice (Tukey HSD p<0.000). There was also a significant difference in the 

amount of lesioned area in all animals treated with either 2075_Pep14 or 2226.1 when 

compared to the PBS treated control (Tukey HSD p<0.000) (Figure 3.7). 

 There was no difference between the 100 ng/mL and 600 ng/mL 2075_Pep14 

treated groups (Tukey HSD p=0.244) (Figure 3.7A). There was a wider range of lesioned 

area in the 2226.1 treated groups (groups (200ng-100ng Tukey HSD p=0.175, 100ng-

600ng Tukey HSD p=0.004, and 600ng-900ng Tukey HSD p=0.001) (Figure 3.7B). 
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Figure 3.7. Histological staining to quantify the percent lesion area from the total surface 
area of cerebellar slices of 2075_Pep14 (A) and 2226.1 (B) in comparison to controls. 
Sections of the cerebellum were analyzed using Luxol Fast Blue staining for visualization 
of demyelination and counterstained with Cresyl Violet to visualize neuronal nuclei. 
Lesioned areas were measured using Zen Blue imaging software. Each boxplot 
represents the average lesioned area of individual brains in each treatment group (n=5). 
12 slices from across the width of one half of the cerebellum were averagedfor each 
individual brain. A one-way ANOVA was significant with treatment with both trimeric 
proteins (p<0.000). Tukey HSD comparison of 200 ng/mL of 2075_Pep14 to healthy 
control p=0.023 and comparison of 200 ng/mL 2226.1 to healthy control p=0.027. 
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Figure 3.8. Histological staining of the cerebellum of C57BL/6 mice. Sections 20 µm 
thick of cerebellum were stained using Luxol Fast Blue, with Cresyl Violet counterstain, 
to visualize demyelination and neuronal nuclei. The mice were administered treatment 
with trimeric protein 2226.1 (A, C, F, I), 2075-pep14 (B, D, G, J) or were controls (EAE, 
Healthy). Treatments included 100 ng/mL (A, B), 200 ng/mL (C, D), 600 ng/mL (E, F), 
and 900 ng/mL (G, H) of the trimeric protein. Black arrows, or red circles, indicate the 
presence of a lesion. Percent lesioned areas of the cerebellum were calculated using 
Zen blue imaging software - the total lesion area was divided by the total area of the 
cerebellum. An example of lesions in EAE induced mice (E) and mice treated with 200 
ng/mL of the 2075_Pep14 (H) compared to a 20 µm scale. 
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3.3. Comparison between 2075_Pep14 and 2226.1 trimeric 
proteins 

 Treatment with 2226.1 showed no significant change from animals treated with 

2075_Pep14 in gait at any dosage (Kruskal-Wallis p=0.561 for 100 ng/mL; 200: p=0.267; 

600: p=0.552; 900: p=0.757; p=0.613 between all dosages between 2075_Pep14 and 

2226.1) (Figure 3.9). There was also no significant difference between the amount of 

lesioned area in the cerebella of animals treated with one drug over the other, with the 

exception of animals treated with the 900 ng/mL dose (Figure 3.9). There was a 

significant decrease in the amount of lesioned area in the cerebella of animals treated 

with 900 ng/mL of 2075_Pep14 over those treated with the same dose of the 2226.1 

(ANOVA with Tukey HSD p<0.0001).  

 A notable inverted u-shaped dose response can be seen in both the 2075_Pep14 

and 2226.1 lesions (Figures 3.9 and 3.10). This dose response can also be seen when 

comparing the lesions to the corresponding gait measurements (Figure 3.9). A paired 

two-factor t-test determined no statistically significant difference between the lesioned 

area of the cerebellum and the corresponding gait disability score on day 13 post 

treatment of either the 2075_Pep14 or the 2226.1 trimeric proteins (p=0.144 and 0.218, 

respectively) (Figure 3.10). 
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Figure 3.9. Comparison of dosages between treatment with 2075_Pep14 and 2226.1 
proteins. Sections of the cerebellum were analyzed using Luxol Fast Blue staining for 
visualization of demyelination and counterstained with Cresyl Violet to visualize neuronal 
nuclei. Lesioned areas were measured using Zen Blue imaging software. Each boxplot 
represents the average lesioned area of individual brains in each treatment group (n=5). 
12 slices from across the width of one half of the cerebellum were averages for each 
individual brain. A two-factor ANOVA test determined the data to be statistically 
significant (Tukey HSD p < 0.0001). Tukey HSD comparison determined statistical 
significance between the two drugs and the 900 ng/mL treatment (Tukey HSD p = < 
0.0001). There was no statistical significance observed between the two different drugs 
and the 100 ng/mL, 200 ng/mL, or 600 ng/mL treatments (100 ng/mL: Tukey HSD p = 
0.992, 200 ng/mL: p = 0.742, and 600 ng/mL: p = 0.101). 

  



51 

Figure 3.10. Comparison of average lesioned area to gait 13 days after treatment with 
2075_Pep14 (A) and 2226.1 (B) Mice were scored daily post induction with EAE using a 
five-point open-field score, where 0 is healthy and 5 is moribund.  0.1 mL of treatment 
was administered 16 days after EAE induction. 20 µm slices of mouse cerebellum were 
analyzed using the Luxol Fast Blue/Cresyl Violet histochemistry staining method. 
Percent lesioned area of the cerebellum was calculated using Zen blue imaging software 
and data was analyzed with SPSS software. Paired two-way t-test p>0.05 for both 
trimeric proteins.   
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3.4. Splenocyte Analysis 

 

3.4.1. Analysis of CD3+ and CD19+ splenocytes 13 days post 
treatment with 2075_Pep14 and 2226.1 

 Splenocytes were analyzed to determine if an immune response was occurring 

after the induction of EAE and treatment with the trimeric protein. Comparison of 

splenocyte T and B cell populations (CD3+ and CD19+ respectively) were tested to have 

a general overview of the immune response. CD3+ and CD19+ splenocyte populations 

of EAE treated mice compared to untreated healthy mice revealed no significant 

difference in either the 2075_Pep14 or the 2226.1 protein treatments. The cells for the 

2075_Pep14 experiments were cumulative from trials 12 and 13 and the cells from the 

2226.1 experiments were collected from trials 9-11.  

A Kruskal-Wallis test did not reveal any significance in either the CD3+ or CD19+ 

populations of 2075_Pep14 treated mice when compared to healthy controls (p=0.065 

and 0.083); however, rejection of the null hypothesis and use of a Dunn pairwise 

comparison showed slight variation between some of the treated groups and the healthy 

mice. Overall, there was no significant decrease in the percentage of stained cells in the 

animals treated with 1x PBS when compared to healthy animals in both CD3+ and 

CD19+ populations (Dunn’s pairwise comparison p=0.054 and 0.057, respectively). 

There was also no significant decrease in the CD3+ cells of the 600 ng/mL treated 

animals when compared to the healthy animals (Dunn’s p=0.067). The 100 ng/mL 

treated mice did, however, have a significant decrease in CD3+ cells when compared to 

the healthy population (Dunn’s p=0.018), but all other populations had a p value of 

0.248, or higher, when compared to the healthy cells (Figure 3.11). No significant 
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difference was found between the 2226.1 treated CD3+ cells or the treated CD19+ cells 

when compared to their healthy counterparts (Kruskal-Wallis p=0.858 and 0.853, 

respectively) (Figure 3.12)  
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Figure 3.11The percentage of CD3+ (A) and CD19+ (B) splenocytes in comparison to 
controls 13 days after treatment with 2075_Pep14 protein.C57BL/6 mice were treated 
with 0.1 mL of varying concentrations of treatment, or PBS, 16 days post EAE induction 
(100ng: 27; 200ng: 26; 600ngand 900ng: n=14; PBS: n=21). Mice were sacrificed based 
on disease severity on days 13-17 post treatment and splenocytes stained with PECD19 
antibodies and fixed in 4% PFA before being analyzed via flow cytometry. No significant 
difference was noted between any of the treatment groups and healthy mice (Kruskal-
Wallis p=0.065 and 0.083, respectively).  
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Figure 3.12. The percentage of CD3+ (A) and CD19+ (B) splenocytes in comparison to 
controls 13 days after treatment with 2226.1 protein. C57BL/6 mice were treated with 0.1 
mL of varying concentrations of treatment, or PBS, 16 days post EAE induction (100ng: 
n=27; 200ng: n=26; 600ng and 900ng: n=14; PBS: n=21). Mice were sacrificed based on 
disease severity on days 13-17 post treatment and splenocytes stained with FITC CD3 
and PECD19 antibodies and fixed in 4% PFA before being analyzed via flow cytometry. 
No significant difference was noted between any of the treatment groups and healthy 
mice (Kruskal-Wallis p=0.858 and 0.853, respectively).  
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3.4.2. Splenocyte Analysis over time after treatment with 2075_Pep14 

 Analysis of splenocytes 3 days and 8 days after the 2075_Pep14 treatment was 

administered revealed no significant difference from healthy control in either CD3+ or 

CD19+ cells (Kruskal-Wallis p³0.208). There appears to be slight immune suppression 

eight days after treatment, but there is no discernible pattern, nor difference between 

splenocytes of treated or untreated animals (Figure 3.13 and 3.14). 
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Figure 3.13. Percentage of CD3+ (A) and CD19+ (B) splenocytes 3 days after treatment 
with 2075_Pep14 C57Bl/6 mice were treated with 0.2 mL of varying concentrations of 
treatment, or PBS, 16 days post EAE induction (100ng: n=4; 200ng: n=4; PBS alone and 
PBS+PTX: n=2). Mice were sacrificed based 8 days post treatment and splenocytes 
stained with PECD19 antibodies and fixed in 4% PFA before being analyzed via flow 
cytometry. No significant difference was noted between any of the treatment groups and 
healthy mice (Kruskal-Wallis p=0.208 and 0.249, respectively).   
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Figure 3.14. Percentage of CD3+ (A) and CD19+ (B) splenocytes 8 days after treatment 
with 2075_Pep14 C57Bl/6 mice were treated with 0.2 mL of varying concentrations of 
treatment, or PBS, 16 days post EAE induction (100ng: n=4; 200ng: n=4; PBS alone and 
PBS+PTX: n=2). Mice were sacrificed based 8 days post treatment and splenocytes 
were stained with PECD19 antibodies and fixed in 4% PFA before being analyzed via 
flowcytometry. No significant difference was noted between any of the treatment groups 
and healthy mice (Kruskal-Wallis p=0.208 and 0.249 respectively).  
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Figure 3.15. Demonstration of gating strategy used during fluorescent activated cell 
sorting of splenocytes.C57Bl/6 mice were treated with 0.2 mL of varying concentrations 
of treatment, or PBS, 16 days post EAE induction Mice were sacrificed based 8 days 
post treatment and splenocytes stained with PECD19 antibodies and fixed in 4% PFA 
before being analyzed via flow cytometry.  
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3.5. In vitro experiments 

 In vitro experiments were run on neural stem progenitor cells and THP-1 cells to 

determine whether there is immune specific binding of cells to the protein treatment or 

non-specific cellular binding occurring. Activated THP-1 cells differentiate into 

macrophages and non-specifically phagocytose foreign bodies in the cell media, 

whereas NSPCs do not.  

 

3.5.1. Treating neural stem progenitor cells with 2075_Pep14 
significantly reduced the cellular viability 

 NSPCs were treated with either 200 ng/mL or 900 ng/mL of 2075_Pep14 for 24 

hours before viability was counted with a hemocytometer. Untreated cells were 93% 

viable whereas cells treated with 200 ng/mL were 60% viable and those treated with 900 

ng/mL were further reduced to 30% viable. A one-way ANOVA with Tukey post hoc tests 

revealed significant differences in comparing the cell viability of 200 ng/mL and 900 

ng/mL of 2075_Pep14 to untreated NSPCs (p<0.000). There was a significant difference 

between the 200 ng/mL and 900 ng/mL treatment groups as well (p=0.023) (Figure 

3.16). 

 The total number of cells decreased with the addition of the 2075_Pep14. The 

cells per milliliter reduced by 59% when treated with 200 ng/mL and by 83% when 

treated with 900 ng/mL when compared to untreated cells. A one-way ANOVA revealed 

a significant difference in the number of cell/mL (p=0.037) with Tukey’s post hoc test 

showing significance only between 900 ng/mL and untreated groups (p=0.041). There 

was no significant difference between the 200 ng/mL and 900 ng/mL treated cells 

(p=0.615): data not shown.  
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Figure 3.16. Comparison of NSPCs treated with 200 ng/mL or 900 ng/mL of 
2075_Pep14 to untreated cells. NSPCs were treated for 24h at 37°C and 5% CO2 before 
they were stained with Trypan Blue and counted on a hemocytometer. Percent viability 
was determined by the number of living cells divided by total cells. A one-way ANOVA 
and post hoc Tukey test revealed a significant difference between the 900 ng/mL and 
untreated cells (p=0.023, n=3). 
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3.5.2. Treating THP-1 cells with 2075_Pep14 significantly reduced the 
cellular viability 

 THP-1 cells were treated with 1 mg/mL PMS for 48 hours to induce differentiation 

into active macrophages. Activated and inactive THP-1 cells were treated with either 200 

ng/mL or 900 ng/mL of 2075_Pep14 for 24 hours. After this period, cells were stained 

with Trypan blue and counted. 

 Viability decreased 18% in inactive cells treated with 200 ng/mL and 24% in 

inactive cells treated with 900 ng/mL. A one-way ANOVA with Tukey post hoc tests 

revealed significant difference of the cell viability of cells treated with 2075_Pep14 to 

untreated, inactive THP-1 cells (p=0.022 and 0.05, respectively). There was no 

significant difference between THP-1 cells treated with 200 ng/mL and 900 ng/mL 

(p=0.353) (Figure 3.17). 

Viability decreased by 42% in active cells treated with 200 ng/mL and by 50% in 

active cells treated with 900 ng/mL. A one-way ANOVA with Tukey post hoc tests 

revealed significant differences of the cell viability of cells treated with 2075_Pep14 to 

untreated, active THP-1 cells (p=0.001 and p<0.000, respectively). There was no 

significant difference between THP-1 cells treated with 200 ng/mL and 900 ng/mL 

(p=0.325). (Figure 3.18) 

A decrease in the number of cells present in both active and inactive THP-1 cells 

decreased when treated with 2075_Pep14. A one-way ANOVA comparing inactive THP-

1 cells showed a significant difference between untreated cells and 200 ng/mL and 900 

ng/mL of 2075_Pep14 (p=0.020 and 0.002, respectively). There was minimal difference 

between the total number of untreated and treated active THP-1 cells (200: p=0.302; 
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900: p=0.206); however, there was a comparable trend of decrease to the active THP-1 

cells: data not shown. 
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Figure 3.17. Comparison of inactive THP-1 cells treated with 200 ng/mL or 900 ng/mL of 
2075_Pep14 to untreated cells. Inactive THP-1 cells were treated for 24h at 37°C and 
5% CO2 before they were stained with Trypan Blue and counted on a hemocytometer. 
Percent viability was determined by the number of living cells divided by total cells. A 
one-way ANOVA and post hoc Tukey test revealed a significant difference between the 
treated and untreated cells (200 ng/mL: p=0.023; 900 ng/mL: p<0.05, n=3). 
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Figure 3.18. Comparison of active THP-1 cells treated with 200 ng/mL or 900 ng/mL of 
2075_Pep14 to untreated cells. Active THP-1 cells were treated for 24h at 37°C and 5% 
CO2 before they were stained with Trypan Blue and counted on a hemocytometer. 
Percent viability was determined by the number of living cells divided by total cells. A 
one-way ANOVA and post hoc Tukey test revealed a significant difference between the 
treated and untreated cells (200 ng/mL: p=0.001; 900 ng/mL: p<0.000, n=3). 
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Chapter 4. Discussion  

 

Using the novel trimeric peptide that was designed to target immune cells, I 

found that that there is a distinct improvement of motor function and a decrease in lesion 

area within the cerebellum of the EAE induced mice treated with the trimeric protein 

complex to EAE induced controls. The administration of the trimeric peptide that 

contains the same antigen as in the EAE disease model, along with the cell permeating 

factor and apoptotic inducing factor, should result in specific suppression of the immune 

system through the elimination of the autoreactive immune cells, however further study 

is required to understand the mechanisms of the immune response to the trimeric 

protein. This immune suppression should result in the alleviation of the disease state, as 

noted in the decrease in clinical symptoms and a reduction in inflamed lesions in the 

CNS. There were no notable changes in CD3+ or CD19+ splenocyte populations to 

support this theorized immune suppression. 

 

4.1. Administration of Treatment Improves Gait 

The administration of low doses of 2075_Pep14 and 2226.1 proteins significantly 

improved the average gait score of EAE induced mice when compared to untreated EAE 

induced mice. Mice treated with Pep14 had a more consistent pattern of recovery than 

those treated with 2226.1, but both showed improvement when compared to EAE 

induced, PBS treated controls.  

Gait is often used as an indicator for recovery in EAE because it is a common 

and persistent symptom in MS patients. Approximately 75% of patients with MS suffer 
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from difficulties with movement deficits76. This MS symptom is found in the EAE model, 

with ascending paralysis. The acute EAE mouse model also follows the RRMS pattern 

where animals will reach a peak paralysis then recover slightly, followed by a renewed 

paralysis state. A reduction in a clinical score must last for at least two days after the 

peak score of the acute phase has been reached for an animal to be considered in 

remission, and a relapse is defined as an increase of at least one grade in clinical score 

that is maintained for at least two days post remission70.  

Administration of the 2075_Pep14 drug alleviated the physical symptoms and 

improved the overall recovery rate but did not completely eliminate the relapsing-

remitting pattern. All treatment groups began to relapse after 10 days post treatment, 

where treatment was administered at peak disease. The immunization protocol from 

Hooke Labs gave an expected recovery rate of about a half point on the EAE scoring 

guide scale, and a remission period of about 8 days. Our immunization was consistent 

with that of Hooke Labs in the disease development and the relapsing-remitting pattern; 

however, unlike the Hooke Labs experiments, and our controls, the 2075_Pep14 treated 

animals recovered by more than one point at peak recovery, and the remission period 

lasted at least two days longer than the untreated mice. The animals treated with 2226.1 

had a less consistent recovery than those treated with 2075_Pep14, but there was still a 

clear improvement in motor function in comparison to EAE-induced untreated animals. 

Successfully induced animals do not recover to a score of 0; however, mice treated with 

either of the peptides did. This visible difference in disability between treated and 

untreated animals is indicative of the treatment having a definite effect on the overall 

functional recovery of the animals.  

Improvement of gait through pharmaceutical treatments in MS patients has been 

observed in many studies, as Behm and Morgan summarized in 201877. There have 
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been noted improvements in patients treated with anti-inflammatory drugs that target the 

immune response responsible for lesion formation within the CNS78. DMTs are known to 

be effective in the improvement of gait in human studies. GA in particular helps to lend 

validity to our study. It is a DMT that simulates MBP, which blocks myelin damaging T-

cells. Its exact mechanism is unknown, but it is known to be an immunomodulator and 

works to provide neuroprotection, similar to what I have observed with the 2075_Pep14 

and 2226.1 protein treatments79. Gait studies involving GA indicate improvements in 

disability score, or a halted progression along the EDSS, as well as a significantly 

reduced relapse rate79. This is comparable to the changes to the EAE induced disease 

state that we have noted in this preliminary study. 

  The improvement of the EAE induced, peptide treated animals, along with the 

previous studies on anti-inflammatory treatments, indicates the possibility of our drug 

being effective in improving gait and balance in MS patients. 

 

4.2. Administration of Treatment decreases Cerebellar 
lesion load  

Gait disability in EAE is due to inflammatory lesions in the motor pathway, a key 

part of which is the cerebellum80. The cerebellum is primarily responsible for the 

coordination of voluntary movement, gait, posture, and motor functions81. When damage 

occurs within the cerebellum, such as the formation of an inflammatory lesion, balance 

and gait problems become evident in both MS patients and EAE induced animals. The 

lesioned area of the cerebellum of EAE induced mice was significantly reduced by the 

administration of trimeric peptide. EAE induced, PBS treated mice had lesions, 

characteristic of the inflammatory response within the CNS, whereas mice that were 
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treated with 2075_Pep14 and 2226.1 proteins had significantly fewer, and smaller 

lesions82. 

Further studies need to be performed, to determine whether there is myelin 

sparing, repair, or both occurring in animals treated with our peptide. Considering the 

apparent similarities between our treatment and GA, one can infer that both are 

happening simultaneously. The improvement in volume of lesions in our treatment is 

similar to the decrease in gadolinium-enhanced (GdE) lesions, number and volume of T2 

lesions (lesions that do not have active inflammation), and brain atrophy progression in 

MS patients treated with GA, as visualized by MRI79. The LFB/CV staining is comparable 

to the T2 weighted and the GdE lesions visualized by MRI. These are lesions that may or 

may not have active inflammation, but all have areas where myelin has been 

degraded30. The reduction in myelin loss in the EAE induced, peptide treated animals 

supports the theory that our treatment is anti-inflammatory in nature and that the 

improvement in gait, as noted above, is not just an artifact or inaccurate sampling. 

 

4.3. Juxtaposition of Gait and Cerebellar Lesions 

 The reduction in lesion load, as noted with the LFB/CV staining, is similar to the 

improvement in the gait of the EAE induced, peptide treated animals. With the exception 

of the 600 ng/mL dose in the 2226.1 treated animals and the PBS+PTX treated controls, 

the gait appears to change according to the reduction of lesioned area in the cerebellum. 

It is interesting to note that the aforementioned doses have a lower gait score to lesioned 

area ratio. The variability between the gait disability and the lesioned area can be 

accounted for by the cerebellum being only one part of the motor pathway that might be 

affected by the EAE induction and subsequent recovery upon treatment. The lumbar 
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spinal cord is another commonly studied portion of the motor pathway in EAE induced 

mice as it plays a key role in the ascending paralysis noted in diseased animals83. Future 

work will study the effect of this treatment on the lesion load of the spinal cord as well as 

the cerebellum.   

EAE induced mice have a significantly larger cerebellum volume at peak disease 

state due to the inflammatory response, but as the disease course progresses the 

volume decreases, by as much as 5mm3 66+ days post injection30. This is due to a 

heavy lesion load and subsequent axonal loss, which is a significant decrease in myelin 

as only about 2.5% of the wet weight of a rodent brain is myelin82. It has also been 

shown by Tonra et al. that the BBB of the cerebellum is consistently broken down prior 

to that of the spinal cord, allowing inflammatory infiltrates a longer period of attack on 

myelin84.  

Throughout the duration of this short study, I found a significant increase in lesion 

load that would eventually contribute to drastic volume loss in the PBS controls, and 

relatively minimal loss in the cerebella of animals treated with either peptide treatment. 

The amount of lesioned area appears to be directly proportional with PBS+PTX, 

indicating there might be a stronger correlation between cerebellar injury and EAE 

disease state. A small German study in 2004 found that 28 of 30 lesions were found in 

the cerebellum or cerebrum of successfully EAE induced Dark Agouti rats, with the 

remaining 2 located in the spinal cord85. Considering the previously stated definition of 

successful EAE induction, this indicates that the lesion load in the cerebellum 

contributes significantly to the disease state of the animal. 

In the case of the 2075_Pep14, the lesion load is directly proportional to the level 

of disability noted in the gait score. The 200 ng/mL dose has the lowest gait score as 
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well as the largest reduction in lesion load. This is not the case with the 2226.1 

treatment, where there is a drastically higher percentage of lesioned area in the 600 

ng/mL treated animals in comparison to the 200 ng/mL group, but the average gait score 

of the 600 ng/mL is slightly lower than the 200 ng/mL dose. This inconsistency could be 

due to a disproportional amount of lesioned area in another portion of the motor pathway 

but will need to be studied further in order to determine the accuracy of this finding. 

 

4.4. Dose response  

The amount of cerebellar lesioned area appears to be directly related to the level 

of disability noted by the gait and balance of the animal, but there is also what appears 

to be an optimal dose response with the peptide treated animals noted in both areas of 

interest. There was a significant improvement of disability in animals treated with the 

200ng/mL dose of the peptide treatment when compared to those treated with lower and 

higher concentrations of the same drug. Considering only the average gait on day 13 

post treatment and the lesioned area, I saw a similar inverted u-shaped response trend 

(Figure 3.9 and 3.10) in where the drug is less effective at either end of the curve, 

indicating a minimum range for a stimulatory response to occur, but also a maximum 

that can be reached before the effects become toxic86. This trend is known as the 

specific therapeutic index and has been noted in clinical trials in other drugs used to 

treat MS, as well as other neurological diseases87.  

Novartis Pharmaceuticals shared results from a clinical trial in 2020 for a drug to 

treat RRMS; BAF31288. In this trial, they followed patients for 3 years and reported an 

optimal response rate in the median concentration of the drug. Similar to our study, the 

higher and lower concentrations of the drug resulted in a less efficient response. This 
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was noted through the number of confirmed relapses a patient had within that time 

period; 5 relapses were confirmed in patients treated with the median dose of 2mg, but 

there were 9+ confirmed relapses in patients treated with 10mg, 0.5mg, and 0.25mg. 

This suggests a minimum dose required to trigger a response, and a maximum 

concentration is a common and expected result in human drug trials with similar 

pharmacological bases to our peptide. No physically visible toxic effects were noted in 

the mice treated with the highest dose of either treatment, but a reduction of efficacy can 

be noted as the expected “toxicity” of the high concentrations of the inverted u-shaped 

dose response.   

 

4.5. Inconsistencies in Immune response 13 days post 
treatment 

According to my hypothesis, peptide design, and gait results, I would have 

expected to see a change in CD3+ and CD19+ cells. However, I did not observe any 

significant change in the CD3+ nor CD19+ splenocytes of treated animals compared to 

untreated, EAE induced animals. There was, however, an overall decrease in the 

number of inflammatory cells present in the spleens of EAE induced animals in 

comparison to healthy animals indicating an immunosuppressive response within the 

disease state, rather than an immunosuppressive treatment effect. The effects of T-reg 

cells in the mediation of EAE recovery and progression have been noted through study 

of the immune system throughout the course of EAE89,90. There is a recognized 

suppression of immune cells within a week of induction91. The suppression and disease 

mediation are thought to be due to regulatory T cells, among others90,92
 . Regulatory T 

cells do not inhibit the initial CD4+ T cell (including cytotoxic T cells) attack on the myelin 
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but subsequently induces non-specific suppressive cell cycle arrest93. The exact surface 

molecules involved in this T cell suppression have yet to be determined, but the non-

specific ablation of T-regs by anti-CD25 antibodies has been reported to exacerbate 

EAE and decrease recovery rates in mice93,94.   

While gait and lesion experiments suggest that there is a specific immune 

response, the splenocyte experiments do not show any such effect. To test further if 

there is a specific or non-specific effect of the trimeric peptide, I examined the effects of 

exposure on NSPC cells. In theory, there should be no effect of the trimeric peptide on 

these cells. The NSPC cellular experiments provide evidence that there is non-specific 

binding of the protein complex to cells. However, THP-1 macrophages had a more 

pronounced reduction than in both the non-specific binding of the NSPCs and inactive 

THP-1 cells.  

Based on the non-specific binding of the NSPCs to the trimeric protein, the 900 

ng/mL dose would be expected to have the largest in vivo effect. In a regular immune 

response, lymphocyte inflammation is heightened in response to a foreign antigen that 

evaded the initial innate defenses12. These inflammatory cells remain active until the 

antigen has been eliminated, at which point memory cells and antibodies are the only 

remaining cells activated against that particular antigen12. The immune response to the 

trimeric protein is expected to be comparable to that of any invading pathogen as it 

contains a foreign sequence of proteins – specifically the internalization factor and 

apoptosis inducing factor. The MOG35-55 was theorized to aid the entire complex in 

evading detection by the innate immune system, and therefore not cause any 

inflammatory reaction against the complex, but it would still be effective against 

inflammatory cells targeting the MOG35-55 protein of myelin within the CNS. This appears 

to be what happens at the lowest doses of treatment where the concentration of protein 
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is low enough to evade detection of the macrophages and dendritic cells with little to no 

successive T- and B-cell targeting of the foreign proteins and antibody production. The 

higher concentrations of the protein, specifically the 900 ng/mL dose, appear to cause a 

secondary immune response to the protein itself, resulting in an increase in both T- and 

B-cells against an epitope of the trimeric protein. This inflammation may cause an 

increase in cells against MOG35-55, depending on the particular epitope that is 

encountered during the initial stages of the inflammatory response, but any number of 

sequences may be targeted. The trimeric protein is effective in inducing apoptosis in 

cells (as noted in section 3.5); therefore, this inflammation would not only result in a 

decrease in the amount of protein available to encounter the initially intended 

autoreactive cells, as noted in typical antigen responses, but also cause the non-specific 

ablation of immune cells reacting against the protein. This non-specific ablation and 

additional increase in T- and B-cells could account for the variation of CD3+ and CD19+ 

cells found in EAE-induced trimeric protein treated mice against their controls. 

Further study needs to be done to understand the full scale of the dose response 

and the toxic effects of the higher concentrations of the peptides, but it is also possible 

that the increased level of MOG protein, at the lower concentrations of treatment, is 

eliciting an immune response in of itself. The high concentrations of the MOG35-55 

antigen, that are introduced with the induction of the trimeric proteins, act as an allergen 

that is already being targeting by an immune response in the EAE disease state. This 

method of flooding an already overactive system has also been used for rapid 

desensitization for the treatment of drug hypersensitivities. Drug-associated anaphylaxis 

has been successfully counteracted by the administration of sub-optimal doses of drug 

antigens followed by the full therapeutic dose, permitting treatment of severe 

infections95. There is evidence that an influx of an allergen, such as insulin in diabetic 
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patients, causes a desensitization reaction in chronic inflammatory diseases as well96. A 

study on pollen allergy in rats found increased apoptosis of regulatory T cells, following 

allergen sensitization-challenge, which resulted in increased airway inflammation – 

similar to the immune response with EAE induction97. The desensitization allergy 

immunotherapy decreased the sensitivity to apoptosis of the regulatory T-cells, which 

resulted in subsequent reduction of allergen responses in the model97. The MOG35-55 in 

the trimeric protein may act as the desensitization antigen in active EAE. Regulatory T-

cells play a key role in mediating the immune response in actively induced EAE and the 

addition of MOG35-55 may have protective effects, which results in improvement of the 

disease state.  

 

4.6. Peptide variation causing inconsistent response 

The 2226.1 protein was designed in order to measure the clearance rate of the 

protein from the blood stream. His-tags are commonly used as a purification tool for 

recombinant proteins98. These His-tags facilitate the binding, and subsequent isolation, 

of an expressed protein by immobilized metal affinity chromatography (IMAC)69. It is 

often assumed that His-tags have no effect on the structure and function of the protein. 

While this is sometimes the case, there is evidence that His-tags have an effect on the 

native structure, particularly at the terminus where the tag is attached99. Klose et al. 

reported that the location of the His tag could potentially influence the oxidative folding, 

in particular the disulfide bonding arrangement of an N-terminal His tag100. This altered 

structure could affect the solubility or increase the aggregation of the purified protein, 

which would indirectly impact the concentration and availability of the protein within the 

model98. However, it is unlikely that the addition of a His-tag to the protein greatly alters 
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the structure of the protein, but it still may have secondary, unidentified effects on the 

function of the peptide. 

The addition of the His-tag also increased the size of the conjugated protein by   

1 kDa. 1 kDa is the minimum size that a particle must be in order to be detected by the 

innate immune system101. Both of the drugs I tested were significantly larger than the     

1 kDa minimum; thus, this size difference should not have affected the removal rate of 

the 2226.1 over the 2075_Pep14. However, it is possible that there was a more efficient 

clearance response of the innate immune system due to the larger molecular weight of 

the 2226.1 protein sequence. The phagocytic response to foreign antigens links the 

innate immune system to the adaptive, and therefore is the link between the formation of 

a drug response and the stimulation of an adaptive immune response102. If a greater 

proportion of the 2226.1 peptide was eliminated by phagocytes before it could interact 

with the adaptive immune cells that it was meant to target, then we were not measuring 

the dosage at equal rates. This would explain the inconsistent recovery rate between the 

two treatments. This specific clearance rate of each treatment could be measured using 

IMACs isolation of the protein from serum. 

The 2075_Pep14 conjugate has an additional 6 amino acid spacer located 

between the MOG35-55 sequence and the internalization sequence + apoptotic inducing 

factor, which may result in more effective binding of cells to the peptide through an 

epitope of myelin. MOG35-55 exists in both monomeric and dimeric forms within the body 

(26-28 kDa and 54 kDa respectively) but our treatment contains only the larger dimeric 

form of the protein. Fine epitope mapping of MOG35-55 antibodies in Lewis rats 

determined that the immuno-dominant region is located at the dimer interface103. 

Antibodies preferentially target this dimer form, but as it is quite large and the epitope is 

partly buried at the dimer interface103, the extra space those 6 amino acids provide 
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between the MOG protein and the rest of the peptide sequence may increase the 

likelihood of an antibody, or myelin targeted cell binding to the MOG+IF+CPF complex. 

This increased binding may lead to a subsequent decrease in inflammatory response 

against the CNS. 

 

4.7. Limitations of the Study 

The use of a clinical scoring scale as a measurement of disease progression in 

EAE is very subjective. It is comparable to the use of the EDSS scale in MS patients, 

which is also a non-linear ordinal scale. The recovery period noted in the EAE scoring 

scale is likely also to be clear in the EDSS72,104. However, this improvement in EAE gait 

would be better quantified through the use of sagittal plane gait analysis as it is a more 

objective method of measuring gait changes in EAE and is also comparable to gait 

analysis done with humans105. Reduced gait speed, decreased ankle, hip, and knee 

range of movement, shorter stride length and prolonged double stance phase are all 

currently measured through clinical gait analysis in MS patients in order to get a more 

complete picture of any physical changes occurring through the disease course77. In 

2019, Fiander, et al. demonstrated the effectiveness of using gait analysis over any EAE 

scoring scale76. Sagittal plane gait analysis can determine minute changes in ankle 

movement indicative of disease progression before they can be noted by the human 

eye, which would make the clinical improvements more clearly defined106. 

 Tissue analysis on the spinal cord, particularly the lumbar region would be an 

asset to future studies in addition to immunohistochemistry (IHC) images of both the 

spinal cord and cerebellum of the animals. The use of IHC to visualize more specific 
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molecule markers could give a better overview of which cells are most affected and 

where repair might be occurring. 

Bromodeoxyuridine (BrdU) is incorporated into the DNA of dividing cells and is 

commonly used for birth dating and monitoring of cellular proliferation in neurogenesis 

studies 107. The uptake of BrdU into the animals prior to euthanasia would give a 

snapshot of whether there is myelin and tissue repair or sparing occurring with the 

induction of the trimeric protein. As there is normally minimal cell growth occurring in the 

adult mouse brain, minimal incorporation is expected if no active repair is occurring and 

the induction of BrdU could give a representative view of the neuroprotective effects of 

the trimeric protein. 

The isolation of CNS-infiltrating cells from the lumbar region of the spinal cord 

could give a more direct overview of CNS inflammation occurring due to EAE and 

therefore show the effects of the trimeric protein more effectively than through the 

splenocytes. A more comprehensive look at immune cells involved in the EAE specific 

inflammatory response, particularly regulatory T- cells and macrophages, would also be 

beneficial in understanding the immune response against the trimeric protein.  
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Chapter 5. Future Implications and Conclusion  

 The results of this study indicate that treatment with the trimeric proteins, 

particularly the 2075_Pep14 protein, is effective in improving gait and reducing the 

amount of lesioned area present in the cerebellum of EAE induced mice, but the cellular 

mechanism in how this occurs remains unclear. The median dose of 200 ng/mL appears 

to be the most effective concentration, as it improved the disability and lesioned area at 

a greater rate than doses at higher and lower concentrations; a more precise dose 

response curve should follow. Finally, this treatment was only tested on acute EAE; 

long-term studies on effectiveness and improvement rate need to be included to 

understand any possibilities for the use of the trimeric protein as a therapy for MS. 

 The tangible improvements to disease state following treatment with the protein 

suggests that continuing with this study beyond the proof of concept theory may lead to 

future improvements to treatment of MS in Canada. Current treatments do not 

specifically target the demyelinating immune cells as the mechanism of their 

autoreactivity is still unknown, but this trimeric protein treatment shows promise in 

targeting those specific cells and stopping the progression of the disease. Once the 

disease has been halted, stem cell repair and subsequent symptom management may 

be an option for permanent recovery from MS. 
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Appendix A.  EAE Clinical Scoring Guide 
 
Table A1. The clinical scoring guide, as standardized by Hooke Laboratories, was used 
to determine the disease progression of EAE induced C57BL/6 mice. 

Score Clinical observations 

0.0 

No obvious changes in motor function compared to non-immunized mice. 

When picked up by base of tail, the tail has tension and is erect. Hind legs are usually 

spread apart. When the mouse is walking, there is no gait or head tilting. 

0.5 

Tip of tail is limp. 

When picked up by base of tail, the tail has tension except for the tip. Muscle straining is 

felt in the tail, while the tail continues to move. 

1.0 

Limp tail. 

When picked up by base of tail, instead of being erect, the whole tail drapes over finger. 

Hind legs are usually spread apart. No signs of tail movement are observed. 

1.5 

Limp tail and hind leg inhibition. 

When picked up by base of tail, the whole tail drapes over finger. When the mouse is 

dropped on a wire rack, at least one hind leg falls through consistently. Walking is very 

slightly wobbly. 

2.0 

Limp tail and weakness of hind legs. 

When picked up by base of tail, the legs are not spread apart, but held closer together. 

When the mouse is observed walking, it has a clearly apparent wobbly walk. One foot may 

have toes dragging, but the other leg has no apparent inhibitions of movement. 

  - OR - 

Mouse appears to be at score 0.0, but there are obvious signs of head tilting when the walk 

is observed. The balance is poor. 
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2.5 

Limp tail and dragging of hind legs. 

Both hind legs have some movement, but both are dragging at the feet (mouse trips on 

hind feet). 

  - OR - 

No movement in one leg/completely dragging one leg, but movement in the other leg. 

  - OR - 

EAE severity appears mild when picked up (as score 0.0-1.5), but there is a strong head tilt 

that causes the mouse to occasionally fall over. 

3.0 

Limp tail and complete paralysis of hind legs (most common). 

  - OR - 

Limp tail and almost complete paralysis of hind legs. One or both hind legs are able to 

paddle, but neither hind leg is able to move forward of the hind hip. 

  - OR - 

Limp tail with paralysis of one front and one hind leg. 

  - OR - 

ALL of: 

§ Severe head tilting, 
§ Walking only along the edges of the cage, 
§ Pushing against the cage wall, 
§ Spinning when picked up by base of tail. 

3.5 

Limp tail and complete paralysis of hind legs. In addition to: 

Mouse is moving around the cage, but when placed on its side, is unable to right itself. Hind 

legs are together on one side of body. 

  - OR - 



94 

Mouse is moving around the cage, but the hind quarters are flat like a pancake, giving the 

appearance of a hump in the front quarters of the mouse. 

4.0 

Limp tail, complete hind leg and partial front leg paralysis. 

Mouse is minimally moving around the cage but appears alert and feeding. 

Often euthanasia is recommended after the mouse scores 4.0 for 2 days. However, with 

daily s.c. fluids most C57BL/6 mice may recover to 3.5 or 3.0, while SJL mice may fully 

recover even if they reach score 4.0 at the peak of disease. When the mouse is euthanized 

because of severe paralysis, a score of 5.0 is entered for that mouse for the rest of the 

experiment. 

4.5 

Complete hind and partial front leg paralysis, no movement around the cage. Mouse is not 

alert. 

Mouse has minimal movement in the front legs. The mouse barely responds to contact. 

Euthanasia is recommended. When the mouse is euthanized because of severe paralysis, a 

score of 5.0 is entered for that mouse for the rest of the experiment. 

5.0 

Mouse is spontaneously rolling in the cage (euthanasia is recommended). 

  - OR - 

Mouse is found dead due to paralysis. 

  - OR - 

Mouse is euthanized due to severe paralysis. 
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Appendix B. Native PAGE 

A native PAGE (polyacrylamide gel electrophoresis) was performed in between 

trials 8 and 9 to determine whether the structural integrity of the original protein was 

compromised. There was only a very small amount of usable protein left, so this 

procedure was only performed once. The native PAGE was chosen over an SDS-PAGE 

(sodium dodecyl sulphate–polyacrylamide gel electrophoresis) because the structure of 

the protein would not be altered due to denaturing processes and detergents. The 

protein migrates by the charge to mass ratio, rather than exclusively by mass. This 

allowed us to see whether the protein had degraded over time, which would have 

explained a decrease in efficiency over the course of months of trials. The results were 

inconclusive, but there was a clear difference between the protein that was stored at -

20ºC for upwards of 3 years and the one that had been stored for only one month. Trials 

4-8 were excluded based on this finding, in addition to the inconsistencies in physical 

appearance and gait noted during those trials (data not shown). 
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Appendix C. Compensation for possible PTX 

Gait and splenocyte analysis showed no significant difference between EAE 

induced animals that were treated with PTX midway through the experiment and those 

that were not. All of the PBS+PTX, PBS only, and untreated controls from all available 

trials were used for this analysis, but trial 6 was run specifically to test whether PTX 

altered the EAE disease course.  

Mice that were treated with PBS+PTX were used in every trial as the vehicle 

control (n=46) and therefore appear to have a more consistent disease state than those 

only treated with PBS (n=15) but 6 of the PBS mice had only reached a score of 2 by the 

treatment day. They were treated with PBS in order to avoid wasting animals but were 

only included in the study if they did eventually reach the inclusion criteria. Animals that 

were untreated completely did not initially follow the expected disease development, but 

eventually developed symptoms to be able to be included in the experimental criteria. 

There was no significant difference between the gait of the animals treated with 

PBS+PTX and those treated with only PBS (Dunn pairwise comparison p=0.888) at the 

end of the trial. The largest difference between the two groups was around day 0, with a 

total mean score difference of 0.4. This could have been minimally noticeable in the 

physical appearance of the animals, but the trends are comparable when considering 

the differences between the peak disability score.   

There was no difference between the CD3+ and CD19+ cells of any of the 

control groups (Kruskal-Wallis p=0.446 and 0.656). 
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Figure C1. Mean clinical scores of EAE induced C57Bl/6 mice over 21days. C57Bl/6 
mice were scored daily using an open field score of 0 - 5 where 0 is healthy and 5 is 
moribund starting on day 9 post EAE induction (day -7). 0.1mL of treatment was 
administered 15-16 days post EAE induction (day 0). Mice were left untreated 
throughout the entire experiment (n=11), treated with 1xPBS (n=15), or given 1xPBS 
along with 0.1mL of 100ug/mL PTX (n=46). A Kruskal-Wallis statistical analysis revealed 
a significant difference within the data (p>0.000) but a Dunn pairwise comparison 
showed no difference between the PBS only treated animals and the PBS+PTX treated 
ones (p=0.888). 
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Figure C2. The percentage of CD3+ splenocytes (A) and CD19+ splenocytes (B) in EAE 
induced mice in comparison to Healthy untreated mice. 16 days post EAE induction 
C57Bl/6 mice were treated with 0.1mL of 1xPBS either along with 0.1mL of 100ug/mL of 
PTX, or alone. NoTreat mice were induced with EAE but were not treated with anything 
for the entirety of the experiment. Mice were sacrificed based on disease severity on 
days 13-17 post treatment and splenocytes were stained with PECD19 antibodies and 
fixed in 4% PFA before being analyzed via flowcytometry. No significant difference was 
noted between any of the treatment groups and healthy mice (Kruskal-Wallis p=0.446 
and 0.656 respectively). 
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Appendix D. Comparison of Inactive THP-1 Cells to 
NSPCs 

There was no significant difference between untreated NSPCs and inactive THP-1 cells, 

however there was a significant difference between the two cell types when treated with 

200 ng/mL and 900 ng/mL. (ANOVA with Tukey post hoc test untreated: p=0.801; 200 

ng/mL: 0=0.021; 900 ng/mL: p=0.005). 
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Figure D1. Comparison of Inactive THP-1 cells (green) and NSPCs (gray) treated with 
200 ng/mL or 900 ng/mL of 2075_Pep14 for 24h to untreated cells. Cells were treated 
for 24h at 37degC and 5% CO2 before they were stained with Trypan Blue and counted 
on a hemocytometer. Percent viability was determined by the number of living cells 
divided by total cells. A one-way ANOVA and post hoc Tukey test revealed a significant 
difference between treated and untreated cells (200: p=0.021; 900: p<0.005, n=3).  
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