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Autoimmune Encephalomyelitis in the BXD Family of Mice

Abstract

Multiple Sclerosis is an autoimmune inflammatory condition that causes disability, axonal damage in the
central nervous system, and eventual paralysis. One of the main risk factors for developing MS is
genetics, with recent studies identifying multiple risk alleles associated the major histocompatibility
complex. By utilizing the BXD family of mice, we investigated genetic factors that affect a BXD strain’s
susceptibility to EAE, an inducible disease model for MS. We induced EAE in several BXD mice strains via
an emulsion of complete Freund'’s adjuvant and MOG35-55, and then measured disease severity in each
strain. From there, we measured incidence rate of EAE, average peak clinical score, average day of
disease onset, average length of acute onset, and average end clinical score. Afterwards, we tested EAE
severity in the BXD43 mouse by identifying changes in immune cell populations in the spinal cord,
changes in cytokines and chemokines, and distribution of the Fc multimer drug M019. Out of 16 strains
tested, we identified 6 BXD strains susceptible to developing EAE, and found suggestive evidence of QTLs
on chromosomes 5 and 11. We also found that the BXD43 strain expressed an extreme phenotype,
categorized by increased immune cell populations in the spinal cord comparable to the B6 EAE model
with pertussis toxin. These results suggest the potential for QTLs to exist on chromosomes 5 and 11,
though more BXD strains need to be tested. Additionally, the BXD43 strain shows promise as an extreme
phenotype model for EAE, which may serve as an effective model for primary progressive multiple
sclerosis.
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PREFACE

This thesis is organized in a way that first introduces readers to our rationale for
choosing the research topic and objectives, as well as an overview of the literature. Next,
the materials and methods used are described, which then leads to a presentation of the
research. Next, the results of this research are discussed, followed by a concluding
chapter to identify the final conclusions of this research and its overall significance.
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ABSTRACT

Multiple Sclerosis is an autoimmune inflammatory condition that causes
disability, axonal damage in the central nervous system, and eventual paralysis. One of
the main risk factors for developing MS is genetics, with recent studies identifying
multiple risk alleles associated the major histocompatibility complex. By utilizing the
BXD family of mice, we investigated genetic factors that affect a BXD strain’s
susceptibility to EAE, an inducible disease model for MS. We induced EAE in several
BXD mice strains via an emulsion of complete Freund’s adjuvant and MOGas.ss, and then
measured disease severity in each strain. From there, we measured incidence rate of EAE,
average peak clinical score, average day of disease onset, average length of acute onset,
and average end clinical score. Afterwards, we tested EAE severity in the BXD43 mouse
by identifying changes in immune cell populations in the spinal cord, changes in
cytokines and chemokines, and distribution of the Fc multimer drug M019. Out of 16
strains tested, we identified 6 BXD strains susceptible to developing EAE, and found
suggestive evidence of QTLs on chromosomes 5 and 11. We also found that the BXD43
strain expressed an extreme phenotype, categorized by increased immune cell
populations in the spinal cord comparable to the B6 EAE model with pertussis toxin.
These results suggest the potential for QTLs to exist on chromosomes 5 and 11, though
more BXD strains need to be tested. Additionally, the BXD43 strain shows promise as an
extreme phenotype model for EAE, which may serve as an effective model for primary
progressive multiple sclerosis.
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CHAPTER 1. INTRODUCTION

Multiple Sclerosis

Multiple Sclerosis (MS) is the world’s most common chronic inflammatory
disease affecting the central nervous system (CNS) [1]. The disease affects an estimated
2.8 million people worldwide, with incidence rates increasing worldwide [2]. Most
individuals are diagnosed at the ages of 20-40 and the disease is twice as common in
women than in men. Symptoms of the disease include muscle weakness, tingling, blurred
vision, muscle atrophy, vision loss, chronic pain, and eventual paralysis [3]. Patients also
show abnormalities in white matter in the brain that form lesions, which in addition to
physical symptoms are required for diagnosis [3]. Inflammation in the brain is present
throughout all stages of disease, and inflammation is associated with axonal damage and
neurodegeneration [4]. Disease progression is slow, with about 50% of patients requiring
a wheelchair at around 10-20 years after diagnosis, becoming a significant disabling
disease in young adults [5]. Patients typically have a reduced lifespan of 7-14 years [6].
Though MS has been the subject of study for many years, there is no known cure for the
disease. Current disease modifying treatments focus on minimizing symptoms and
increasing time between relapses.

MS Subtypes

MS is a heterogeneous disease that presents in three main subtypes. Relapsing-
remitting MS (RRMS) is characterized by periods of demyelination, neurological
dysfunction, and disability, followed by a period of relaxed symptoms, then eventual
relapse. These periods of relapse typically increase in severity over time, with many
patients eventually developing secondary progressive MS (SPMS). In SPMS, the
demyelination and neurological dysfunction begins to decline with no period of
remission. Finally, primary progressive MS (PPMS) is characterized by continuous
demyelination from the beginning, with no period of remission. About 85% of patients
with MS present the RRMS subtype, with only 15% presenting the PPMS subtype [3].
Most available treatments for MS have been found to be effective for treating RRMS, but
very few treatments are available for PPMS [7]. This shows a growing need for more
treatment options for PPMS.

Pathology of MS

MS is thought to be an autoimmune disease caused by autoreactive T cells that
target myelin sheaths on neurons and the cells that produce myelin, oligodendrocytes, in
the central nervous system. The resulting demyelination causes axon dysfunction,
numbness, pain in the arms and legs, muscle weakness, vision loss, and cognitive
impairment, with eventual paralysis. A characteristic diagnostic criterion of MS is
demyelination lesions, or areas of the brain with decreased myelination and increased



numbers of inflammatory immune cells. Recent studies have shown that the composition
of these lesions may indicate the degree of severity of disease, with larger and more
diffuse lesions indicating higher severity of disease symptoms [8]. Disease progression
typically starts with invasion of the brain by peripheral inflammatory cells that bypass the
blood brain barrier (BBB), as well as activation of proinflammatory microglia.
Afterwards, inflammatory B and T cells then follow and cause additional damage to
myelin sheaths, resulting in a persistent acquired immune response towards myelin
protein [3]. The resulting demyelination causes axonal damage and neurodegeneration,
resulting in paralysis and muscle weakness.

Immunopathology of MS

In MS, inflammatory cells from both the innate and the adaptive immune systems
will bypass the BBB and begin damaging myelin proteins, particularly T cells. Lesions
from MS patients have shown increased levels of T cells and B cells, as well as high
levels of demyelination, when compared to nearby healthy white matter [4]. Other studies
have shown Tn1 and Tw17 cells play an important role in MS by interacting with
circulating inflammatory monocytes that produce cytokines such as IL-6 and IL-12 [9].
As reviewed in Moser, T. et al, 2020, Tn17 cells and elevated levels of IL-17 have been
found in both brain samples and spinal fluid samples of MS patients [10]. Additionally,
once the circulating monocytes enter the CNS, they can differentiate into inflammatory
macrophages that promote the reactivation of T cells into proinflammatory Tnul and TH17
cells, causing further damage [9]. The balance between proinflammatory Tn1 cells and
regulatory T cells (Tregs) has been found to be skewed in patients with MS, with patients
in the relapsing stage of RRMS showing higher levels of Tyl cells [11]. An increase of
Tregs may contribute to the remission phase of RRMS, and the cycling between these
two populations may be a primary factor in RRMS [11]. Additionally, other studies have
also shown reduced FoxP3 expression in Tregs in patients with PPMS, which is
associated with suppressed regulatory function in Tregs [12].

While T cells have historically been the primary focus of MS research, recent
studies have also shown the role of other cells such as macrophages, monocytes, and B
cells. One study showed a decrease in regulatory macrophages and microglia in white
matter samples of MS patients [13]. Another study showed elevated levels of activated
monocytes in the peripheral blood of patients with newly diagnosed MS [14]. Finally, as
reviewed in Comi, G. et al, 2021, B cells may also play a role in MS development, with
treatment of anti-CD20 antibodies proving successful at treating MS [15]. The interaction
of all these different immune cells seem to contribute to the development of MS.

Risk Factors

There are several risk factors that affect an individual’s susceptibility to MS. One
major risk factor is smoking, though it has only been found to be smoking tobacco that
increases risk, rather than use of oral tobacco [16]. This suggests that it is the



inflammation and irritation of smoking, rather than nicotine itself, that increases the risk
for MS development. Additionally, active smoking can also increase the rate of relapses
and disease severity in individuals with RRMS [17]. Another risk factor is low vitamin D
levels, which may be associated with the increase in MS prevalence in areas further from
the equator, where people are exposed to less sunlight [18]. As reviewed in Miclea, A et
al, 2020, vitamin D has an immunoregulatory effect by promoting anti-inflammatory
responses and apoptosis in T cells, B cells, and dendritic cells (DCs) [19]. Another risk
factor is biological sex, with women being twice as likely to develop RRMS as men,
though it is currently unknown why [18]. Finally, one other major risk factor is prior
infection with the Epstein-Barr virus (EBV). One study of over 10 million US service
members showed that prior infection with EBV increased the risk of developing MS by
almost 32-fold [20]. As reviewed in Soldan, S. S. et al, 2023, it is theorized that EBV
proteins may mimic self-antigens, and therefore cause the immune system to begin to
target self-antigens in the CNS [21].

Genetics of MS

Genetics also play a substantial role in determining risk for developing MS.
About 20% of individuals with MS also have a relative with MS, and twins have been
found to have a 25-30% increased risk of developing MS if the other twin has it [18].
Several genomic wide association studies (GWAS) have identified several quantitative
trait loci (QTLSs) associated with the major histocompatibility complex (MHC) [22].
Further studies have identified that the HLA-DBR1*1501 variant has been associated
with MS development in several different patient populations [23]. More recent GWAS
studies have expanded the list of associated HLA loci [24]. One GWAS formulated a
genetic map that linked a few hundred genes to MS, with 32 associations focused on the
major histocompatibility complex. This study also found that the following cell
populations have the highest number of genes associated with MS susceptibility: B cells,
T cells, natural killer (NK) cells, myeloid cells, and microglial cells [25, 26]. Taken
together, these studies show that the greatest genetic risk factors for MS all involve
dysregulation of the MHC, and through that dysregulation of antigen recognition,
correlating with the autoimmune pathology of MS.

Treatment Options for MS

While there is no known cure for MS, several disease modifying therapies have
been successful at treating MS symptoms and prolonging the time between relapses for
RRMS. Of the 15 FDA-approved treatments for RRMS, most focus on promoting anti-
inflammatory responses during the relapsing phase, which can reduce MS lesion
development and sometimes improve mobility [27]. The first approved treatments for MS
include interferons and glatiramer acetate [7]. IFN-B has been shown to increase anti-
inflammatory cytokines, as well as help reduce trafficking of immune cells across the
BBB [28] Recent studies have shown that treatment with IFN-B can result in an increased
expression of regulatory T cells (Tregs), which play a role in maintaining and preventing



autoimmunity [29] As reviewed in Kasindi et al, 2020, glatiramer acetate promotes the
transition of helper T cells from the inflammatory Tn1 phenotype to the regulatory Th2
phenotype [30]. Glatiramer acetate has also been shown to decrease B cell activation.
[31]. Other treatment options include monoclonal antibody therapies such as natalizumab,
which also helps to prevent migration of inflammatory cells across the BBB [32]. Other
monoclonal antibodies include anti-CD20 therapies such as ocrelizumab and ofatumumab
that both reduce B cell populations in the patient [32]. However, as with many
immunotherapeutic treatments, these treatments often result in compromised immune
systems for the patient. Additionally, ocrelizumab is currently the only FDA-approved
treatment for PPMS [33]. With only one approved therapy, there is a very clear need for
more treatment options for PPMS.

Experimental Autoimmune Encephalomyelitis

The most used animal model for MS research is experimental autoimmune
encephalomyelitis (EAE). There are two methods of inducing EAE, referred to as the
passive model and the adoptive transfer model. In the passive model, mice are
immunized with a subcutaneous injection of an emulsion of a myelin protein and
Complete Freund’s Adjuvant (CFA). Depending on the protein and mouse strain used, it
is sometimes followed by an injection of pertussis toxin (PTX). This PTX injection
improves the incidence rate of developing EAE by promoting degradation of the BBB
[34]. This immunization produces an autoimmune response to the myelin protein,
resulting in demyelination that is caused by autoreactive T cells attacking the myelin
sheath, mirroring the pathology of MS [35]. In this model, different mouse strains will
react to some myelin proteins and will not react to others. For example, the C57BL/6
(B6) mouse will develop EAE when induced with myelin oligodendrocyte glycoprotein
(MOG), while the SIL mouse model will develop EAE when immunized with myelin
proteolipid protein (PLP) [36]. The second model, the adoptive transfer model, is used to
investigate the role of CD4" T cells in EAE pathology. In this model, CD4" T cells are
taken from a mouse that has been induced via the passive model, then transferred to a
naive mouse. As the CD4" T cells are already specific to myelin protein, the new cells
begin an autoimmune response to myelin protein, which develops into EAE. Both models
have been used to identify different components of the immune system that contribute to
the development of EAE.

Innate Immune Response in EAE

Innate immune cells play a vital role in the development of EAE. Both circulating
and CNS myeloid cells promote inflammation and neurodegeneration in the CNS,
resulting in demyelinating lesions. Microglia and macrophages in the CNS can cycle
between a more proinflammatory phenotype to a more regulatory phenotype, though the
cells typically express traits of both in vivo [37]. During EAE, more microglia and
macrophages express proinflammatory traits, and some research has suggested that
promotion of the regulatory phenotype may reduce inflammation and neurodegeneration,



[37]. Other cells such as DCs serve as antigen presenting cells (APCs) for inflammatory
T cells that migrate into the CNS, promoting more neurodegeneration [38] Finally,
neutrophils also play a key role in EAE. As reviewed in Pierson, E. R. et al, 2018,
neutrophils promote migration of inflammatory cells to the CNS via production of
proinflammatory cytokines such as TNF-a, IFN-y, IL-6, IL-1B, and IL-12, which
promote the maturation of APCs that interact with infiltrating T cells [39]. Additionally,
other studies have shown that neutrophils may contribute to the degradation of the blood
brain barrier (BBB) during the initial stages of EAE, and that depleting neutrophil
activity prevents this degradation [40].

The interaction of several innate immune cell receptors also has a significant
impact on EAE development. Some studies have shown how blocking expression of
CX3CR1, the receptor for fractalkine (CX3CL1), prevents migration of monocytes,
macrophages, and DCs into the CNS, thus alleviating EAE symptoms and preventing
disease development [41] Another study demonstrated that blocking colony-stimulating
factor 1 (CSF-1) in mice with EAE reduced inflammatory myeloid cell activity in the
CNS and reduced lesion size, without also depleting regulatory microglia that promote
homeostasis [42]. However, the role of certain immune receptors such as CX3CR1 in
EAE has been found to be somewhat contradictory, as other studies have shown that mice
that are deficient in CX3CR1 are also more susceptible to severe EAE. This suggests the
receptor may also play a regulatory role by managing antigen-presenting cell activity
[43]. Another important receptor is CCR2, a receptor on monocytes for migration [44].
Studies have shown that blocking of CCR2 prevents EAE disease development, while
mice with EAE have been shown to have elevated CCR2 expression in the spinal cord
[45, 44].

Role of T Cells in EAE

Using the adoptive transfer model, researchers have found that T cells are the
primary cell that drives EAE pathogenesis. Further studies have also shown that
increased levels of Tl and TH17 cells in mice lead to more severe EAE symptoms and
progression in mice in both models of EAE [46]. Migration of autoreactive CD4™ T cells
is a key step in the development of EAE. Blocking migration of CD4" T cells into the
CNS has been shown to reduce EAE severity, as the CD4" T cells are responsible for
recruiting other inflammatory cells to the CNS [47] Several studies have also identified a
higher expression of Tn17 cells in EAE lesions in the spinal cord, as well as higher
concentrations of the proinflammatory cytokine IL-17, which then activates production of
other proinflammatory cytokines such as IL-1pB [48, 49]. Other studies have looked at the
role of regulatory T cells (Tregs) in preventing EAE. Mice with lower levels of Tregs
show more severe EAE symptoms, suggesting these cells may have a protective effect by
managing autoreactive T cells [50]. Tregs also play a role in maintaining homeostasis in
the immune system by suppressing autoimmunity, while dysregulation of Tregs
exacerbated autoimmunity. One study found that mice with EAE and suppressed Treg
levels showed more severe EAE symptoms, while mice treated with mesenchymal stem
cells produced higher numbers of Treg cells and showed reduced EAE severity [51].



Another study showed that dysregulation of Tregs caused by mitochondrial oxidative
stress can result in autoimmunity, but if reversed can reduce EAE severity [52]. These
various T cell populations all contribute to the development of immune dysregulation and
the development of EAE, whether through promoting autoimmune damage to the CNS,
or by maintaining homeostasis to prevent disease progression.

EAE Presents Differently in Various Mice Strains

Interestingly, the presentation of EAE differs between mouse strains and myelin
proteins used in the immunization [53]. Some mice strains respond better to one myelin
protein over another. One study found that the B6 strain can present as either relapsing
remitting EAE or chronic EAE by increasing the concentration of myelin
oligodendrocyte glycoprotein (MOGssss) in the CFA/MOGsas.ss emulsion [54]. By
studying different combinations of mouse strains and antigen, EAE can reflect the
different subtypes of MS and may offer insight into mechanisms of disease. Notably,
most of the current treatments for MS are only applicable to patients with the RRMS
subtype, with few treatment options available for patients with PPMS. This highlights the
need for more EAE models that can better reflect a wider range of MS subtypes.

Research Objectives

My project had two objectives. For the first objective, | wanted to test EAE
induction in the BXD family of mice strains to determine possible QTLs related to EAE
susceptibility. To accomplish this, I tested the parent strains B6 and DBA2 (D2) for their
susceptibility to EAE using the passive model of EAE. The mice were immunized with
CFA/MOGss.s5 and their weights and clinical scores were recorded from day 7 to day 30.
Afterwards, | tested 16 different BXD strains for susceptibility to EAE using the same
passive model. Their weights and scores were also measured from day 7 to day 30. Using
the data from these studies, the following traits were measured and the results were
entered into GeneNetwork: incidence rate of EAE, average peak clinical score, average
day of onset, average length of acute onset, and average end score. These results may
help us determine new quantitative trait loci (QTL) associated with EAE susceptibility.

For the second objective, | wanted to compare the severe EAE seen in the BXD43
strain to the B6 strain. | first immunized both BXD43 and B6 mice with CFA/MOG and
monitored the weights and scores of the mice from day 7 to day 29. | then harvested
spinal cords and serum samples from the induced mice at several time points. | analyzed
the myeloid cells, microglia, and lymphocytes of the spinal cord samples using flow
cytometry. | also measured various inflammatory cytokine and chemokine levels in the
serum samples. These results may help establish the BXD43 strain as a potential model
for PPMS due to its extreme phenotype of severe EAE.



CHAPTER 2. MATERIALS AND METHODS

Mice and Welfare

Female C57BL/6 (B6) and DBA/2J (D2) mice were obtained from Jackson
Laboratories (Bar Harbor, ME). Female BXD mice were obtained from Dr. Robert
Williams, University of Tennessee Health Science Center (Memphis, TN). Mice were
housed in groups of up to 5 mice in 500 cm? solid bottom clear polysulfone plastic cages.
Mice were housed in the Trimetis Facility UTHSC Lab Animal Care Unit at biosafety
level 2. Mice were kept on a 12-hour light/dark cycle and were fed Irradiated LM-485
Mouse/Rat Diet (19% protein) and acclimated at least 7 days prior to induction.

BXD43 Breeding Colony

A breeding colony was set up for the BXDA43 strain. 4 trios of breeders (2 female,
1 male) were grouped together with their respective partners for 2 weeks, then the
females were placed in separate cages. The females were then observed for about a
month for any possible litters or pregnancy. Once pups were born, litters were weaned
after 21 days. Females were separated and were used in future studies, while males were
only saved to replace male breeders, otherwise they were sacked. If a litter only had a
single female pup, she was kept with the mother for an additional week or combined with
another litter of the same age. If the pups were small at weaning, they were also given a
supplementary feed cup of DietGel 76A.

EAE Emulsion Preparation

To induce EAE in the mice, an emulsion of CFA/MOGss.s5 was created. First, 100
mg of desiccated M. Tuberculosis H37 Ra was dissolved in 20 mL of incomplete
Freund’s adjuvant (Table 2-1). The solution was homogenized for 3 minutes using the
gentleMACS™ Tissue Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany), then
incubated on ice for 5 minutes. Homogenization and incubation were repeated two more
times, resulting in complete Freund’s adjuvant (CFA). A 1:10 dilution of the MOGgs.s5
stock solution was made in DPBS, creating a MOGss.s5 solution at 1 mg/mL. Equal
volumes of both CFA and MOGss.ss solution were drawn into appropriate syringes, then
connected to a 3-way stopcock. The two solutions were then emulsified to create a
CFA/MOGss.55 emulsion at 0.5 mg/mL of MOGas.ss. The emulsion was tested prior to
injection by testing a drop of emulsion in water until the drop maintains structure in the
water and does not disperse.



Table 2-1.  Reagents and Kkits.

Product Catalogue Company
Number

Irradiated LM-485 Mouse/Rat Diet 7912 Teklad/Inotiv (West Lafayette, IN)

M. Tuberculosis H37 Ra 231141 BD Biosciences (Franklin Lakes, NJ)

Incomplete Freund’s Adjuvant 263910 BD Biosciences

Myelin Oligodendrocyte Glycoprotein HYP1038A MedChem Express (Monmouth

(MOGss.ss) protein Junction, NJ)

3-way Stopcock w/ Swivel Male Luer MXS311L Smiths Medical (Minneapolis, MA)

Lock

Dulbecco’s Phosphate-Buffered Saline 21-031-CV Corning (Corning, NY)

(without calcium and magnesium)

Cryogenic Vial SmL 10-500-27 Fisher Scientific (Waltham, MA)

Red Blood Cell Lysing Buffer Hybri-Max  R7757 Sigma Life Science/Sigma-Aldrich
(Burlington, MA)

RPM1-1640 (Without L-Glutamine) 12-167F Lonza™ BioWhittaker (Basel,
Switzerland)

Fetal Bovine Serum, Qualified F6178 Sigma-Aldrich

Penicillin Streptomycin Glutamine (Pen- 10378-016 Gibco (Billings, MT)

strep)

2-Mercaptoethanol 60-24-2 Fisher Scientific

Dimethyl Sulfoxide 67-68-5 Fisher Scientific

MO019 Gliknik (Baltimore, MD)

FcBlock 553142 BD Biosciences

Deoxyribonuclease (DNase) DN25 Sigma-Aldrich

Collagenase D 11088858001  Roche Diagnostics GmbH (Mannheim,
Germany)

Percoll P4937 Sigma-Aldrich

Pertussis Toxin (PTX) in glycerol BT-0105 Hooke Laboratories, Lawrence, MA

Falcon Tissue Culture Flask 353109 BD Biosciences

Serum Separator Tubes 365967 BD Biosciences

ProcartaPlex™ Mouse Cytokine & EPXR360- Invitrogen (Waltham, MA)

Chemokine Convenience Panel 1 26-Plex  26092-901).

CF® Dye & Biotin SE Protein Labeling 92220 Biotium (Fremont, CA)

Kits

Phosphate Buffered Saline 10010-023 Gibco

Dylight488 Conjugation Kit (Fast) Ab201799 Abcam (Cambridge, United Kingdom)

Lightning-Link

DietGel 76A 72-07-5022 Clear H,O (Portland, ME)

UltraComp eBeads- Compensation beads 01-2222-42 Invitrogen




EAE Induction and Observation

Mice were subcutaneously injected with 200uL of CFA/ MOGgs.s5 emulsion. In
some studies, one group of mice were also dosed with 110 ng/mouse of pertussis toxin
(PTX) 1 hour after induction, and another dose 24 hours after induction. Mice were
monitored 24 hours after induction to ensure mice are alert and ambulatory. Mice were
observed and weighed daily from day 7-30 post induction, and daily weight percent
change was calculated. Mice were scored on a scale of 0-5 for severity of EAE
(Table 2-2), and the weights and scores were plotted using GraphPad Prism 9
(Dotmatics, Boston, MA). The following BXD strains were tested for susceptibility to
EAE: BXD77, BXD79, BXD44, BXD87, BXD48a, BXD73b, BXD89, BXD43, BXD68,
BXD125, BXD90, BXD11, BXD213, BXD170, BXD75, and BXD55, as well as the
parent B6 and D2 strains.

EAE Spinal Cord Flow Analysis

Spinal Cord Harvest

Mice were harvested on day 15 for the BXD43 mice, day 17 for B6 mice dosed
with PTX, and day 29 for B6 with no PTX. On the day of average peak score, mice were
euthanized via isoflurane and harvested for serum, spinal cord, brain, and lymph nodes.
Serum was collected via blood collection from a cardiac stick, then blood was transferred
to serum-separator tubes, and serum was stored in the -80°C freezer. Brain and lymph
nodes were harvested, then placed in cryogenic vials and frozen in dry ice. The samples
were then stored in the -80°C freezer. Spinal cords were transported back to our lab in
10% FCS cell media. Spinal cords were then homogenized in 10mL 10% FCS cell media,
50uL DNase at Img/mL and 10uL collagenase at 100mg/mL. The samples were then
incubated for 30 minutes in the 37°C incubator. Samples were then washed with cell
media, then filtered through a 40uL filter. Cells were then washed in cell media again,
then resuspended in 6mL of 37% percoll. Samples were then spun for 20 minutes at 860
X g. Samples were decanted to remove myelin and washed in cell media.

Spinal Cord Flow Cytometry

Samples were then split into three equal volumes to stain for three panels. The
cells were first stained with 2uL. of FcBlock, then incubated for 10 minutes at room
temperature in the dark. Next, the cells were washed with FACS (flow cytometry) buffer
(Table 2-3). The cells were then stained with a master mix of fluorescent antibodies
(Table 2-4) for microglia cells, myeloid cells, and lymphocytes. The cells were then
incubated at 4°C in the dark for 30 minutes. The cells were then washed twice, decanted,
then 100pL of FACS buffer was added to each sample, bringing the final volume to
around 200pL. The cells were then vortexed and plated.



Table 2-2.

EAE scoring criteria.

Score Symptoms
0 No Symptoms
0.5 Tip of tail is limp
1.0 Whole tail limp, cannot wrap around finger to stabilize mouse
1.5 Limp tail and wobbly walk, one leg falls consistently through a
wire rack
2.0 Limp tail and wobbly walk, one foot dragging
2.5 Limp tail and both feet show signs of dragging when walking
3.0 Limp tail and complete hind limb paralysis
3.5 Limp tail, complete hind limb paralysis, and mouse cannot orient
itself when placed on its back
4.0 Limp tail, complete hind limb paralysis, and minimal movement in
cage but mouse is alert
4.5 Limp tail, hind limb paralysis, mouse is not moving or alert
5.0 Mouse is rolling in cage or mouse found dead
Euthanasia a) Mouse has a score of 4.0 for longer than 48 hours
Criteria b) Mouse has a score of 4.5 or 5
¢) Mouse loses greater than 30% of total body weight
Table 2-3.  FACS buffer components.
Product Catalogue Number = Company
Bovine Serum Albumin 10735078001 Sigma-Aldrich
Phosphate Buffered Saline 10010-023 Gibco
Magnesium Chloride (MgClz) M2670-100G Sigma-Aldrich
Deoxyribonuclease (DNase)  DN25 Sigma-Aldrich
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Table 2-4.

Flow cytometry antibodies.

Name and Fluor Clone Catalogue Company
Number
Anti-CD11b-APC-Fire M1/70 101262 BioLegend (San
Diego, CA)
Anti-CD19-APC 1D3 550992 BD Pharmagin/BD
Biosciences
Anti-Ly6C-PE HK1.4 128008 BioLegend
Anti-Ly6G-BV605 1A8 127639 BioLegend
Anti-CD115-BV421 AFS98 1355131 BioLegend
Anti-CD206-APC C068C2 141707 BioLegend
Anti-CD45-BV421 30-F11 103133 BioLegend
Anti-SiglecH-PE 551 129605 BioLegend
Anti-CX3CR1-BV605  SAO011f11 149027 BioLegend
Anti-F4/80-AF488 BMS 123120 BioLegend
Anti-IA-IE-APC M5/114.15.2 107613 BioLegend
Anti-CD80-PE 16-10A1 12-0801-81 BioLegend
Anti-CD11¢-BV605 HL3 563057 BD Biosciences
Anti-Ly6C-AF488 HK1.4 128021 BioLegend
Anti-CD8-APC-Fire 53-6.7 100765 BioLegend
Anti-TCRB-BV605 H57-597 562840 BD Biosciences
Anti-CD69-BV421 HI1.2F3 104527 BioLegend
Anti-CD19-PE eBiolD3 12-0193-82 BioLegend
Anti-CD4-APC RM4-5 561091 BD Pharmagin
Anti-CD11b-AF488 M1/70 101217 BioLegend

11



Additionally, the same antibodies were used to prepare single color controls. 1.5
uL of each antibody was added to one drop (around 100uL) of compensation beads,
which were then incubated for 30 minutes at 4°C in the dark. The beads were then
washed twice with FACS buffer, decanted, then 100uL of FACS buffer was added to
bring the final volume to about 200uL. The beads were then vortexed and plated.

As shown in Table 2-5, the samples were then stained with several fluorescent
antibodies specific to the desired cell markers. The first panel for microglial cells
contained the following antibodies: Anti-CD11b-APC-Fire, Anti-CD206-APC, Anti-
CD45-BVv421, Anti-SiglecH-PE, Anti- CX3CR1-BV605, and Anti-F4/80-AF488. The
second panel for myeloid cells contained the following antibodies: Anti-CD11b-APC-
Fire, Anti-1A-1E-APC, Anti-CD45-BV421, Anti-CD80-PE, Anti-CD11c-BV605, and
Anti-Ly6C-AF488. The third panel for lymphocytes contained the following antibodies:
Anti-CD8-APC-Fire, Anti-TCRB-BV605, Anti-CD69-BV421, Anti-CD19-PE, and Anti-
CD4-APC. Samples were then analyzed using the Bio-Rad ZE5 Cell Analyzer (Bio-Rad,
Hercules, CA). The data was then analyzed, and cell percentages were measured using
FlowJo (BD Biosciences, Franklin Lakes, NJ). Significance between the BXD43 samples
and the B6 samples was calculated in GraphPad Prism 9 (Dotmatics, Boston, MA) using
a one-way ANOVA followed by Tukey’s post comparison test to compare mean of each
group to all other groups. A value of p < 0.05 was considered significant.

Serum Cytokine and Chemokine Multiplex Immunoassay

Serum Collection

Serum samples were collected from female C57BL/6 and BXD43 mice. Mice
were euthanized with isoflurane and a cardiac stick was performed to collect whole
blood. The blood samples were then transferred to serum-separator tubes, and serum
aliquoted into 55uL samples, then stored in the -80°C freezer. Samples were then thawed
and ran through a cytokine and chemokine detection kit. SOuL of capture beads were
added to each sample well, and liquid was removed. 25uL of Universal Assay Buffer was
added to each well, and afterwards 25uL of serum sample was added to their respective
wells. The plate was then sealed, incubated, and shaken at room temperature for 1 hour,
then washed three times. 25uL of Detection antibody Mix was added to each well, then
the plate was sealed, incubated, and shaken at room temperature for 30 minutes. The
plate was then washed again three times. 120uL of Reading Buffer was then added to
each well, the plate was sealed again, incubated, and shaken at room temperature for 5
minutes. The plate was then read on the Cytation 5 imaging reader (BioTek, Winooski,
VT). The following cytokines and chemokines were measured: granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon gamma (IFNy), interleukin 1 beta (IL-
1B), IL-2, IL-4, IL-5, IL-6, 1L-12p70, IL-13, IL-18, tumor necrosis factor alpha (TNFa),
IL-9, IL-10, IL-17A, 1L-22, IL-23, IL-27, eotaxin , growth related oncogene alpha
(GROu), interferon gamma induced protein 10 (IP-10), monocyte chemoattractant protein
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Table 2-5.  Cell types and markers.

Cell Type Markers

Microglia CD11b"CD45™, then gated for activation with CX3CR1, F4/80,
and CD206

Myeloid Cells CD11b"CD45"e", then gated for MHCII and CDS80 for activation

Dendritic Cells CD11b"CD45M'CD11c¢*

Monocytes CD11b"CD45MeLy6Chigh orlow then gated on CD115 for activation

Helper T Cells TCRB'CD4"

Cytotoxic T Cells TCRB'CDS8"

B Cells CDI19'Ly6G

Neutrophils CD19Ly6G"
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1 (MCP-1), MCP-3, macrophage inflammatory protein 1-alpha (MIP-1a), MIP-B, MIP-2,
and regulated on activation, normal T cell expressed and secreted (RANTES).

Serum Analysis

The serum sample concentrations were calculated using the Cytation 5 imaging
reader and measured as pg/mL. The samples were plotted against the expected
concentrations of the standard curve using the mean florescence intensity (MFI) of each
standard. From this, the concentrations of the cytokines and chemokines were measured
within the degree of sensitivity for each cytokine and chemokine. If the samples were
measured below detection, they were recorded as 0 pg/mL. The measurements were then
plotted, and significance between the BXD43 and B6 samples was calculated in
GraphPad using a one-way ANOVA followed by Tukey’s post comparison test. A value
of p <0.05 was considered significant and indicated by an asterisk.
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CHAPTER 3. CAN THE BXD FAMILY BE USED TO DETERMINE EAE
SUSCEPTIBILITY QTLS?

BXD Family of Mice

The BXD family of mouse strains is a useful tool for determining genetic
variation in phenotypic traits. The BXD family is a series of recombinant inbred strains
of mice from the parent strains B6 and D2. Isogenic F1 siblings are then interbred for
several generations until distinct isogenic recombinant strains are produced, sharing
different combinations of genetic sequences that can be traced back to the parent strains
[55]. By testing these recombinant strains for disease traits, we may be able to identify
QTLs that correlate with susceptibility, resistance, or other disease traits [56]. This makes
the family invaluable in determining genetic factors that affect disease. GeneNetwork, a
database of linked data sets that compare the genetic sequences of the BXD family of
mice, can be used to analyze the results of these studies to determine potential QTLs for
several traits.

It is necessary for us to test the parent strains for two reasons. First, it would be
optimal for there to be a difference in how susceptible the two parent strains are to EAE
for us to be able to identify genetic variation linked to EAE. If there is no difference in
EAE susceptibility between the parent strains, then it is likely that EAE susceptibility
would not be influenced by genetics. Second, we can test the degree of susceptibility or
resistance of the parent strains in our animal facility to see if it matches the previous
literature. Studies have shown that the B6 strain is susceptible to EAE through both
passive and adoptive transfer using the MOG protein [47]. In contrast, the D2 strain has
been shown to be resistant to developing EAE through the passive and adoptive transfer
models [57].

For this study, we first tested the BXD parent strains, B6 and D2, for their
susceptibility to EAE. We then recorded changes in body weight and disease score from
day 7 to day 30 post-immunization. With these results, we then measured the following
traits: incidence rate of EAE, average peak clinical score, average day of symptom onset,
average length of acute onset (number of days the mice show symptoms), and average
end score. We then looked at which BXD strains were able to develop EAE and to what
degree of severity. We measured body weight change and clinical scores from day 7 to
day 30 post-immunization. We measured the same traits in the BXD strains as previously
mentioned for the parent strains. We then input these data into GeneNetwork to calculate
potential QTLs for the following traits: incidence rate of EAE, average peak clinical
score, average day of onset, average length of acute onset, and average end score. By
entering that data into the database, genetic modifiers between strains can be identified.
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BXD Parent Strains Vary in EAE Susceptibility

We tested the parent strains, B6 and D2, to determine if these strains would
develop EAE. Historically, a dose of pertussis toxin has been used in the B6 strain of
mice to increase the incidence rate of EAE, making the model more reliable for treatment
studies. Additionally, pertussis toxin has also been used to induce EAE in mice that are
historically resistant to developing EAE. However, it was decided to not utilize pertussis
toxin in this EAE model to avoid identifying a QTL associated with PTX response. Thus,
both B6 and D2 mice were immunized with an emulsion of CFA/MOG3s.s5 to induce
EAE, then scored daily from day 7 to day 30. As shown in Table 2-3, our scoring criteria
followed the Hooke Labs EAE scoring criteria. The mice were picked up each day and
observed for paralysis symptoms: limp tail, inability to wrap tail around the researcher’s
finger, wobbly gait, dragging hind limbs, hind limb inhibition, and lack of movement.
Additionally, the mice were weighed daily, and their weight changes were compared to
the day of induction, as mice typically lose weight right before showing EAE symptoms.
There were three criteria for humane euthanasia: 1) a mouse has lost 30% or more of its
original body weight; 2) the mouse showed a score of 4 for 48 hours; and 3) the mouse
showed a score of 4.5 or 5.

The results of this first study show a notable difference between the B6 mice and
the D2 mice. The B6 mice were found to be susceptible to EAE after induction, with an
average day of onset at day 15.6 (Figure 3-1A). The B6 mice showed an average peak
score of 1.31 and maintained an average end score of 1.25 until day 30. These results are
consistent with previous literature that shows the B6 strain exhibits a chronic model of
EAE, where the mice get sick, reach a higher EAE score, then remain consistent the rest
of the study [47]. In contrast, the D2 mice did not show any EAE symptoms, nor did they
show any weight loss (Figure 3-1B). These results are also consistent with previous
literature on the D2 strain [57]. With one parent strain susceptible to EAE and one strain
not susceptible, we then tested the BXD offspring strains for susceptibility to EAE.

To investigate which BXD offspring strains were susceptible to EAE, we
immunized a total of 16 BXD strains with a subcutaneous injection of CFA/MOGas.s5
emulsion, with additional B6 mice as a positive control. Mice were then weighed and
scored daily. After induction, 5 traits were calculated and the results were entered into
GeneNetwork: incidence rate of EAE, average peak clinical score, average day of disease
onset, average length of acute onset (or length of time the mouse is showing symptoms),
and average end clinical score.

BXD Strains Vary in EAE Susceptibility and Severity

We tested 16 BXD strains by immunizing the mice with CFA/MOG. The
following 6 strains developed EAE symptoms: BXD87, BXD48a, BXD43, BXD68,
BXD125, and BXD75 (Table 3-1). The parent strain B6 showed an average peak clinical
score of 0.68, with mice from the strains BXD43 and B6 reaching a disease severity of 4
(Figure 3-2). In comparison, the strains BXD87, BXD48, BXD68, and BXD125 only
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Figure 3-1. B6 mice develop EAE when induced with CFA/MOGssss, while D2
mice do not.

(A) Averaged EAE scores for each group. These results show that only the B6 mice that
were induced with EAE showed disease symptoms; D2 mice induced with EAE did not
develop disease. (B) Weight was recorded daily after day 7 post induction to monitor any
weight loss related to developing EAE. A slight weight decrease for the B6 group with
EAE is seen at the same time the mice start showing symptoms.
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Table 3-1.

BXD strain induction results.

Strain N Incidence Average Average Day Average Total
Rate (%) Peak of Onset End Score Disease
Clinical (EAE mice Severity
Score only) Score
(IR+
APCS+
AES)
C57BL/6 (B6) 14 0.57 0.821+1.33 18.8 +3.25 0.71+1.3 1.96
DBA/2J (D2) 8 0.00 0+0 0+0 0+0 0
BXD77 4 0.00 0+0 0+0 0+0 0
BXD79 3 0.00 0+0 0+0 0+0 0
BXD44 4 0.00 0+0 0+0 0+0 0
BXD87 4 0.75 0.38+0.25 20 +0.58 0.13+0.13 1.25
BXD48a 4 0.75 0.38£0.25 17+0 0.13+0.13 1.25
BXD73b 4 0.00 0+0 0=+0 0+0 0
BXDg9 4 0.00 0+0 0=+0 0+0 0
BXD43 7 0.86 3.64 £2.32 14.83+£0.75 3.57+2.44 8.07
BXD68 4 0.50 0.25+0.29 17+£0 0+0 0.75
BXD125 4 0.50 0.25+0.29 17+0 0+0 0.75
BXD90 4 0.00 0+0 0+0 0+0 0
BXD11 4 0.00 0+0 0+0 0+0 0
BXD213 4 0.00 0+0 0+0 0+0 0
BXD170 4 0.00 0+0 0=+0 0+0 0
BXD75 4 0.50 0.5+1.33 16+0 0.25+0.25 1.25
BXD55 4 0.00 0+0 0+0 0+0 0
All groups P=0.0004 P=10.366 P=0.0003

Mean + Standard Deviation. N: number of mice. IR: Incidence Rate. APCS: Average
Clinical Peak Score. AES: Average End Score. One-way Analysis of Variance (ANOVA)
followed by Tukey’s post comparison test to compare mean of each group to all other

groups.
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Figure 3-2.  BXD strains that develop EAE show varying severity.

(A) Scores were measured daily between day 7 and day 30. The strain BXD43 began to
show EAE symptoms at an earlier day and showed a rapid increase in disease severity.
(B) Weight was measured daily from day 7 post induction to day 30. The only strain that
shows a notable dip in weight before symptoms begin is BXD43.
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developed a disease severity score of 0.5. The average peak clinical scores of these
strains range from 0.38-0.25. The BXD75 strain showed a slightly higher disease burden,
with an average peak clinical score of 0.5, and reaching a maximum disease score of 1.5.
Finally, the strain BXD43 showed an average peak clinical score of 2.93, with a
maximum clinical score of 4.5. The changes in weight for the susceptible strains, as well
as the clinical scores, were found to be significantly different (Tables 3-2 and 3-3),
showing that there is a noteworthy difference between the BXD strains.

Using the clinical scoring data, we calculated the average final clinical score for
each BXD strain. The parent strain B6 showed an average final score of 0.64, while the
strains BXD87 and BXD48a showed an average final score of 0.13 (Figure 3-2A). The
strain BXD75 showed an average final score of 0.25, while the strains BXD68 and
BXD125 showed an average final score of 0. Finally, the strain BXD43 showed an
average final score of 3.6. Based on these results, it is a bit difficult to categorize most of
the strains as either chronic or relapsing remitting EAE, as the mice do not show a pattern
of relapse and remission. For the strains BXD87 and BXD48a, only one mouse went
from a score of 0.5 to 0, while the other sick mice stayed at a score of 0.5. However,
despite these relatively now EAE scores, all 6 strains showed an incidence rate of at least
50%, with BXD87 and BXD48a showing an incidence rate of 75%. BXD43 showed an
incidence rate of 86% (Figure 3-3A).

The BXD strains also showed variability in disease progression. The sick mice in
BXD68 and BXD125 returned to a score of zero. In contrast, the strain BXD75 had one
mouse reach a score of 0.5, then return to 0, while another reached a score of 1.5, then
regressed to a score of 1 for the rest of the study. This suggests that the strain BXD75
may exhibit a chronic model of EAE. In chronic EAE a mouse gets sick, increases in
disease severity, then regresses a bit in score and stays consistent until the end of a study
and does not exhibit any relapse-remitting pattern. Additionally, the strain BXD43
showed a rapidly increasing disease severity, with most sick mice ranging from a score of
0.51t0 4.5 in an average 4.2 days. As the mice had to be euthanized, it could not be
determined if the mice would regress in severity. Future studies may investigate reducing
disease severity in the BXD43 strain to determine if the mice exhibit a chronic or
relapsing-remitting model. However, the rapid severity of EAE in BXD43 may serve as a
useful model for rapidly progressing EAE, and thus, may serve as a model for PPMS.

The average day of onset after induction was also measured with the susceptible
strain. The parent strain B6 showed an average day of onset of day 18.8. The strain
BXD75 showed an average day of onset of day 16, while BXD48a, BXD68, and
BXD125 all showed an average day of onset of day 17. The strain BXD87 showed an
average day of onset of day 20, while BXD43 showed an average day of onset of day
14.8 (Table 3-1). Based on these results, BXD43 mice are shown to begin exhibiting
symptoms much more quickly than other strains, while most strains show a similar day of
onset to that of the parent strain B6.
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Table 3-2.  Average weight for BXD strains susceptible to EAE.

Day after BXD87 BXD48a BXD43 BXD68 BXD125 BXD75 B6
Induction
7 14.50 + 16.58 £ 17.97 + 17.60 + 16.23 £ 21.80 £ 20.14 +
0.74 0.85 1.91 0.80 0.64 0.27 1.08
8 13.13 + 16.53 + 18.10 + 18.05 16.28 + 21.73 + 20.16 +
0.67 0.85 1.93 0.60 0.68 0.26 1.40
9 13.58 + 17.58 + 18.70 + 18.08 + 16.85 + 21.58 + 2031 +
0.48 0.90 1.57 0.48 0.68 0.39 1.36
10 13.85+ 17.20 £ 18.76 £ 18.58 + 16.85 + 21.95+ 20.55 +
0.51 0.84 1.64 0.60 0.68 0.59 1.53
11 13.80 + 17.25+ 18.09 + 18.85+ 16.58 + 21.95+ 20.41 +
0.59 0.94 1.88 0.87 0.71 0.19 1.19
12 13.55+ 17.78 + 17.96 + 18.18 + 16.55 + 2135+ 20.51 =
0.64 0.76 2.00 0.54 0.70 0.83 1.24
13 1395+ 17.68 £ 17.17 18.55+ 16.70 £ 22.03 £ 20.74 £
0.31 1.02 242 0.06 0.78 0.61 1.27
14 14.15+ 17.50 £ 16.49 + 18.65 16.73 £ 21.98 + 20.56 =
0.44 0.36 2.76 0.35 0.73 0.17 1.38
15 14.20 £ 1745+ 16.24 + 19.05 + 16.75 21.90 + 20.65 =
0.61 0.83 3.23 0.13 0.75 0.48 1.77
16 1435+ 17.95+ 16.85 + 19.28 + 16.83 + 21.90 = 20.71 +
0.58 0.86 3.19 0.50 0.88 0.48 1.99
17 14.45 17.98 £ 18.53 19.85+ 16.80 £ 2143+ 21.03 +
0.55 0.69 2.49 0.58 0.88 1.00 1.95
18 1433 + 17.93 £ 17.85+ 19.88 + 17.40 + 20.85+ 21.01+
0.45 0.79 1.30 0.57 0.96 0.84 1.95
19 14.68 £ 18.25+ 17.53 20.18 + 17.28 + 20.95 + 20.89 +
0.49 0.64 2.09 0.95 0.85 0.68 1.79
20 14.65 + 18.60 + 18.43 + 20.00 + 1735+ 21.10+ 20.74 £
0.42 0.74 1.25 1.01 1.14 0.42 1.86
21 14.75+ 18.90 + 18.50 + 20.60 + 17.10 + 21.40 + 20.90 =
0.47 0.88 1.73 091 0.99 0.55 1.78
22 14.88 £ 18.98 + 1935+ 20.40 + 17.18 £ 2143 + 2136+
0.49 0.97 0.21 1.06 1.02 0.51 1.33
23 15.10+ 19.40 + 19.65 + 2045 + 1733 21.55+ 21.54
0.50 0.74 0.07 1.16 1.04 0.70 1.34
24 15.00 £ 19.03 £ 19.40 + 21.03 17.20 £ 2235+ 21.58 +
0.41 0.79 0.28 1.03 1.02 0.71 1.42
25 14.88 £ 18.65 19.65 + 20.83 17.18 £ 2223+ 21.55+
0.46 0.89 0.49 1.11 0.99 0.78 1.28
26 14.68 + 19.15+ 19.80 + 20.78 £ 17.08 £ 22.53 2130+
0.49 0.79 0.14 1.27 0.95 0.83 1.11
27 14.75 1935+ 19.65 + 20.75+ 17.20 £ 2233+ 2145+
0.51 0.77 0.21 1.56 0.99 1.18 1.11
28 15.13 19.78 £ 20.10 21.10+ 17.20 £ 2238+ 21.80
0.40 0.93 0.85 1.52 0.99 0.95 1.29
29 1523 + 19.83 £ 20.50 £ 21.13 + 17.48 + 2335+ 2195+
0.39 1.01 0.42 1.57 0.93 1.01 1.25
30 15.15+ 20.23 £ 2035+ 21.50+ 17.90 £ 23.10+ 2217+
0.45 0.99 0.21 1.78 0.88 0.92 1.19
All groups P=<0.001
Against BXD43 P=<0.001 P=0.803 N/A P=<0.001 P=<0.001 P=<0.001 P=<0.001

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to the strain BXD43.
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Table 3-3.  Average clinical score of BXD strains susceptible to EAE

Day after Induction BXDS87 BXD48a BXD43 BXD68 BXD125 BXD75 B6
7 0+0 0+0 0+0 0+0 0+0 0+0 0+0
8 0+0 0+0 0+0 0+0 0+0 0+0 0+0
9 0+0 0+0 0+0 0+0 0+0 0+0 0+0
10 0+0 0+0 0+0 0+0 0+0 0+0 0+0
11 0+0 0+0 0+0 0+0 0+0 0+0 0+0
12 0+0 0+0 0+0 0£0 0+0 0+0 0.071+0.18
13 0+0 0+0 0+0 0+0 0+0 0+0 0.071 +0.18
14 0+0 0+0 036+048 0+0 0+0 0+0 0.071 £ 0.27
15 0+0 0+0 1.07+124 00 0+0 0+0 0.11 £0.40
16 0+0 0+0 1.79+1.78 0=+0 0+0 0.38+0.48 0.25+0.58
17 0+0 038+025 250+222 0+0 025+029 0.50+0.71 0.25+0.70
18 0+0 038+025 3.14+2.17 025+029 025+029 050+£0.71 0.29+0.83
19 0.13+£0.25 0.13+0.25 336+2.17 025+£029 0+£0 0.38+0.75 0.29+0.83
20 0.13+£0.25 025+029 3.50+225 0.13+£025 0+0 0.38+0.75 0.54+0.99
21 0.38+0.25 025+029 3.50+225 0.13£025 0+£0 0.25+0.50 0.57+1.11
22 038+0.25 025+029 3.64+232 0.13+£025 0+0 0.25+050 0.68+1.38
23 0.38+025 0+0 364+232 025+029 0=£0 0.25+0.50 0.75+1.37
24 038+0.25 0.13+£0.25 3.57+244 0+0 0+0 0.25+050 0.75+1.37
25 0.38+0.25 0.13+0.25 3.57+244 0.13+£025 0+0 0.25+0.50 0.75+1.37
26 038+0.25 0.13+£0.25 3.57+244 0+0 0+0 0.25+050 0.71+1.34
27 038+0.25 0.13+0.25 3.57+244 0+0 0+0 0.25+0.50 0.71+1.34
28 038+0.25 0.13+£025 3.57+244 00 0+0 0.25+050 0.71+1.34
29 038+0.25 0.13+0.25 3.57+244 0+0 0+0 0.25+050 0.71+1.34
30 038+0.25 0.13+£025 3.57+244 00 0+0 0.25+050 0.71+1.34
All groups P=<0.001
Against BXDA43 P=<0.001 P=<0.001 N/A P=<0.001 P=<0.001 P=<0.001 P=<0.001

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to the strain BXD43. A bolded P value is considered
significant (P<0.05)
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Figure 3-3. 6 BXD strains were found susceptible to EAE.
(A) Incidence rate of EAE in each BXD strain. (B) Average peak clinical score of each

BXD strain that develops EAE. The highest EAE score of each mouse was recorded then
averaged.
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These results show that while several BXD mouse strains can develop EAE
following CFA/MOGas.ss immunization, most mice only showed a very mild disease
burden. This is reflected in the parent strain B6, which historically has shown varying
disease severity. Due to the study only lasting 30 days, we cannot determine any patterns
in disease presentation that would suggest a chronic model or a relapsing-remitting
model. One study for future research would be to continue past 30 days to see if there is
any evidence of relapsing in some of the mice. Notably, the strain BXD43 showed an
extremely heavy disease burden, with the majority of the sick mice developing a clinical
of 4.5 before reaching the humane endpoint. The strain also showed the highest incidence
rate. This suggests that the BXD43 strain may serve as an effective extreme phenotype
model.

GeneNetwork Quantitative Trait Loci Mapping

The trait data collected from the BXD strains immunized with CFA/MOG was
entered into the gene database GeneNetwork to determine if any QTLs could be
identified. The database contains the entire gene sequences of every BXD strain, and thus
by entering data for individual strains, the database can calculate the likelihood ratio
statistic (LRS) that there is a QTL at that specific allele.

A total of 5 traits were measured and the results were entered into GeneNetwork
and analyzed via interval mapping (Figure 3-4). The first trait measured was the final
clinical score. The results from GeneNetwork, as shown in Figure 5-3, show several
suggestive QTLs, with the highest likelihood ratio statistic (LRS) being for alleles on
chromosomes 5 and 17 (Figure 3-4A). The next trait was the average day of onset of
EAE, and there were no results that surpassed the threshold for a suggestive QTL (Figure
3-4B). The third trait tested was incidence rate in female mice, and the results found a
suggestive QTL on chromosome 5 (Figure 3-4C). The fourth trait tested was length of
acute disease, and the results found two suggestive QTLs on chromosome 5 and
chromosome 11 (Figure 3-4D). Finally, the last trait tested was peak clinical score, and
the results found one suggestive QTLs on chromosome 5 (Figure 3-4E). Taken together,
these results suggest that certain genes found on chromosomes 5, 11, and 18 may
determine these measured traits. However, due to the small sample and BXD strain
number, none of the results showed a significant QTL. Future studies will be needed to
increase the number of tested strains and further refine the QTLs predicted.

The wide range in disease susceptibility between the different BXD strains shows
how much even genetic differences may influence EAE susceptibility and severity. With
the addition of more BXD strains tested in the future, it may be possible to further narrow
down possible QTLs for EAE susceptibility, EAE severity, and length of onset. Future
studies may investigate increasing the length of observation on the mice that are showing
EAE symptoms, as longer studies may help identify if certain strains exhibit chronic or
relapsing remitting EAE. These studies lay the groundwork for identifying genetic factors
that determine EAE susceptibility in the BXD family of mice, which may help identify
possible candidates for equivalent genes for MS.

24



Figure 3-4. BXD mice may express QTLs for developing EAE on chromosomes 5
and 11.

Whole genome mapping from GeneNetwork for the following traits: (A) clinical score at
day 30, (B) day of onset for EAE, (C) incidence rate in female mice, (D) length of acute
disease, (E) and peak clinical score. The maps were calculated using interval mapping
with 1000 tests.
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CHAPTER 4. WHAT ARE THE CHARACTERSISTICS OF THE BXD43
STRAIN AS AN EXTREME PHENOTYPE?

The results of the induction studies showed that the strain BXD43 showed an
extreme phenotype of EAE disease severity. The next goal was to determine what was
unique about the BXDA43 strain that resulted in such a severe form of EAE. We
established a breeding colony for the BXD43 strain of mice to characterize the
development of EAE in comparison to the B6 strain. For this study, we first induced both
BXD43 and B6 mice, then measured their disease progression from day 7 to day 15 for
the BXD43 mice and day 19 for the B6 mice in the first study, then day 29 for the B6
mice in the second study. Day 15 was found to be the average day of EAE development
for the BXD strain of mice, and waiting longer would risk the mice having to be
euthanized prematurely. We waited until day 29 for the B6 mice with EAE to see if the
mice would eventually develop symptoms, but the mice in this group never showed
symptoms. We then measured the immune cell populations in the spinal cords of each
group of mice to compare changes to the CNS. Finally, we measured changes in the
cytokine and chemokine levels in serum samples from both BXD43 and B6 mice.

Changes in Spinal Cord Cell Populations in BXD43 Mice

A characteristic feature of EAE pathology is infiltration of the CNS by
inflammatory immune cells, which then begin to attack myelin proteins, resulting in
paralysis. Over time, the spinal cord develops lesions that contain high numbers of
inflammatory monocytes, lymphocytes, and macrophages, similarly to how lesions
develop in the brains of MS patients. Therefore, comparison of immune cell infiltrates
from spinal cords of mice with EAE has been an indication of disease severity. For the
first study, we immunized the mice with an emulsion of via CFA/MOGas.s5 and
compared BXD43 mice with B6 mice. We then observed the mice from day 7 to the day
15 for the BXD43 mice and day 19 for the B6 mice, which were the average day of peak
disease severity for the BXD43 mice and the B6 mice, respectively. The spinal cords
were then harvested, homogenized, and stained for microglia, myeloid cells, and
lymphocytes.

However, in this first study, the B6 mice never showed EAE symptoms, which
made it difficult to compare cell populations between the two strains (Figure 4-1A).
Three of the four BXD43 mice induced with EAE developed a score of 3 or higher by
day 15 and showed weight loss as symptoms progressed. None of the B6 EAE mice
showed any symptoms, nor did they show any weight loss. This study demonstrated the
need for a B6 group of mice that would more reliably develop EAE symptoms. Thus, for
the rest of the studies, we included a group of B6 mice that were immunized with
CFA/MOGss.s5 and received a PTX dose 2 hours after induction, as well as on day 1. This
increased the incidence rate of the B6 mice, allowing us to better compare the B6 and
BXD43 mice.
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Figure 4-1. BXD43 mice show a higher susceptibility to EAE than B6 mice.

(A) EAE clinical scores of BXD43 and B6 mice from day 7 post induction to day 19.
Only 3 of 4 BXD43 mice induced with EAE developed symptoms, and none of the B6
mice induced with EAE developed symptoms. (B) Weights of BXD43 and B6 mice from
day 7 post induction to day 19. All the BXD43 mice showed weight loss as symptoms
developed, but none of the B6 mice showed any weight loss.
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This led us to repeat the study a second time with a fifth group of B6 mice with
EAE and were dosed with PTX to create a better positive control to compare the BXD43
mice to. Therefore, the second study had five groups: BXD43 with PBS/vehicle, BXD43
with EAE, B6 with PBS/vehicle, B6 with EAE, and B6 with EAE+PTX. In this second
study, the BXD43 mice, as well as the B6 mice with EAE+PTX and one B6 with
PBS/mock, were euthanized and spinal cords were collected on day 15. The rest of the
B6 mice were harvested on day 29, as we waited to see if the B6 mice with EAE alone
would develop symptoms. Spinal cord cells were then measured and gated for microglial
cells, myeloid cells, and lymphoid cells using flow cytometry, and the results were
measured using FlowJo to calculate cell population percentages.

In the second study, two out of three mice from the BXD43 mice with EAE
developed symptoms, reaching maximum scores of 1.5 and 2.5 on day 14 (weights and
scores were not recorded on day of harvest) (Figure 4-2A). Additionally, two out of three
mice from the B6 mice with EAE+PTX also developed symptoms, reaching maximum
scores of 3.5 and 2. The B6 mice with EAE only were then left until day 29 to see if they
would develop any symptoms, along with one B6 mouse with PBS/vehicle to serve as a
control. However, none of the B6 mice with EAE alone developed any symptoms by day
29.

Based on the results of these studies, the BXDA43 strain shows a similar incidence
rate and disease severity to the B6 mice when induced with CFA/MOG and dosed with
PTX. This suggests the BXD43 strain may serve as a reliable model for EAE that is not
influenced by external factors such as PTX dosing. After this, we measured changes in
the spinal cord and cytokine/chemokine levels in the peripheral blood.

Increased Immune Cell Infiltration in BXD43 Mice

To identify the immune cell populations in the spinal cord of the BXD43 and B6
mice immunized with MOG, we used flow cytometry. The spinal cord cells were stained
with antibodies to immune cell markers and analyzed on a flow cytometer. The cells were
gated to exclude doublets and then gated with CD11b on the x axis and CD45 on the y
axis, creating three immune cell populations (Figure 4-3A). The first group, CD11b
CD45" cells, contained lymphocyte populations and labeled as group R1 (Figure 4-3B).
The second group, CD11b*CD45"9" cells, were identified as myeloid cells and labeled as
group R2. The last group, CD11b*CD45™ cells, contained microglia and were labeled as
R3. This gating was used for identifying myeloid cells and microglia cells. For the third
group, a second gating strategy was used to identify lymphocyte populations to
distinguish T cells and B cells. The spinal cord cells were stained for TCR and CD19,
respectively. TCRPB" cells were identified as T cells, while CD19" cells were identified as
B cells.
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Figure 4-2.  BXD43 mice show a similar incidence rate of EAE to B6 mice when
dosed with pertussis toxin.

(A) EAE clinical scores in BXD43 and B6 mice from day 7 post induction to day 29.
Both BXD43 mice with EAE and B6 mice with EAE+PTX developed symptoms. (B)
Weights of BXD43 and B6 mice from day 7 post induction to day 29. The mice that
showed symptoms also showed weight loss as symptoms developed.
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Figure 4-3. Both BXD43 and B6 mice with EAE have a higher population of

myeloid cells and microglia in the spinal cord than healthy mice.

(A) Gating strategy for identifying myeloid cells and microglia in the spinal cord of
BXD43 and B6 mice with EAE. Myeloid cells and microglia were identified using the
cell markers CD11b and CD45. (B) Comparison of myeloid and microglial cells in
BXD43 mice and B6 mice. The three graphs on the left show the control mice, while the
nine graphs on the right show the induced mice and their respective EAE scores. In both
BXD43 and B6 mice, a higher EAE score correlates with a higher population of myeloid
cells and microglia.
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We compared the number of cells in each immune cell population to determine
differences between the BXD43 and B6 mice with EAE. In both the BXD43 and B6
strains, mice with EAE showed a trend towards a higher population of overall immune
cells in the spinal cord than healthy mice, showing that EAE does induce immune cell
infiltration into the spinal cord (Figure 4-3B). Additionally, the immune cell population
in the BXD43 was more similar to the B6 mice with EAE and pertussis toxin dosing than
that of the B6 with EAE alone (Table 4-1). The BXD43 mice that were induced with
EAE showed a slightly higher level of expression of F4/80, though not enough to be
considered significant. Interestingly, while B6 mice with EAE+PTX showed a trend of
higher levels of CX3CR1 than healthy B6 mice, healthy BXD43 mice showed a trend of a
higher expression of CX3CR1 (Table 4-2). This suggests that even healthy BXD43
microglia may already express a phenotype found in EAE in other mice strains, which
might contribute to the rapid and severe progression of EAE in the BXD43 mice.

Changes in Microglia Cells in BXD43 Mice

We measured the expression of microglial cell markers from the R3 gate in the
BXD43 and B6 mice. The microglial cells were gated to show CX3CR1 vs F4/80 cells
(Figure 4-4B). Next, microglial cells were gated to show CX3CR1 vs CD206 cells
(Figure 4-4C).

The microglial cells in the BXD43 and B6 mice with EAE were then analyzed to
determine differences in cell counts between the groups. There was a significant
difference between the BXD43 EAE mice and the BXD43 Control mice in expression of
CX3CR1'F4/80 cells, with the BXD43 EAE mice showing a lower percentage of
CX3CR1*F4/80 cells (Table 4-2). There was a trend towards the BXD43 EAE mice
showing a lower expression of CX3CR1+ microglia. There was no significant difference
between the microglia populations of the BXD43 EAE mice and the B6 EAE+PTX mice.

Changes in Myeloid Cell Populations of BXD43 Mice

We gated out myeloid cells for both the BXD43 and B6 mice with EAE. The
myeloid cells were gated for MHCII and CD80 to show activated cells. Next, the myeloid
cells were gated for Ly6C vs MHCII to show activated monocytes (Figure 4-5B). The
myeloid cells were also gated for Ly6C vs CD80 to show activated monocytes
(Figure 4-5C).

We compared the cell counts for the different myeloid cell populations for the
spinal cord samples from the BXD43 and B6 mice with EAE. Induction of EAE was
shown to increase the percentage of inflammatory and active monocytes in both BXD43
and B6 mice (Figure 4-5B), identified as Ly6C* and CD80" cells. The BXD43 EAE mice
showed a slightly higher population of Ly6C™ cells than the BXD43 Control mice, though
not enough to be considered significant. The BXD43 mice with EAE showed a trend of a
greater percentage of Ly6C* cells compared to the B6 EAE+PTX mice but was not
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Table 4-1. Both BXD43 mice with EAE and B6 mice with EAE+PTX show
higher percentages of myeloid cells and microglia.

Groups Myeloid Cells (R2) Microglia (R3)
BXD43 (Mock) 0.10 £ 0.09 0.55+0.33
BXD43 EAE 0.67+0.47 1.06 £0.48
B6 (Mock) 0.04 +0.01 0.47+0.10
B6 EAE 0.06 = 0.02 0.46+0.21
B6 EAE+PTX 0.56 +0.39 1.50+1.32
One-way ANOVA comparing all groups P=0.045 P=0.282
BXD43 (Mock) and B6 (Mock) P=>0.999 P=>0.999
BXD43 (Mock) and B6 EAE P=>0.999 P=>0.999
BXD43 (Mock) and B6 EAE+PTX P=0.518 P=0.439
BXD43 EAE and B6 (Mock) P=0.175 P=0.799
BXD43 EAE and B6 EAE P=0.195 P=0.789
BXD43 EAE and B6 EAE+PTX P=>0.999 P=0.922

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to all other groups. A bolded P value is considered

significant (P<0.05).
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Table 4-2.  Cell population percentages for microglia in BXD43 and B6 mice.
Groups CX;CRI” CX3CR1* CX;CR1* CX3CRI- CX:CR1* CX3CR1*
F4/80* F4/80" F4/80- CD206" CD206" CD206
Cells- Cells- Cells- Cells- Cells- Cells-
Percentage  Percentage Percentage  Percentage  Percentage Percentage

of R2 of R2 of R2 of R2 of R2 of R2

BXD43 333+£1.02 824+2.11 200053 000 0.14+0.24 85.7+2.00

(Mock)

BXD43 258+£19.9 51.3+£31.32 031+035 1.17+1.18 0.33+£0.29 54.6 £304

EAE

B6 1.78+1.01 794+645 329+4385 0.08+0.14 2.53+1.52 86.0 £ 7.01

(Mock)

B6 EAE 8.76+859 745+73 805+1.06 039+0.19 451+£1095 79.7 £ 491

B6 29.8+22.8 522+26.1 2.88+444 049+0.80 0.73+0.25 58.8+29.0

EAE+PT

X

All P=0.518 P=0.570 P=0.0068 P=0.263 P=0.0034 P=0.194

groups

BXD43 P=0.9961 P=>0.999 P=0.0668 P=>0.999 P=0.143 P=>0.999

(Mock)

and B6

(Mock)

BXD43 P=>0.999 P=0.984 P=0.216 P=0.940 P=0.0054 P=0.995

(Mock)

and B6

EAE

BXD43 P=0.220 P=0.344 P=>0.999 P=0.878 P=0.065 P=0.467

(Mock)

and B6

EAE+PT

X

BXD43 P=0.296 P=0.409 P=0.0147 P=0.306 P=0.194 P=0.331

EAE and

B6

(Mock)

BXD43 P=0.595 P=0.577 P=0.0473 P=0.601 P=0.0073 P=0.530

EAE and

B6 EAE

BXD43 P=0.996 P=>0.999 P=0.866 P=10.705 P=0.991 P=0.999

EAE and

B6

EAE+PT

X

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to all other groups. A bolded P value is considered
significant (P<0.05).
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Figure 4-4. BXD43 mice with EAE show lower expression of CX3CR1* microglia
than healthy BXD43 mice.

(A) Gating strategy for microglia populations. (B) Microglia gated for CX3CR1 and
F4/80 in BXD43 and B6 mice with EAE. The BXD43 mice and B6 EAE+PTX mice
were harvested on day 15, whereas the B6 mice and B6 EAE mice were harvested on day
29. (C) Microglia gated for CX3CR1 and CD206 in BXD43 and B6 mice with EAE.
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Figure 4-5. BXD43 mice with EAE and B6 mice with EAE+PTX show a greater
population of Ly6C* monocytes than healthy mice.

(A) Gating strategy for myeloid cells in BXD43 and B6 spinal cord samples. (B) Myeloid
cells in BXD43 and B6 mice with EAE gated for Ly6C and MHC Class |1 to identify
activated monocytes. (C) Myeloid cells in BXD43 and B6 mice gated for Ly6C and
CD80 to identify activated monocytes.
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determined to be significant. (Figure 4-5B and C). Additionally, the BXD43 mice with
EAE showed a trend towards a higher number of MHCII" monocytes, suggesting that
these monocytes may also show more activation, and thus may be more damaging to the
CNS (Table 4-3)

Changes in Lymphocyte Populations of BXD43 Mice

We used the following gating strategy to identify lymphocytes that had infiltrated
the spinal cord of MOG immunized mice. Cells were identified as described in
Table 2-6. First, the cells were first gated to exclude doublets, and then gated for TCRf3
vs CD19 to separate T cells (TCRB") and B cells (CD19") (Figure 4-6B and C). Next, the
T cells were gated for CD8" cells and CD4" cells to separate out the cytotoxic T cell
population and the helper T cell population, respectively (Figure 4-6C).

After gating, we compared the total cell count for the lymphoid cell populations
for the spinal cell samples in the BXD43 and B6 mice with EAE. In both the BXD43 and
B6 strains with EAE, there was an increase in lymphocytes, suggesting an increase in
lymphocytes migrating to the spinal cord, though not enough to be considered significant
(Figure 4-6B and D). There was no significant difference between the BXD43 EAE
mice and the B6 EAE+PTX mice (Table 4-4).

Based on these results, the BXD43 EAE mice showed a greater similarity in
immune cell populations to the B6 EAE+PTX mice, with a trend of increases in
microglia, inflammatory monocytes, and lymphocytes compared to the BXD43 Control
group. However, we did not find a significant difference between the BXD43 EAE mice
and the B6 EAE+PTX for any of the immune cell populations. It is noteworthy that the
BXD43 mice reached this level of immune cell infiltration and severity without the need
for a PTX dose to increase incidence rate. This is seen when comparing the values of the
BXD43 EAE mice and the B6 EAE groups (Table 4-4). Future studies would benefit
from measuring immune cell infiltrates at other time points, rather than at the peak
clinical score. This may give more insight into the changes in migration of the cells.

Changes in Cytokine and Chemokine Levels in BXD43 Mice with EAE

To determine if there were changes in inflammatory cytokines and chemokines in
the serum of BXD43 and B6 mice immunized with MOG, we performed a multiplex
immunoassay. Serum samples were taken from BXD43 and B6 mice with EAE or
healthy controls at various time points to determine changes both at the beginning of
EAE and at the peak disease severity. The serum from healthy controls were treated as
day O for the analysis.
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Table 4-3.  Cell population percentages for myeloid cells in BXD43 and B6 mice.
Groups Ly6C- Ly6C*MHC Ly6C*MHC Ly6C- Ly6C*CD8 Ly6C*CDS8
MHCIT* IT* Cells- IT" Cells- CD80+ 0* Cells- 0" Cells-
Cells- Percentage  Percentage Cells- Percentage Percentage
Percentage of R3 of R3 Percentage of R3 of R3
of R3 of R3
BXD43 11.62+6.65 152 +8.53 203+3.56 1.71+296 334+394 4294983
(Mock)
BXD43 23.8+12.2 28.6+149 17.57+0.93 9.29 + 13.77+ 43.8+
EAE 10.26 11.92 10.48
B6 (Mock) 9.9+28.89 242 +33.6 8.29+4.89 1.11+£1.92 2342+ 28.07 £
20.35 13.2
B6 EAE 897+499 19.6+23.79 2.66+3.62 13.3+ 33.3+£2035 17.5+99
10.47
B6 36.20+24.2 23.70+3.18 17.49 £ 14.13 £ 12.4+5.10 4357+
EAE+PTX 13.10 8.12 17.45
All groups P=0.126 P=0.0720 P=0.04 P=0.175 P=0.417 P=0.09
BXD43 P=>0.999 P=0.979 P=0.252 P=>0.999 P=0.705 P=0.610
(Mock)
and B6
(Mock)
BXD43 P=0.999 P=0.999 P=0.054 P=0.398 P=0.366 P=0.169
(Mock)
and B6
EAE
BXD43 P=0.233 P=10.983 P=0.984 P=0.338 P=0.975 P=>0.999
(Mock)
and B6
EAE+PTX
BXD43 P=0.713 P=0.979 P=0.473 P=0.693 P=10.969 P=0.562
EAE and
B6 (Mock)
BXD43 P=0.661 P=0.998 P=0.117 P=0.964 P=0.723 P=0.150
EAE and
B6 EAE
BXD43 P=0.782 P=0.998 P=>0.999 P=0.933 P=>0.999 P=>0.999
EAE and
B6
EAE+PTX

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to all other groups. A bolded P value is considered
significant (P<0.05).
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Figure 4-6. BXD43 mice with EAE and B6 mice with EAE+PTX show a higher
population of CD4* T cells than healthy mice.

(A) Gating strategy for identifying lymphocyte populations in spinal cord samples from
BXD43 and B6 mice with EAE. (B) Lymphocytes in BXD43 and B6 mice with EAE
gated for TCRP to identify T cell populations. (C) T cells in BXD43 and B6 mice with
EAE gated for CD4 and CD8 to identify helper T cells and cytotoxic T cells,
respectively. (D) Lymphocytes in BXD43 and B6 mice with EAE gated for CD19 to
identify B cell populations.
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Table 4-4.  BXD43 mice with EAE show higher populations of CD4* and CD8* T
cells in the spinal cord.

Groups B Cells T Cells CD4" T Cells- CDS8" T Cells-
Percentage of T  Percentage of

Cells T Cells

BXD43 (Mock) 0.16+0.09 3.62 +2.62 0.07 £0.06 0.14 £ 0.11

BXD43 EAE 03+0.15 4.48+0.46 1.19+0.73 0.19 £ 0.08

B6 (Mock) 1.08+1.77 1.99 + 1.06 0.09 +£0.08 0.06 +0.03

B6 EAE 1.65+£091 3.36+1.46 0.01 £0.01 0.06 + 0.04

B6 EAE+PTX 0.19+0.16 5.27+3.41 245+225 0.19+0.12

All groups P=0.244 P=0.431 P=0.013 P=0.480

BXD43 (Mock) P=0.724 P=0.870 P=0.995 P=0.999

and B6 (Mock)

BXD43 (Mock) P=0.319 P=>0.999 P=0.999 P=0.757

and B6 EAE

BXD43 (Mock) P=>0.999 P=0.864 P=0.0364 P=10.998

and B6 EAE+PTX

BXD43 EAE and P=0.824 P=0.610 P=0.303 P=0.844

B6 (Mock)

BXD43 EAE and P=0.407 P=10.962 P=0.124 P=0.343

B6 EAE

BXD43 EAE and P=>0.999 P=0.989 P=0.825 P=10.988

B6 EAE+PTX

Mean + Standard Deviation. One-way ANOVA followed by Tukey’s post comparison
test to compare mean of each group to all other groups. A bolded P value is considered
significant (P<0.05).
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We collected serum from BXD43 and B6 mice at day 0 (no EAE injection) and
day 1 post injection to determine if any cytokine and chemokine levels would change
after 24 hours. The BXD43 mice showed a higher level of IL-12p70 on day 0. Both B6
and BXD43 showed a slight increase in the following on day 1: IL-1p, IL-6, MCP-3, and
eotaxin. B6 mice showed elevated levels of IL-4, IL-22, GROq, and IL-17A
(Figure 4-7). Additionally, the following cytokines and chemokines were found to not
have any notable changes between the groups: GM-CSF, IL-10, IL-2, IL-27, IFNy, IL-5,
IL-9, IL-13, MIP-1a, IL-18, and MIP-1B. However, the only change that was determined
to be statistically significant was found to be MIP-2a, with a significant increase of MIP-
2a in the BXD43 mice. Based on these changes, in both B6 and BXD43 mice, there is a
trend towards an increase in inflammatory cytokines and chemokines 24 hours post
injection. At the average day of peak EAE, BXD43 mice showed a significant increase in
IP-10, RANTES, MIP-2a, and TNF-a (Figure 4-7). IP-10 serves as a chemoattractant for
inflammatory cells such as Tl cells, NK cells, and B cells. RANTES is associated with
promoting inflammation by attracting cells such as monocytes, macrophages, Th1 cells,
NK cells, basophils, and eosinophils. MIP-2a also serves to promote inflammation by
attracting monocytes, macrophages, Tl cells, NK cells, basophils, and dendritic cells.
Finally, TNF-a promotes inflammation via T cell signaling and promotes inflammatory
Tw17 differentiation [58]. Surprisingly, BXD43 mice with EAE on day 1 did not show
elevated levels of IL-17A, which is associated with EAE pathology. Similarly, there was
no increase in GROa, a chemoattractant for neutrophils (Figure 4-7).

The increase in these inflammatory markers in the serum of BXD43 mice further
indicates that there is a high level of inflammation in the spinal cords of BXD43 mice
with EAE, which may result in a much more rapid degradation of myelin in the spinal
cord.

49



IL-1p IP-10

= 10 . . . g 400
5 El
= £ s00
E 0.5 ; 200
g’ § 100
00 o
o ~,\ 9 "’ng'e ¥ ‘\ &
O gt O i Qa O {ia qr. &
F G o oy " hY o <o
YIS ¥ QVQ};&Q%"Z@'Q
1L-22 IL-23 IL-12p70 GM-CSF

Congcentration(pg/ml.)
° 5 B
.
.
.
¥
Congentration(pgml.)
o o -
.
.
Congentration(pg/ml)
o - [
.
.
o ¥ & 8
[
.
QI .,
ke

5 AR AR o Q & 5
o o P o S o S _P.P B P 3 osu " Qg 3
FF L I S VT TS & & T =
Ry o < Q;',O’ 52}9" & F ,a\s_r_ +°;$C?‘ & ‘51-& %49‘!?
GROu RANTES TNFa. MCP-3
- 600 40 * _ 1000

400

200

Coneentration(pghnl)
o
Concentration(pg/ml.)
e & B
.
Congentration{pg/ml.)
° 5 S
I+
.r .
M rati gfml)
@
© 88 3 8
(é
- E l

A ] ST R TN
bﬁ ENPIE L I N SR SR RS
Q}?(‘?e‘w?a“:-‘;vh\dﬁ\ o \‘)'5:‘ Jg&“lﬁoi’p‘“g& & ‘b“ﬁ;p’gb;fd;"'i? &
TS MR ST
MCP-1 IL-17A Eotaxin
s
5 40 . ~ 2500
E 30 fh 5 b E e
£ g i 1500
R g2 E 1000
E 10 E 1 E 500
S = 8] o
0 o
& 0N 9 " N b D ~1 :;ﬁ > -5
: ) *5 "1 Q DTG
& o d’ o o, ﬁo*“cg & N A
qr#e;eis?' T «z%dew«%e& pe *%“e}f@chsf" “Q é”’w‘*’”“yﬁf

& &F

Figure 4-7. BXD43 and B6 mice show differing inflammatory cytokine and
chemokine levels at day 0, day 1, and day of average peak EAE score.

Comparison of cytokine and chemokine levels of serum samples in BXD43 and B6 mice
with EAE at day 0 (Control), day 1, and day 15 for the BXD43 mice and day 19 for B6
mice. Cytokines and chemokines were measured at pg/mL. One-way ANOVA followed
by Tukey’s post comparison test to compare mean of each group to the other strain of the
equivalent day. Asterisk (*) marks a change considered significant (P=<0.05)
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CHAPTERS. DISCUSSION

The purpose of this research was to first determine which BXD strains were
susceptible to EAE, and from there utilize GeneNetwork to map out potential QTLS
associated with EAE susceptibility and severity using data from all BXD strains tested.
However, after determining that the BXD43 strain was not only susceptible to EAE, but
that it also developed extremely rapid and severe EAE, we also investigated the
differences between the BXD43 mice and B6 mice when induced with EAE.

BXD Strains Show a Spectrum of EAE Susceptibility

Our induction studies showed a great level of variety in EAE susceptibility in the
BXD mouse family. Out of 16 strains, only 6 showed EAE symptoms after 30 days post
immunization, and only a single strain expressed a score higher than a 1.5 (Figure 3-2A).
These results reflect what has been seen with previous EAE models in that it can be
difficult to induce EAE in mice depending on the strain and myelin peptide used. This is
seen in the parent strain B6, which in these studies only showed an incidence rate of 43%
without a PTX treatment (Figure 3-3A). The results of these studies allowed us to map
possible QTLs associated with final clinical score, incidence rate of EAE, length of acute
onset, and peak score (Figure 3-4). The results suggests that chromosomes 5 and 11 may
contain loci related these traits.

For final clinical score, peak clinical score, incidence rate, and length of acute
onset (or length of time the mouse is showing symptoms), the potential QTL on
chromosome 5 was found to be at the same spot at 45.25 megabases. The only
identifiable gene near this region, according to GeneNetwork, is QDPR, which codes for
the enzyme dihydropteridine reductase, while other segments of DNA in the region have
been mapped but their function is currently unknown. Dihydropteridine reductase is
involved in folate synthesis in the brain, though its relevance in EAE or MS is currently
unknown [59] A recent study did not see any difference in folate levels in patients with
RRMS than with healthy controls, so more research is needed to determine if folate plays
arole in EAE or MS [60]. Based on these results, it may be worthwhile to further
investigate the role of folate synthesis and the development of EAE and MS. It may also
be that the gene for this region has not yet been identified. Additionally, there was also a
potential QTL for final clinical score on chromosome 17, but there were no relevant
genes in the region. This suggests that a potentially relevant gene has not yet been
identified.

The final potential QTL for length of acute onset was found on chromosome 11,
between 64.5-67.5 megabases. There are several identified genes in this region, including
several genes for myosin and heparan sulfate. However, one gene stood out for its
potential role in immune regulation: MAP2K4. This gene codes for the enzyme that
phosphorylates MAP kinases. Previous studies have shown how MAPK function is
linked to T cell development and immune response to viral infections [61]. Additionally,
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activation of c-Jun NH2-terminal kinases (JNKSs), a type of MAPK, have been shown to
be associated with the release of several proinflammatory cytokines such as GM-CSF,
RANTES, and IL-8, further suggesting a prominent role in immunoregulation [62]. This
suggests a promising gene directly linked to immune function could be associated with
length of acute onset, and that variations in this gene may account for some BXD strains
developing EAE symptoms at earlier dates than others.

Due to the small sample size and relatively small number of strains tested, all
possible QTLs mapped were only found to be considered suggestive, rather than
significant. Increasing the number of BXD strains tested will help improve the specificity
and accuracy of the calculation. However, these studies demonstrate how the BXD family
is an extremely useful tool in determining genetic loci associated with disease outcome.
One notable limitation of these induction studies is duration of disease, as all studies were
ended at 30 days. Future studies with the BXD strains that are susceptible to EAE may
benefit from extending past 30 days, to determine if symptoms worsen or improve with
time.

BXD43 as an Extreme Phenotype

The BXDA43 strain was found to be extremely susceptible to EAE, showing a fast
disease progression and severe EAE symptoms. From these initial studies, the strain
seemed promising as a potential model for severe EAE, as mice showed a continuous
increase in disease severity until reaching the humane endpoint. Additionally, the mice
showed severe EAE development without the need for a PTX injection to increase
incidence rate, unlike the B6 model that only shows an incidence rate of 43% without
PTX. (Table 3-1). Studies have shown that PTX helps to suppress the Treg response in
mice immunized with CFA/MOGssss to induce EAE [63]. As the BXD43 mice did not
need this additional help to induce EAE, it may suggest the BXD43 mice show a
differing immune response than the B6, and thus would allow the BXD43 mouse to
provide a new model for EAE.

To better characterize the differences between the BXD43 and B6 model, we
investigated changes in immune cell populations and changes in cytokines and
chemokines. The results showed a significant increase in inflammatory monocytes in the
BXD43 mice with EAE when compared to healthy BXD43 mice (Table 4-3). These
proinflammatory monocytes have been found to be essential to the pathogenesis of EAE
via infiltration of CNS [64]. This large amount of inflammatory monocyte migration into
the CNS may promote inflammation and neurodegeneration through the secretion of
CCL2, a chemoattractant secreted by monocytes and macrophages that attracts several
immune cells essential to the pathogenesis of EAE, including T cells, monocytes,
dendritic cells, and neutrophils [45]. Previous studies have shown that the secretion of
CCL2 is essential for EAE development in mice, and thus an increase in this cytokine
may lead to increased cell migration to the CNS [42]. However, the results showed that
there was no significant difference between the inflammatory monocytes of the BXD43
mice with EAE and the B6 mice with EAE+PTX.
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We also saw that when comparing the BXD43 mice with EAE and the B6 mice
with EAE+PTX, there was a higher percentage of CD4" T cells in the spinal cord, though
not high enough to be considered statistically significant (Table 4-4). This may be due to
a low sample number, as there were only 3 mice per group in this study, and one mouse
did not show any EAE symptoms. CD4" T cells play an essential role in EAE
pathogenesis by the release of proinflammatory cytokines that promote the recruitment of
other proinflammatory cells. As reviewed in Krishnarajah, S. et al, 2022, TH1 cells
release IFNy and GM-CSF, which leads to the activation of resident microglia and
differentiation of DCs, respectively [65]. TH17 cells produce IL-17, a cytokine that
creates a positive feedback loop in EAE by promoting IL-1B, which in turn promotes
Tn17 cell survival and proliferation in the CNS [49]. IL-17 is a proinflammatory cytokine
that induced the production of other cytokines by triggering several signal cascades [49]
An increase in the concentration of these helper T cell subsets in the CNS leads to more
severe EAE [66]. One notable T cell population we did not look at was Tregs, which can
mitigate EAE severity in mice [50]. Several studies have shown that the ratio of TH1/Treg
cells and TH17/Treg cells affects EAE severity, as Treg cells can suppress the pathogenic
activities of Tul and TH17 cells by regulating cytokine signaling [50, 67, 68]. As
reviewed by Bar-Or et al, 2021, the balance between Tregs and Tn1 and Tn17 cells also
plays an equivalent role in regulating MS [69]. Quantifying Treg numbers in BXD43
mice with EAE would be beneficial to determine if a change in the Th1/Tw17/Treg ratio
may be the cause of the severe EAE seen in the BXD43 mouse.

We also saw differing cytokine and chemokine levels in serum samples from
BXD43 and B6 mice with EAE. Several inflammatory cytokines and chemokines were
found to be elevated in the BXD43 mice, at day 0, day 1, and day 15, such as IP-10,
RANTES, and TNFa (Figure 4-7). IP-10, also known as CXCL10, is a chemokine that is
produced by monocytes and neutrophils that serves as a chemoattractant for T cells and
NK cells to inflamed tissues [70] An increase in IP-10 expression has been shown to
increase migration of cells to inflamed areas of the CNS [71]. RANTES, also known as
CCLS5, is a chemokine produced by T cells and monocytes, and serves as a
chemoattractant for cells such as T cells, monocytes, macrophages, and T cells, and NK
cells [72] Reduction of RANTES has also been shown to delay development of EAE in
mice [73]. TNF-a is a cytokine produced by macrophages, NK cells, and T cells, and
promotes inflammation by promoting production of several other inflammatory
cytokines. Increases in TNF-a production in EAE mice have been shown to impair Treg
function, increasing EAE severity, while blocking TNF-a has reduced disease severity
[74]. All three of these cytokines and chemokines are directly involved in either
promoting migration of inflammatory cells or production of other inflammatory
cytokines. The increase in these proinflammatory cytokines and chemokines is likely a
factor in why the BXD43 mice show significantly higher inflammatory monocytes in the
CNS, as well as rapid EAE development.

However, it was notable that we did not see an increase in IL-17a, which is
secreted by TH17 cells and as stated earlier, is a cytokine involved in signal cascades of
other proinflammatory cytokines [49]. It works in concert with other cytokines such as
TNF-a and has been shown to be crucial in the development of EAE [49]. It is possible
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that we did not see an increase in IL-17 in the serum but may see an increase in the CFS
of the BXD43 mice with EAE. Future studies would benefit from measuring cytokine and
chemokine levels both in the serum and in the CSF.

Conclusions

The two primary conclusions for these studies are that the BXD family of mice
may be utilized to determine potential QTLs for EAE susceptibility, and that the BXD43
strain can serve as an effective mouse model for rapid and severe EAE. Using the
GeneNetwork database, we found that there are potential QTLs for incidence rate of
EAE, final clinical score, length of acute onset, and peak clinical score on chromosomes
5, 11, and 17. Two genes near those potential QTLs, QDPR and MAPK2K4, may be
linked to EAE development, and thus their human analogues may also be linked to
susceptibility to MS. Further research with more BXD strains is needed to further clarify
these gene candidates. We also found that the BXD43 strain can serve as an invaluable
model that better reflects rapid EAE, allowing for more effective research into potential
treatments, showing a similar disease profile to the B6 EAE model with PTX. As there
are currently few effective treatments for PPMS, there is a great need for diverse EAE
models to help find new therapeutic targets. The expansion of research opportunities,
both in genetics and animal models, will help further the field of the treatment and
prevention of MS, as well as other neurodegenerative diseases of the CNS.
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