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Abstract 

 

Background: Experimental autoimmune encephalomyelitis (EAE) is the mouse 

disease model of multiple sclerosis (MS), a chronic autoimmune disease targeting the 

central nervous system (CNS) resulting in neuroinflammation, neuroaxonal 

degeneration, and demyelination. Autoreactive CD4+ T cells are known for their role 

in the pathogenesis of MS. CD8+ T cells and NK cells were also found to be associated 

with the disease.  

Aim: There is a limited number of studies investigating the link between gut alterations 

and immune cells in the gut influencing the outcome of the disease since the vast 

majority of MS patients experience gastrointestinal (GI) problems. Here, we correlate 

alterations in gut microbiota with disease progression along with changes in 

lymphocytes counts over different time points during the course of the disease. 

Method: In the current study, EAE was induced in female C57BL/6 mice with MOG35-

55 peptide emulsified in the incomplete Freund’s adjuvant supplemented with 

Mycobacterium Tuberculosis H37Ra. Flow cytometry was used to assess the level of 

CD4+, CD8+ T cells, NK cells, and their activation status within the intraepithelial 

lymphocyte (IELs) throughout the disease progression. This was done along with 

qPCR analysis to determine the fold change of the selected bacterial species that were 

previously reported to be altered in MS patients; Lactobacillus reuteri, Prevotella 

copri, Bacteroides fragilis, Clostridium perfringens, and Akkermansia muciniphilathe. 

In addition, counts of Paneth cells whose role is essential in maintaining the balance 

of the normal flora were also investigated by histochemistry.  

Results and conclusion: Our results showed no change in the frequencies of both gut 

CD4+ and CD8+ T cells at all time points, along with an increase in the percentage and 

activation of gut NK cells at the peak of the disease, a decrease in the beneficial gut 

normal flora (Lactobacillus reuteri & Prevotella copri), and significant Paneth cells 

hyperplasia. Altogether, our results indicate that interactions between gut flora and NK 

cells may contribute to the pathogenicity of MS. 
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Keywords: Experimental autoimmune encephalomyelitis, Multiple sclerosis, Gut 

microbiota, NK cells activity, Cell frequency, Gut/Brain interaction.   
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Title and Abstract (in Arabic) 

 

 التهاب النخاع الذاتي التجريبي في الفئران وتفاقم التغيرات المعوية العلاقة بين

(C57BL/6 ) 

 الملخص 

(، وهو مرض MS) للتصلب المتعدد   الفأر  ( هو نموذجEAE)  التهاب النخاع الذاتي التجريبي

المركزي ) العصبي  الجهاز  ذاتي مزمن يستهدف  التهاب  CNSمناعي  إلى  يؤدي  الخلايا ( مما 

و  المحور العصبي  بالتي تحيط   )Myelin(الميالين    مادة  إزالةإلى    بالإضافة  و تدميرها  العصبية

 لها دور كبير  هناك عدة خلايا.  العصبية    الاشارات نقل    حماية العصب و  التي تؤدي دوراً مهماً في

  الخلايا الطبيعية القاتلة و  )T +CD4  و  T +CD8)  يةائالخلايا الت  وهيمرض التصلب اللويحي  في  

(NK)  الغالبية العظمى من مرضى التصلب العصبي المتعدد    .  بشكل كامل  دورها   عروفمغيرال

 (.  GIيعانون من مشاكل في الجهاز الهضمي )

بين التغيرات المعوية  المعنية بالبحث عن الصلة  الدراسات  ه لا توجد الكثير من  المثير للدهشة أن 

الدراسة إلى فهم    ذهتهدف هالمرض.    شدةتؤثر على    والتيالموجودة في الأمعاء    والخلايا المناعية

تم تحفيز   .بين التغيرات المعوية ونسب الخلايا المناعية في الأمعاء وتأثيرها على المرض العلاقة  

EAE    الفئران إناث  منها  بحقن  C57BL / 6في  المكون   و  MOG35-55  بالمستحلب 

incomplete Freund adjuvant  و  Mycobacterium Tuberculosis H37Ra  . ثم  

  T +(CD4و    T +CD8ية )ائ الخلايا التمستوى    فحص لعد و  قياس التدفق الخلوي  تقنية استخدام

المرض.    فترةطوال    و ذلك  (IELs)  الدقيقة  في الأمعاء  و نشاطها  (NK)  تلةالطبيعية القاالخلايا    و

البكتيرية المختارة التي  فصائل  الوفرة بعض  في  ات  لتحديد التغير  qPCRتقنية  كذلك تم استخدام  

ً سابق   رصدهاتم   المتعدد عند    ا التصلب  كال   مرضى  هي  ،  Lactobacillus reuteri؛  يتو 

Prevotella copri  ،Bacteroides  fragilis  ،Clostridium 

perfringens ،Akkermansia muciniphilathe  .و ً خلايا أيضا تعداد  عن  الكشف  تم   ،

Paneth أساسي اً التي تلعب دور  في الأمعاء الدقيقة ً الأمعاء  الطبيعي في  توازنالفي الحفاظ على  ا

 . (Histochemistry) كيمياء الأنسجةتقنية بواسطة  ذلك و

القاتلة الطبيعيةال  ونشاط  نسبةزيادة  تتلخص في    الدراسةنتائج هذه    من    دوناً عن غيرها  خلايا 

المفيدةالخلايا   الطبيعية  المعوية  الفلورا  في  وانخفاض  المرض،  ذروة    وتشمل   في 

Lactobacillus reuteri  و Prevotella copri وتضخم خلايا ،Paneth .  جميع هذه النتائج 



x 
 

  من الممكن أن   بينهمالعلاقة    وأن   القاتلة  الخلايا الطبيعيةوالتفاعل بين فلورا الأمعاء   فرضية   دعم ت

 . تؤثر على شدة المرض والأعراض المصاحبة له

 

  البكتيرياالتصلب اللويحي المتعدد،  التهاب النخاع الذاتي التجريبي، مفاهيم البحث الرئيسية:

. القاتلة نشاط الخلايا الطبيعية تعداد الخلايا، ،المعوية الطبيعية  
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Chapter 1: Introduction 

 

1.1 Introduction to MS 

Multiple sclerosis (MS) is a chronic neuroinflammatory autoimmune disease of the 

central nervous system (CNS). According to Dendrou et al. (2015), around 2.5 million 

people are diagnosed with MS worldwide, half of them require special care and use 

wheelchairs by 25 years post-diagnosis. Similar to most autoimmune diseases, females 

are more susceptible to immune diseases including multiple sclerosis with a female: 

male ratio of 3:1. So far, there are no early diagnostic tests prior to the appearance of 

symptoms that vary from one patient to another. A confirmed diagnosis of MS requires 

initial exclusion of any possible infectious agents causing neurological symptoms by 

blood tests followed by magnetic resonance imaging (MRI) of the brain and spinal 

cord for the detection of demyelinated lesions. MS onset usually appears at the age of 

30 and the symptoms include muscle stiffness, numbness, fatigue, anxiety, and visual 

disturbance. In more progressive forms of MS, bladder, bowel, and sexual problems 

may occur. Patients with severe symptoms may face difficulties in speech and 

swallowing followed by complete paralysis. The epidemiology of MS is continuously 

changing and unevenly distributed worldwide; yet, it was shown that the disease is 

more abundant in the areas away from the equator (Etemadifar et al., 2020; Milo & 

Kahana, 2010). West Asia including the United Arab Emirates (UAE) recorded the 

highest prevalence and incidence among Asian countries as revealed in studies 

conducted between the years 1985-2020. In the UAE, the mean age of the disease onset 

was about 26 years among Emiratis presenting mostly with visual and motor deficits. 

Nonetheless, the prevalence rate among the total population was 18/ 100,000 people 

while it was 57.09/100,000 among native Emiratis and the average annual incidence 
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rate of MS among Emiratis was 5.4/100,000 between the years 2010 and 2014 

(Forouhari et al., 2021). 

1.2 Risk Factors of MS 

The main cause of the disease is still elusive to this date, but genetic predisposition 

along with environmental factors are believed to contribute directly or indirectly in 

developing MS. Genetic predisposition as a factor was confirmed in many studies 

where family heritability accounts for 20% of MS cases. The specific gene causing the 

disease is unknown yet, but it was suggested by many studies that HLA allele 

DRB1*1501 accounts for less than 50% of the total genetic basis of the disease (Milo 

& Kahana, 2010; Waubant et al., 2019). The risk of developing MS reaches 5.13% 

among first degree relatives and 25-30% among monozygotic twins. The risk of 

developing MS even increases by 10 folds in families with both parents diagnosed with 

the disease (Dyment et al., 1997; Hawkes & Macgregor, 2009). Besides, certain ethnic 

groups seem to be more resistant to develop MS such as the Mongolian race, Japanese, 

Chinese, and American Indians which may also be attributed to the genetic 

predisposition (Ebers, 1992).  

 Other factors include environmental factors such as UV light, vitamin D deficiency, 

smoking, diet, and intake of some medications like antibiotics. Recently, gut 

microbiota is heavily studied as one of the major factors associated with MS. 

Additionally, a number of infective agents were associated with MS including bacteria 

and viruses such as Mycobacterium and Epstein-Bar virus (EBV), and were employed 

to induce the disease in animal models (Ascherio & Munger, 2007; Waubant et al., 

2019). 
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1.3 Forms of MS  

There are four known forms of MS, the most common presentation is relapsing-

remitting (RRMS) form of the disease seen in about 85% of MS patients. RRMS is 

characterized by courses of an acute neurological condition called relapses and periods 

of stability between relapses called remission. During relapses, inflammation and 

demyelination can be visualized by MRI. Remission could vary among patients, some 

can fully recover, and others recover with lesions in the CNS.  The second form of the 

disease is primary-progressive multiple sclerosis (PPMS), it is seen in approximately 

10% of MS patients and is characterized by acute progressive neurological dysfunction 

since disease onset. The name indicates continuous progression without any remission 

or defined relapses. The third form of the disease is secondary-progressive multiple 

sclerosis (SPMS) seen after one or two decades in about 80% of the patients initially 

diagnosed with RRMS. This form is characterized by initial normal episodes of 

relapses and remissions until it becomes chronic without remission along with changes 

in the brain volume and axonal loss.  The last and rare form of the disease is the 

progressive-relapsing multiple sclerosis (PRMS) which affects 5% of the patients and 

is similar to PPMS except for rare relapses and continuous progression of the disease. 

Due to its rare presentation, often, PRMS is considered the same form as PPMS. 

Nevertheless, there is no significant difference in the distribution of the forms of MS 

worldwide (Dendrou et al., 2015; Lublin et al., 2014).  
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1.4 Immunopathogenesis   

MS is known as T cell-mediated disease yet, initiating factors are not well defined, 

two hypotheses were suggested as possible scenarios for the disease initiation: the 

inside-out hypothesis and the outside-in hypothesis (Figure 1).  

 

Figure 1: Immunopathogenesis of multiple sclerosis (Dendrou et al., 2015). 

The inside-out hypothesis suggests that the damage to myelin sheath starts from the 

CNS mediated by unknown triggers, most likely these triggers are infectious agents 

(Pawate & Sriram, 2010). Antigens produced from the destruction of oligodendrocytes 

are released to the periphery and eventually picked up and processed by antigen-

presenting cells (APCs) to induce activation of autoreactive lymphocytes. Activated 

effector lymphocytes migrate from peripheral lymphatic tissues guided by adhesion 
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molecules expressed on epithelial surfaces of the blood vessels and chemokines 

contribute to the breakdown of the blood-brain barrier (BBB) and infiltrate into the 

CNS.  Once there, these T cells are re-activated by CNS resident APCs. Effector 

autoreactive T cells orchestrate the inflammatory reaction leading to further 

destruction of the myelin sheath (Titus et al., 2020). The outside-in hypothesis is 

explained by molecular mimicry where the initiation of the process is in the periphery 

rather than in the CNS.  The trigger here is suggested to be an infectious agent such as 

viruses with structural similarities to the myelin protein which is taken up by peripheral 

APCs that trigger the activation of autoreactive T cells (Dhaiban et al., 2021). 

Generally, T cells differentiate upon activation to their subsets and release cytokines 

that recruit other immune cells like T, B, and NK cells from the periphery to the CNS.  

Such cytokines disrupt the BBB which allows the recruited cells to pass through it 

contributing to the elimination of the cognate myelin antigen (Dendrou et al., 2015; 

Dhaiban et al., 2021). Further, Dhaiban et al. (2017) suggested that the disruption of 

BBB may be mediated through the adhesion of integrins found on CD4+ T cells to the 

BBB, facilitating their migration; such integrins are lymphocyte function associated 

antigen (LFA-1) and the very late antigen-4 (VLA-4). In normal conditions, self-

tolerance to self-antigens is achieved by  either deletion of autoreactive T lymphocytes 

in the thymus (Central tolerance) or suppressing their activation in the periphery 

(Peripheral tolerance). Factors involved in the activation of autoreactive T cells include 

the expression of co-stimulatory molecules on APCs and the activity of 

immunosuppressive T regulatory cells (Treg) (Danikowski et al., 2017; Dendrou et al., 

2015).  

Most likely, tissue damage occurs when activated T cells migrate to the CNS and get 

reactivated in response to myelin antigens presented on APCs, but more studies 
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reported that tissue damage is also linked to the overproduction of glutamate, an 

excitatory neurotransmitter, reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) within the CNS. Activated glial cells produce glutamate and cause an 

elevation in its levels in MS lesions whereas its overproduction leads to the 

overexcitement of the nerve cells and their damage (Pitt et al., 2000). Additionally, the 

production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) by 

the activated macrophages and microglia in the CNS cause mitochondrial dysfunction 

and reduces the supply of energy to the neurons leading to axonal damage (Fischer et 

al., 2012; McMahon et al., 2005).  

Besides, effector CD4+ T cells, B cells, monocytes/macrophages, CD8+ T cells, and 

NK cells are the cells that migrate from the periphery to the CNS after disrupting the 

BBB (Dendrou et al., 2015; Dhaiban et al., 2021). The role of CD4+ T cells, CD8+ T 

cells, and NK cells is discussed in details through this study. 

1.4.1 CD4+ T Cells  

CD4+ T adaptive lymphocytes play an essential role in orchestrating immune 

responses following activation by their specific antigen through engaging and 

activating other immune cells like B cells and subsets of T cells. Additionally, it is 

believed that CD4+ T cells are among the main contributors to the development of MS. 

Therefore, the presence of activated CD4+ T cells in MS lesions, blood, and in the 

cerebrospinal fluid (CSF) of MS patients is expected compared to normal individuals 

(J. Zhang et al., 1994). Two main subsets of CD4+ T cells were linked with the 

pathogenesis of MS;  T helper 1 (Th1) and T helper 17 (Th17).  Activation of naïve 

CD4+ T cells requires recognition of its specific antigen presented on the MHC class 

II on the surface of APCs, along with engaging co-stimulatory molecules. Activated 
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CD4+ T cells then differentiate into effector and memory cells of different T cells 

subsets influenced by the cytokines released.  Differentiation into different CD4+ T 

cells subtypes is also regulated by the binding affinity of T cell receptor and 

MHC/antigen complex; when MHC class II antigen is expressed in high density, CD4+ 

T cells differentiate to either Th1 or Th17, unlike the case with low affinity binding 

leading to the differentiation into Th2 (Luckheeram et al., 2012). Different subsets of 

activated CD4+ T cells have different cytokines signature, Th1 cells secrete IFN-γ, 

interleukin  (IL) 2, and TNF while Th17 cells secrete IL-17 or  IL-22, and Th2 cells 

secrete IL-4, IL-5, IL-10, and transforming growth factor (TGF)- (Chitnis, 2007; 

Delgado & Sheremata, 2006; Dhaiban et al., 2021). According to Chitnis (2007), high 

levels of Th1 cytokines were detected in the brain tissue and CSF of MS patients. 

Moreover, adoptive induction of the disease in mice models by transferring myelin 

specific  Th17 cells to normal mice resulted in a more severe form of the disease 

(Langrish et al., 2005). Essential contribution of IFN- was also concluded following 

studies on experimental autoimmune encephalomyelitis (EAE) where the diseases was 

exacerbated in the group treated with IFN-γ at the initial stage of the disease (Naves et 

al., 2013).  

1.4.2 CD8+ T Cells  

CD8+ T adaptive lymphocytes are, cytotoxic and, were suggested to be active players 

in MS as evident by their high frequency in the brain lesions of MS patients.  CD8+ T 

cells also require prior activation by APCs for their recruitment to the CNS. Migration 

of CD8+ T cells into the CNS and through the BBB  is facilitated by chemokines and 

the expression of adhesion molecules on the surfaces of the CNS endothelial cells such 

as P-selectin (Dhaiban et al., 2021; Traugott et al., 1983). CNS antigen-specific CD8+ 
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T cells are involved in CNS damage during relapses and in the chronic phases of MS. 

Damage is mediated by CD8+ T cells  involve inducing apoptosis of oligodendrocytes 

expressing self-antigens presented on MHC I molecules, this process is mediated by 

the release of perforin, granzyme A (GzmA) and granzyme B (GzmB)  into the target 

cells (Barry & Bleackley, 2002). Additionally, the adoptive transfer of CD8+ Myelin 

oligodendrocyte glycoprotein (MOG) specific T cells, resulted in more severe, and 

long-lasting relapses. Furthermore, CD8+ T cells are believed to contribute to the 

pathogenesis of MS through the secretion of their cytokines like IFN-γ and IL-17 

(Huber et al., 2012).  

1.4.3 NK Cells  

Natural killer (NK) cells are large granular lymphocytes of the innate immune system 

and are known for their effective role in selectively targeting tumor cells and virally 

infected cells for destruction without prior sensitization. Beyond that role, NK cells 

were appreciated for their impact on the modulation of adaptive immune responses in 

inflammatory and autoimmune responses through their cytolytic activity, cytokines 

secretion, and dendritic cells (DC) editing (Caligiuri, 2008). Dendritic cells editing is 

when NK cells target dendritic cells not expressing MHC class I (Immature cells) for 

destruction and spare mature dendritic cells which migrate to the lymphoid organs 

promoting T cells priming (Ferlazzo & Moretta, 2014). 

Human NK cells subsets are identified by their differential expression of CD16 and 

CD56 on their surfaces.  CD16- CD56bright, also known as immature NK cells, make 

less than 10% of total blood NK cells, while they are more abundant in tissues and are 

able to produce large amounts of cytokines upon stimulation. On the other hand, 

CD16+ CD56dim or mature NK cells represent around 90% of total peripheral blood 



9 

 

NK cells, while they are less abundant in tissues, but are efficient killer cells and are 

able to secrete high levels of IFN-. Murine NK cells do not express CD56 yet, they 

express CD27; CD3- CD27high are equivalent to CD16-CD56 bright whereas CD3- 

CD27low are the murine equivalent to human CD16+CD56dim. Even though 

cytotoxicity was mainly attributed to the effect of CD16+ CD56dim, CD56bright NK cells 

can lyse activated T cells through a granzyme K mediated mechanism (Caligiuri, 

2008). Degranulation of these cells causes caspase independent apoptosis and 

mitochondrial dysfunction in activated T cells by preferential transfer of granzyme K 

(Jiang et al., 2011). Furthermore, NK cells express various receptors including 

activating, costimulatory, and inhibitory receptors to enhance their role through their 

interaction with their ligands. The two major receptors expressed on NK cells are 

activation (NKG2D) and inhibitory (NKG2A) receptors that contribute to the 

regulation of cytokines production and cytotoxic killing capacities of NK cells. Under 

normal conditions, inhibitory signals dominate which keeps NK cells inactive. In cases 

where NK cells activation receptors recognize stress markers on target cells activation 

signals prevail causing loss of equilibrium and activation of NK cells (Dhaiban et al., 

2021; Winkler-Pickett et al., 2008).  

NKG2D is expressed at the very early stages of NK cell precursor starting relatively 

low but its expression increases and remains high as NK cells go through their 

maturation stages (Abel et al., 2018). NKG2D represents a major recognition receptor 

for the detection of damaged, transformed, and pathogen-infected cells. However, 

persistent exposure to cells expressing NKG2D ligand results in the decrease of 

NKG2D surface expression.  This, in turn, results in functional impairment of NKG2D 

dependent NK cell functions (Molfetta et al., 2017). Moreover, NKG2D contribute in 
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the disruption of oligodendrocytes so, blocking the interaction between NKG2D and 

its ligand diminished the disruption of these cells mediated by the activated receptor 

(Saikali et al., 2007). 

Killer cell immunoglobulin-like receptors KIRs and NKG2A are inhibitory receptors 

on NK cells that allow NK cells to distinguish self-cells from non-self cells.  This is 

achieved mainly by surveying the expression of MHC-I molecules on target cells.  

Expression of MHC-I molecules on target cells engages NK cell inhibitory receptors 

and protects targeted cells from the destructive action of NK cells. Therefore, lack of 

MHC-I expression leads to NK cells activation (X. Zhang et al., 2019). HLA-E in 

human (Qa-1 in mice) was found to be increased in the white matter of MS patients 

compared to healthy individuals which may explain the impaired function of NK cells 

in MS patients. Detection of HLA-E/Qa-1 expression on autoreactive cells by the NK 

cells inhibitory receptor suppresses the killing of the autoreactive cells mediated by 

NK cells. Hence, the severity of the disease was reduced when the interaction between 

NKG2A and its ligand was blocked (Durrenberger et al., 2012; Gulla & Thompson, 

2021; Lee et al., 1998). Studies by Sun et al. (2016) on patients with liver cancer 

concluded that NK cells with higher NKG2A expression exhibited characteristics of 

functional exhaustion, such as lower IFN-γ production and weaker cellular 

cytotoxicity, as well as a shorter overall survival. 

The role of NK cells in MS or EAE was intensively studied, but yielded contradictions 

on whether they contribute to the pathogenesis or play a regulatory role. Studies 

supporting the regulatory role of NK cells suggested that NK cells during the course 

of EAE in C57BL/6 mice showed reduced functional activity during relapses 

compared to times of remissions during which, NK cells activity increased.  There are 
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3 reported ways by which NK cells regulate the disease, suggested through either direct 

killing of autoreactive T cells, through supporting astrocytes to kill autoreactive T cells 

(Sanmarco et al., 2021), or by inhibiting the proliferation of autoreactive T cells 

(Yokoyama, 1998; B. Zhang et al., 1997). Furthermore, in support of the regulatory 

role of NK cells on the disease progression, depletion of NK cells prior to disease 

induction in SJL/J mice yielded more severe symptoms compared to the control group 

(Xu et al., 2005; Xu & Tabira, 2011). On the other hand, the pathogenic role of NK 

cells was proved in EAE by depleting NK cells at early stages where the clinical scores 

were lower in depleted diseased mice compared to control (Dungan et al., 2014; 

Winkler-Pickett et al., 2008). Dungan et al. (2014) suggested that NK cells contribute 

to the pathogenesis of MS by producing IFN-γ polarizing macrophages to M1 

phenotype that produce proinflammatory cytokines. From another point of view, the 

contact between NK cells and neural stem cells (NSCs) induces the release of IL 15, 

which is essential for NK cells proliferation. At the same time, NK cells also induce 

the killing of the  neural stem cells (NSCs) since they do not express Qa-1, thus 

contributing to CNS damage (M. Liu et al., 2021; Q. Liu et al., 2016) 

1.5 Animal Models of the Disease 

EAE is an animal model of MS that was discovered accidentally in the late 19th 

century. This model was used on rodents, rabbits, and monkeys to understand the 

pathogenesis and the factors contributing to MS. EAE can be actively induced by the 

administration of an antigen emulsified in an adjuvant and supported with a toxin to 

create an autoimmune response cognate to MS. The form and severity of the induced 

disease varies depending on the species used, strain, type of administered antigen, its 

route of administration, and its dose. In addition, EAE can also be induced passively 
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by transferring the activated autoreactive T cells from diseased to healthy animals  

(Ruppova, 2017).  

1.5.1 Active EAE  

C57BL/6 mice now are widely used for EAE model as their genes can be easily 

modified compared to other mice strains.  Different mice strains and antigens were 

used depending on the aim of the study. Previously, SJL/J mice were used when the 

study focused on the relapsing-remitting form of EAE while C57BL/6 were used to 

study the progressive form of the disease. Later on, the C57BL/6 strain was used 

regardless of the disease form through manipulating the given doses of the same 

antigen, myelin oligodendrocyte glycoprotein (MOG).  Administration of a low dose 

of MOG35-55 in C57BL/6 mice resulted in a relapsing-remitting form of the disease 

whereas when the dose increased, a chronic form was observed.  Other autoantigens 

used to induce the disease are: myelin basic protein (MBP) and proteolipid protein 

(PLP) (Rangachari & Kuchroo, 2013; Ruppova, 2017).  It is important to note that all 

antigens were administered as an emulsion composed of the antigen emulsified in 

Freund complete adjuvant (FCA) or  incomplete Freund adjuvant (IFA) supplemented 

with Mycobacterium tuberculosis. The use of the adjuvant is to enhance the 

immunogenicity of the introduced autoantigen and the mycobacterium is for the 

stimulation of toll like receptors (TLRs) to enhance the production of the 

proinflammatory cytokines. The emulsion has to be administered subcutaneously, 

through the flanks, base of the tail, or between shoulder blades. Pertussis toxin is 

administered intraperitoneally along with the emulsion in order to support the 

disruption of the BBB and invasion of the CNS by autoreactive T cells and other 
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immune cells (Bert et al., 2011; Constantinescu & Hilliard, 2005; Namer et al., 1994; 

Peiris et al., 2007).  

1.5.2 Passive EAE 

Passive induction of EAE is achieved by the adoptive transfer of myelin-specific T 

cells. In this model, EAE is induced in a group of mice as previously described and 

this is followed by isolation of autoreactive T cells. Autoreactive T cells are then 

administered intraperitoneally into a normal mouse. One of the advantages of the 

passive over the active induction of EAE is to avoid infections that might result from 

injecting CFA or the emulsion itself (Naparstek et al., 1983; Ruppova, 2017). 

1.6 Microbiota 

 Microbiota defines a collection of all kinds of microbes within a certain habitat and it 

varies between individuals or even within different parts of the same host (Shahi et al., 

2017). Trillion microbes including viruses, bacteria, archaea, and eukaryotes inhabit 

the human body. Around 1014 of these microbes are found in the gastrointestinal (GI) 

tract, while 1012 microbes represent the skin microbiota, and the rest colonize other 

body parts such as hair, urinary, and respiratory tracts. Alteration in the composition 

of the normal flora is termed dysbiosis. Moreover, due to the large count and diversity 

of the microbiota, it is believed to contribute significantly to the general status of the 

host in health or disease through their interactions with the immune system (Jandhyala 

et al., 2015; Thursby & Juge, 2017). It is well established through studies on germ-free 

mice that colonization of the mammalian host’s mucosal surfaces with microbiota in 

early-life plays a critical role in the maturation of the host immune system. Chung et 

al. (2012), revealed that the gut intraepithelial lymphocytes (IELs) were lower in 
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count, and the size of Peyer’s patches and mesenteric lymph nodes (MLNs) were 

reduced in germ free (GF) mice compared to colonized mice. Composition and 

diversity of the microbiota are thought to be acquired at birth and are also influenced 

by many factors including mode of delivery at birth, diet, medications, environment, 

exposure to pathogens, age, gender, and other factors (Heiss & Olofsson, 2019). 

Several studies showed that cesarean delivery and formula-feeding are associated with 

high incidences of infection and allergy diseases (Azad et al., 2013; Madan et al., 

2016).  

1.6.1 Interaction between Gut Microbiota and Immune Cells in the Gut 

Human gut composes of 5 x 1010 lymphocytes, five folds the number of lymphocytes 

found in the blood (Blum & Pabst, 2007). These lymphocytes are distributed in 

different regions of the intestine; MLNs, lymphoid follicles, lamina propria, Peyer’s 

patches, and between epithelial cells which they are intraepithelial lymphocytes 

(IELs). In humans, the majority of immune cells in the gut are CD4+ T cells which are 

normally more abundant in the lamina propria while CD8+ T cells are more abundant 

within the IELs. As for NK cells, they are found scattered in the lamina propria and 

along the epithelium; between the epithelial cells in particular (Goodier, 2010). The 

same distribution was found in C57BL/6 mice where, 90% of IELs were CD8+ T cells 

and the NK cells (CD3-- NK 1.1+) around 0.7% and 2% of total IELs (López & 

Holmes, 2005; Martin et al., 2001). All gut immune cells including dendritic Cells 

(DC), NK cells, CD4+, and CD8+ T cells interact with each other to maintain the gut 

homeostasis through continuously sampling the microenvironment and effectively 

interacting with both pathogenic and non-pathogenic bacteria. Briefly, NK cells 

interact with gut microbiota through their expressed TLR2, TLR3, and TLR9 and their 
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activation results in the secretion of the cytokines IFN-γ, TNF, IL-2, IL-17, and IL-22 

which activate macrophages to induce phagocytosis. Later, an adaptive immune 

response initiates and these cytokines subsequently influence the differentiation of T 

cells contributing to the elimination of pathogenic bacteria (Aziz & Bonavida, 2016; 

Poggi et al., 2019; Satoh-Takayama et al., 2008).  

Studies on the interaction between the gut commensals and immune cells revealed that 

the activation of immune cells is directly or indirectly modulated by the gut flora in 

several possible ways (Figure 2). In general, enteric bacteria produce ligands that are 

recognized by DC via Pattern Recognition Receptors (PRRs) inducing the release of 

their cytokines including IL-12 that promote the secretion of GzmB by NK cells 

inducing apoptosis of the stressed cells, and the secretion of IFN-γ which facilitate the 

differentiation of Th1 (Castleman et al., 2020; Espinoza & Minami, 2018; Fink et al., 

2007; Rizzello et al., 2011). Furthermore, administration of polysaccharide A derived 

from Bacteroides fragilis to GF mice inhibits Th17 development and induces Treg 

cells’ accumulation by engaging with TLR-2 expressed by T cells. On the other hand, 

segmented filamentous bacteria (SFB) were proved to induce a Th17 immune response 

while Clostridium promotes Treg cell induction. Also, Geva-Zatorsky et al. (2017) 

found that gut Th17 cells expanded as a result of the increase in the abundance of 

Acinetobacter baumannii and Porphyromonas uenonis  as well as segmented 

filamentous bacterium (Candidatus Arthromitus).   
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Figure 2: The influence of gut microbiota on the immune cells in the gut (Pascal et 

al., 2018). 

 

Ganal et al. (2012) support the interaction between gut microbiota and NK cells; GF 

mice showed impaired NK cell response compared to the specific-pathogen-free. It is 

suggested that IFN-γ genes required an instructive signal from gut microbiota which 

was impaired in the GF mice. Consequently, the IFN-γ response in germ-free mice 

was impaired  compared to specific-pathogen-free, leading to reduced priming of 

cytotoxic lymphocytes. In addition, Aziz & Bonavida (2016) reported that 

administration of Bifidimona lactus as a probiotic for 3 weeks to healthy individuals 

increased both the number of NK cells and their activity. Moreover, a study showed 

that dysbiosis in patients with inflammatory bowel disease leads to the activation of 

the DNA damage response (DDR) that leads to the expression of NKG2D ligands on 
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the stressed cells, which activates NK cells to eliminate them (Espinoza & Minami, 

2018).  

1.6.2 Gut/Brain Axis   

The GI tract is characterized by its own set of neurons which interact with the CNS to 

maintain the GI functions, such system is called enteric nervous system (ENS). ENS 

is responsible of keeping the intestinal barrier intact, controlling the regulation of 

fluids exchange, controlling epithelial and the function of Paneth cells that secrete 

antimicrobial peptides to maintain the gut microbiota. Paneth cells also play an 

important role in controlling the intestine motility, and digestion (Braniste et al., 2014).  

1.6.2.1 Microbiota and Immune cells in the CNS  

Gut microbes were found to be associated with the immune cells in the gut as well as 

the immune cells in the CNS. Haghikia et al. (2015), proposed that gut microbiota 

components trigger the expansion or suppression of the proliferation of gut immune 

cells that eventually influence the immune cells in the CNS. In EAE model, SCFAs 

expanded Treg cells and ameliorate the disease whereas long-chain fatty acids promote 

the expansion of Th1 and Th17 cells worsening the disease (Figure 3A). 

The role of gut microbiota in supporting the maturation and function of immune cells 

is not restricted to immune cells in the periphery, but also to resident immune cells in 

the tissues such as in the CNS.  Microglia are the specialized CNS resident innate 

immune cells that maintain CNS health by responding to any local infection or tissue 

damage like the case of  MS (Thompson & Tsirka, 2017). Several studies demonstrated 

that gut microbes influence the maturation and the function of microglial cells. For 

instance, GF mice showed a change in the microglial cells morphology and a higher 
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number of immature microglial cells in the brain (Erny et al., 2015). Meng et al. (2015) 

suggested that SCFAs produced by certain microbes are important for the microglial 

cells maturation through their binding to GPR43 expressed on microglial cells (Figure 

3B) (Erny et al., 2015). Introducing SCFAs to GF mice postnatally compensated the 

maturation status of the microglia cells in the brain to a level similar to the normal 

mice (Erny et al., 2015). 

1.6.2.2 BBB 

The blood-brain barrier is known for its selective permeability and its function to 

maintain tight regulation of the movement of ions, molecules, immune cells, and 

infective agents between the brain and blood though restricting the access to 

substances with low molecular weight, and a high lipid soluble properties (Banks, 

2009). Gut microbes produce components with such characteristics as SCFAs that can 

pass through the membrane easily and interact with immune cells including microglia 

thus, they are believed to have a role in modulating the BBB permeability. According 

to Banks (2009) and Braniste et al. (2014), the BBB was disrupted in GF mice and the 

expression of tight junction proteins (Occludin and claudin-5) was reduced (Figure 

3C). Administration of SCFAs restores the permeability of the BBB to its normal status 

as well as the colonization with Clostridium tyrobutyricum that secretes butyrate, 

which has the capacity to cross the BBB. 
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Figure 3: Influence of the gut microbiota on different components in the CNS (et al., 

2019).  

 

1.6.3 Role of Microbiota in MS 

Gut commensals interact with the mucosal immune cells and maintain CNS 

physiology at the same time; thus, it is believed that they play a vital role in the 

initiation or progression and severity of MS. A possible scenario explaining the 

disruption of the BBB, peripheral autoreactive CD4+ T cells are activated and secrete 

proinflammatory cytokines in response to the changes in the gut microbiota, these 

cytokines contribute the disruption of BBB mediating the migration of the immune 

cells to the CNS to initiate the disease. Also, low graded endotoxemia was detected 

among MS patients due to the increased levels of the endotoxin lipopolysaccharide 

(LPS) released by killed bacteria, is thought to be the result of dysbiosis and 

subsequent change in the intestinal permeability (IP) and BBB. LPS and LPS protein 
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are known to exert proinflammatory actions on microglia and astrocytes and are 

therefore believed to be the main contributors to the BBB perturbation (Buscarinu et 

al., 2019).  Another theory suggests that stimulation by microbiota components or diet 

results in high levels of zonulin, a protein synthesized in intestinal and liver cells that 

reversibly regulates intestinal and BBB permeability through modulating the gut 

junctions. A recent study showed that exposure to Gram-negative bacteria regardless 

of their virulence increases the secretion of zonulin that was found high in MS patients 

during relapses. Zonulin levels returned to normal during remissions (Fasano, 2020; 

Jian et al., 2022).   

Further confirmation on the role of modulations of gut microbiota in the maturation of 

the immune responses and the pathogenesis of the disease is provided through studies 

on GF mice which were found to have a certain degree of resistance to develop EAE 

compared to normal mice (Berer et al., 2011). Same results were obtained with 

Stanisavljević (2018) between the two groups, but treating a third group of naïve mice 

with antibiotics before the induction cause the disease to develop normally 

(Stanisavljević et al., 2018).  In addition, transplantation of identified pathogenic 

bacteria from MS patients into GF mice resulted in exacerbation of induced EAE with 

detected expansion in Th1 and Th17 subsets and down regulation of  Treg cells 

(Boussamet et al., 2022; Schroeter et al., 2021). According to Wells et al. (2017),  gut 

commensals maintain IP intact through the production of short-chain fatty acids 

(SCFA) that maintain the tight junctions and the activation of TLR  on NK cells. In 

contrast, modifications of the gut microbiota contribute to the disruption of the gut 

barrier and to EAE. Findings of Nouri et al.  (2014), demonstrated overexpression of 

the tight junction protein zonulin in LP and IELs, a significant increase in the zonulin 

markers in the plasma of the blood, this was detected at score 1 and increased 
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significantly at score 2 compared to the control group where the levels remained stable. 

In addition, progression through the clinical scores of the disease was also found to be 

associated with the overall change in the morphology of the intestine, mainly the 

enlargement of the microvilli and epithelial cells (Nouri et al., 2014). Nevertheless, 

Johanson et al. (2020) investigated the microbial composition at different stages of the 

disease; pre-immunization, post-immunization, disease onset, and finally, at the peak 

of the disease, they found that the microbiota started to change few days post-

immunization.  

MS patients are inhabited by specific bacteria that are not abundant in healthy 

individuals and most of these patients suffer from gastrointestinal problems following 

their MS diagnosis (Ochoa-Repáraz, Magori1, et al., 2017). Gut microbiota induces 

either proinflammatory or anti-inflammatory response depending on the specie, 

whether it is pathogenic or not (Gödel et al., 2020). Most studies focused on the 

genomic sequencing of bacterial families from stool samples and abundancy or 

decrease in certain families were correlated to disease severity in MS and EAE.  Up 

till now a number of bacterial families were found to be strongly associated with MS, 

but the same was not confirmed for all of these microbial groups in animal models of 

the disease. In the present study, the following bacterial species were investigated. 

Lactobacillus reuteri: 

Lactobacillus reuteri  is a Gram-positive, rod-shaped  bacteria colonize the gut of most 

mammals.  In EAE, the family was found dominant in the gut of all mice before 

immunization, but it decreased post-immunization in diseased mice while remained 

almost the same in naïve group.   Lactobacillus ruteri is suggested to have an anti-

inflammatory role in autoimmune diseases and is currently utilized as a probiotic that 
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was found to be effective in minimizing the severity of MS (Chen et al., 2016); 

Freedman et al., 2018; Gandy et al., 2019; Johanson et al., 2020; Shahi et al., 2017). 

Prevotella Copri: 

Prevotella copri is a Gram-negative anaerobic bacterium, non-spore forming. It is the 

most common bacteria of the Prevotella genus that occupy the human gut, with 

estimates indicating ~ 40% prevalence among all Prevotella  species (Tett et al., 2019).  

P. copri is often linked with desirable health measures including improved glucose 

metabolism, and reduced visceral fat, yet conflicting reports also exist linking this 

specie to insulin resistance, hypertension, and persistent gut inflammation. In  MS, 

frequency of P. copri was reported to be reduced in RRMS patients, but increased in 

treated patients suggesting a negative correlation of this specie with the disease in 

human, but not much was reported in EAE (Freedman et al., 2018; Shahi et al,  2017). 

Bacteria from this genus proposed to have a role in the protection against the disease 

(Baecher-Allan et al., 2018). 

Akkermansia muciniphila: 

Akkermansia is a Gram-negative oval shaped mucin-degrading bacterium. This genus 

increased among MS patients. In mice, the species Akkermansia muciniphila is absent 

in normal SJL/J mice, while found in normal C57BL/6 mice. Another study showed 

that this species is found to be more associated with the chronic progressive form of 

EAE than RRMS (Baecher-Allan et al., 2018; Freedman et al., 2018; Gandy et al., 

2019; Shahi et al., 2017). Moreover, In vitro study revealed that A. muciniphila 

promotes the differentiation of Th1 cells.Clostridium perfringens  



23 

 

Clostridium perfringens is an anaerobic Gram-positive spore-forming bacillus that is 

associated with acute gastrointestinal infections. Clostridia families including 

Clostridiaceae, and Ruminococcaceae were abundant in mice following disease 

induction. However, contradictory results were found for Clostridium, as Cantarel et 

al. (2015) and Miyake et al. (2015) reported a reduction in the abundance of 

Clostridium in MS. The enrichment of this species in samples of MS patients was 

mainly attributed to their association with supporting the differentiation of the 

proinflammatory Th17 cells and the role of their produced toxins in compromising the 

BBB (Lee YK., et al., 2011; Johanson et al., 2020).  

Bacteroides fragilis: 

Bacteroides fragilis, is an obligate anaerobic Gram-negative bacillus and is part of the 

normal microbiota of the human colon. B. fragilis was detected in low levels in MS 

patients compared to control and its capsular polysaccharide is believed to have an 

immunomodulatory effect through inducing the secretion of the anti-inflammatory 

cytokine IL-10 from regulatory T cells (Gandy et al., 2019; Johanson et al., 2020). 

1.7 Paneth Cells  

The small intestine is divided into the duodenum, jejunum, and ileum; each is 

surrounded by lumen which contains cells having microvilli, and between the 

microvilli there are intestinal glands called crypts. Paneth cells are found at the bottom 

of the crypts of Lieberkühn in the small intestine mostly. These cells secrete mucus 

and antimicrobial peptides like Reg3 lectins (Reg3A in humans and its ortholog Reg3γ 

in mice), lysozyme, secretory phospholipase A2 isotype II (PLA2G2A), and α-

defensin peptides to prevent pathogen invasion. These peptides also maintain and 
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support healthy composition of gut flora through their contribution to the elimination 

of pathogenic bacteria via their interaction with surface peptidoglycan of Gram-

positive bacteria as an example. Therefore, it is not surprising that manipulation of the 

Paneth cells function or their secreted peptides can lead to dysbiosis (Chairatana & 

Nolan, 2017; Lueschow & McElroy, 2020; Salzman & Bevins, 2013). The cell count 

and activity of Paneth cells were found to be altered in response to stress as a result of 

infection. In the case of HIV patients, the counts of Paneth cells were reduced, and 

their functions were greatly compromised.  On the other hand, Paneth cells counts were 

increased in IBD patients (Kelly et al., 2004). It is therefore believed that providing 

probiotic supplementation can help in restoring the counts and functions of Paneth 

cells (Cazorla et al., 2018).   

1.8 Aims and Objectives   

It is well known that MS is associated with changes in the gut microbiota, but it is not 

defined yet whether MS changes the composition of the gut immune cells and 

microbiota or vice versa. Additionally, many studies were designed to understand the 

role of NK cells and other lymphocytes in the immunopathogenesis of the disease 

neglecting the correlation of these cells with the changes in the gut microbiota and how 

this interaction influences the severity of the disease. 

This study aims to correlate modifications in the level of selected bacterial strains as a 

result of EAE induction with disease progression and immune cells frequency in 

C57BL/6 mice.  This will be achieved by: 

1. Investigating levels of circulating and intestinal CD4+, CD8+ T cells, and NK 

cells utilizing the MOG induced model of EAE in C57BL/6 mice at 3 different 
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time points, prior to disease induction, at disease onset, and later at the peak of 

the disease. 

2. Investigating the levels of activation and inhibitory receptors expression on the 

surfaces of circulatory and intestinal NK cells at the different time points.  

3. Comparing the abundance of certain bacterial species at three time points 

between the control and diseased mice as well as within the diseased group. 

4. Comparing the counts of Paneth cells between control and diseased mice in 

relation to dysbiosis resulted from EAE induction.  
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Chapter 2: Methods 

 

2.1 Animals  

Female C57BL/6 mice, with an average weight⁓20 g at the age of 10-13 weeks were 

bred and maintained at the animal facility of the College of Medicine & Health 

Sciences, United Arab Emirates University. Ethical approval to conduct this study was 

obtained from the Animal Research Ethics Committee of UAE University 

(Ref. ERA_2021_7326).  All mice were housed in sterile polycarbonate cages with free 

access to food, and water ad libitum. Mice were kept in a room maintained at 22-24°C 

with ~60% relative humidity and 12 h light/dark cycles.  

2.2 Induction of EAE  

Mice were separated into two groups: control and diseased, 8 mice each. All mice were 

anesthetized with a mix of 87.5 mg/kg ketamine and 12.5 mg/kg xylazine (Ilium, 

Australia) given intraperitoneally (i.p). Then, control group received 200 µl of 

incomplete Freund's adjuvant alone (Sigma-Aldrech, USA) subcutaneously in the back 

while EAE was induced in the other group by administering 200 µl of recombinant 

MOG 33-55 peptide (200 µg) (AnaSpec, USA) emulsified in incomplete Freund’s 

adjuvant (IFA) supplemented with 3mg/ml of inactivated Mycobacterium 

Tuberculosis H37Ra (Becton- Dickinson Company, USA) given as subcutaneous 

injections at the back.  This was followed by an intraperitoneal injection of 100 µl 

pertussis toxin(500 ng) (Sigma-Aldrich, USA) on day 0 and 48 h post-immunization 

(Wang et al., 2016).  

Mice were monitored daily for weight and clinical score evaluation using the following 

scale; 0: No clinical sign, 1: Flaccid tail (Tail paralysis), 2: Hind limb weakness; 3: 
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severe hind limb weakness, 4: Complete hind limb paralysis; 5: Death. In the case of 

mouse death, score 5 was recorded and the mouse was excluded from the study. At 

advanced stages of the disease starting from score 2, food and water were made closely 

accessible to mice inside the cage (Hasselmann et al., 2017; Seno et al., 2015). 

2.3 Histological Analysis 

2.3.1 Processing of Spinal Cord Samples for Histological Analysis  

In order to confirm successful disease induction. Mice were anesthetized with 

ketamine xylazine (Ilium, Australia) followed by transcardial perfusion using 20 ml 

cold phosphate-buffered saline (PBS) followed by 50 ml of 10% formalin.  Spinal cord 

was flushed out with 10% formalin and placed in the same fixative overnight. After 

fixation, tissues were washed with PBS three times, 5 min each, then dehydrated in 

ascending grades of ethanol (50, 70, 80, 90, 95 100 and100%) for 1 hour each on the 

shaker.  Tissues were cleared by placing them in two changes of xylene for 15 min 

each. Later, tissues were wrapped in lens papers, placed in labeled embedding cassettes 

and incubated in 3 changes of paraffin at 60°C for 1 h each. Tissues were then 

embedded in paraffin blocks using the automatic sample preparation system 

HistoStar™ (Thermo Scientific, USA), placed on the cold plate for 30 min after which, 

they were allowed to chill overnight. Subsequent trimming and sectioning steps were 

performed using pfm Rotary 3004 M microtome from pfm medical, Germany to 

generate sections of 7 and 10 μm thicknesses.  

2.3.2 Hematoxylin and Eosin (H&E) Staining   

In order to assess levels of mononuclear cells infiltration into spinal cord sections, 

spinal cord paraffin sections of 7 μm were placed on a hot plate set at 60°C for 1 min 
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prior staining in order to melt the fat and enhance tissue's adherence to the slide. H & 

E staining kit (IHC World, USA) was used following the manufacturer’s protocol with 

slight modification. Slides were cleared in 2 changes of xylene for 10 min each at room 

temperature (RT), after which tissues were hydrated by placing them in descending 

gradient of ethanol; (2x) 100% for 5 min each, 95% for 2 min, and 70% for 2 min. 

Slides were later washed briefly with distilled water then stained with hematoxylin for 

45 sec followed by 3 quick dips in acid ethanol to remove excess staining. Slides were 

then placed under slow running tap water for 10 mins, rinsed in distilled water, dipped 

10 times in 95% ethanol and were later stained with eosin for 2 min. Finally, sections 

were dehydrated in 95% ethanol for 5 min, then in two changes of absolute ethanol for 

5 min each. This was followed by clearing sections in two changes of xylene for 5 min 

each. Slides were cover slipped with DPX and were left to dry overnight at RT.  

Sections were studied using light microscope to assess the level of mononuclear cell 

infiltration graded on a scale from 0 to 4 using the following semi-quantitative scoring  

0: No inflammation, 1: Cellular inflammation in perivascular area and meninges, 2: 

Mild: < 1/3 of white matter is invaded by inflammatory cells, 3: Moderate: > 1/3 of 

white matter is invaded by inflammatory cells, and 4: All white matter is invaded with 

inflammatory cells (Lukic et al., 2003). 

2.3.3 Luxol Fast Blue (LFB) Staining  

Spinal cord sections of 10 m were subject to LFB staining to assess the level of 

demyelination in spinal cord sections of diseased mice. Staining was performed using 

LFB staining kit (IHC World, USA) and following the manufacturer’s guidance with 

some modifications. Spinal cord sections were heated at 60°C on a hot plate for 1 min 

and were then, cleared by incubation in two changes of xylene at RT for 10 min each. 
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Sections were later hydrated through incubation in two changes of absolute ethanol for 

5 minutes each followed by 95% ethanol for 3 min.  Sections were then moved into a 

petri dish containing LFB solution and were placed in an oven at 60°C for 1 hour after 

which, they were left at RT for +12 hours. Excess LFB stain was rinsed off by dipping 

slides in 95% ethanol followed by rinsing in distilled water for 1 min. The 

differentiation step was carried out in the hood where slides were immersed in lithium 

carbonate solution for 20 sec, rinsed quickly in 70% ethanol for 30 sec then rinsed with 

distilled water. Differentiation is essential to ensure the removal of excess blue color 

which was checked under light microscope.  In situations where sections are densely 

stained with blue, differentiation step was repeated. Later, slides were placed in 

distilled water then counterstained in cresyl violet for 1–2 min then rinsed with 

distilled water. Sections were transferred into varying concentrations of ethanol 95%, 

100%, and 100% ethanol for 5 min each.  Slides were later placed in 2 changes of 

xylene for 5 min each, after which they were cover slipped with DPX and left overnight 

at RT to dry.  

Sections were analyzed under light microscopy and the assessment of demyelination 

was done by estimating the percentage of the demyelinated area by a histopathologist. 

Cresyl violet stained neurons violet and LFB solution-stained myelin with blue-green 

color, loss of stain in some areas is an indication of demyelination.  

2.4 Lectine Histochemistry (Intestine) 

Histochemistry staining with lectin was used to visualize Paneth cells located at the 

bottom of the crypts that is responsible for the control of gastrointestinal flora 

(Lueschow & McElroy, 2020). Mice from both groups were sacrificed at the end of 

the experiment (n=3 from each group). 
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2.4.1 Intestinal Tissue Processing    

Mice from control and diseased group were anesthetized with ketamine-xylazine then 

cardiac perfusion was performed with 20 ml cold PBS. Two segments were collected 

from the intestine: 2 cm from the pyloric end of the stomach (Called duodenum) and 

2 cm before the cecum (Ileum). Segments were placed on a Petri dish filled with 

paraffin and pinned with needles. Boiun’s fixative (composed of picric acid, 

formaldehyde, and acetic acid) was applied on the stretched tissue and was left for 10 

min before moving it to a tube containing the same fixative and was incubated 

overnight. After fixation, tissues were dehydrated in an ascending grades of ethanol 

(70,80, 90, 95 100 and100%) 1 hour each followed by clearing in xylene twice for 15 

min each. Tissues were moved into labeled embedding cassettes and incubated in 3 

changes of paraffin for 1 h each at 60°C. Tissues were later embedded in paraffin 

blocks using the automatic sample preparation system HistoStar™ (Thermo Scientific, 

USA) then, placed on the ice plate for 30 min and were left to dry overnight at RT. 

Paraffin tissue sections of 7 μm thicknesses were prepared and collected on a gelatin-

coated slides and were left to air dry.  

2.4.2 Lectin Staining  

Lectin staining was performed to specifically label and quantify Paneth cells in the 

control (n= 3) and diseased mice (n= 3). Proper adherence of the tissue sections was 

achieved by placing the slides on a hot plate at 60°C for 1 min and then deparaffinized 

in jars containing two changes of xylene for 5 min each.   This was followed by 

hydrating intestinal sections by incubation in two changes of 100% ethanol for 5 min 

each and later in 95%, 90%, 70%, 50% ethanol for 3 min each. Following hydration, 

PAP Pen (Abcam, USA) was used to encircle the tissues to ensure that the reagents do 
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not spill over the slide. Washing with PBS was followed by the application of PBS 

containing 1% cold bovine serum albumin (BSA) for 45 min. Ulex Europaeus 

agglutinin I (UEA I) conjugated to fluorescein isothiocyanate (FITC) (Thermo Fisher, 

USA) was later applied on the tissues at a dilution of 1:1000 in 1% cold BSA to label 

Paneth cells. The staining was performed in dark for 1 h followed by washing with 

PBS to remove excess lectin and tissues on slides were later mounted with 50% 

glycerol. Slides were kept at 4°C until visualization using the confocal microscope. 

Images at 40x were captured by confocal microscope. Both total count of Paneth cells 

and labeled intensity from both intestinal segments were averaged from each mouse 

per analyzed crypt. Three tissue sections per mouse were assessed and labeled Paneth 

cells in 10 longitudinally cut crypts were examined. Cells counts were estimated 

manually using the manual cells counting on ImageJ. For the estimation of lectin 

labeling intensity in each crypt, squares were drawn around one crypt of control mouse 

and then the integrated density (The sum of pixels within the selected area) was 

determined automatically using the analysis tools. Squares of the same size were 

dragged across all samples to measure intensity in the same area of the control. The 

values obtained represent the amount of lectin in the analyzed crypts. Values were 

transferred to Excel to compute the fold change. 

2.5 Flow Cytometry  

All fluorescence activated cell sorting (FACS) antibodies used were purchased from 

(BioLegend, USA), including: Anti-CD8+a (53-6.7, APCCy7-conjugated), anti-NK-

1.1 (PK136, FITC-conjugated), anti-CD314 (NKG2D) (CX5, APC-conjugated), anti-

CD159a (NKG2AB6) (16A11, PE-conjugated), anti-CD3 (17A2, Brillant Violet 421-

conjugated), anti-CD4+ (RM4-5, Brilliant Violet 785-conjugated), and anti-CD45+ 
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(30-F11, Brilliant Violet 605-conjugated. For FACS analysis, the BD FACS Celesta 

instrument (BD Biosciences, Germany) was used, and FlowJo software (FlowJo, LLC, 

USA) was used for data analysis.  

2.5.1 Isolation and Flow Cytometry Analysis of Circulating Lymphocytes 

2.5.1.1   Reagents  

Lysis buffer was prepared by combining 7.7 g NH4Cl, 0.1 g, KHCO3, 1L distilled 

water. Buffer was sterilized by passing it through 0.22 µM pores filter.  

FACS buffer composed of 100 ml PBS, 5 ml FBS, and 0.1 g sodium azide (NaN3). 

2.5.1.2 Procedure    

Blood samples were collected from control (n=10), diseased- score 1 (n=6), and 

diseased-peak (n=9) mice by cardiac puncture after anesthetizing mice with a mix of 

87.5 mg/kg ketamine and 12.5 mg/kg xylazine. 200-400 µl of blood was collected in 

an EDTA tube and later transferred to a 50 ml conical tube containing RBCs lysis 

buffer and incubated for 5 minutes (1 ml of RBCs lysis buffer is added to each 100 µl 

of blood). Lysis reaction was blocked by the addition of 20 ml of cold PBS followed 

by 8 min centrifugation at 4°C, 1400 rpm. Supernatant was then discarded and the 

RBCs lysis step was repeated for the samples where the RBCs were not completely 

lysed. Pellet was resuspended with 1 ml of PBS 5% FBS. Prior to staining, cell 

suspension was transferred to FACS tubes, centrifuged again for 5 min at 4°C, 1400 

rpm, and the supernatant was discarded then 50 µl of the antibodies cocktail (diluted 

in FACS buffer) was added to each tube and incubated for 25 min at 4°C away from 

light. Cells were then washed with PBS 5% FBS and centrifuged for 5 min at 4°C, 
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1400 rpm. The supernatant was discarded and 300 µl of FACS buffer was added to the 

cells. Tubes were kept on ice for analysis. 

2.5.2 Isolation and FACS Analysis for Lymphocytes in the IELs  

2.5.2.1 Reagents and Media  

Harvest media: 475 ml RPMI 1640, 25 ml heat-inactivated FBS, and 5 ml 100× HGPG 

(Stored at 4°C). 

10X HEPES-bicarbonate buffer: 23.8 g HEPES, 21 g NaHCO3, 1 L autoclaved H2O. 

Solution was filtered using a 0.45 µm filter, pH was adjusted periodically to 7.2 using 

HCl (stored at RT). 

100X HGPG: 59.6 g HEPES, 14.6 g L-glutamine, 1×106 U penicillin (2,000 U/ml 

final), 1 g streptomycin, 2.5 mg gentamicin, 500 ml RPMI 1640. Solution was filtered 

using a 0.45 µm filter, pH was adjusted to 7.5 using NaOH. Solution was aliquoted 

and stored at -20°C. 

Dithioerythritol (DTE) solution (40 ml/small intestine): 4 ml 10× Hanks balanced salt 

solution, Ca2+- and Mg2+ -free, 4 ml 10× HEPES-bicarbonate buffer, and 4 ml heat-

inactivated FBS, 6.16 mg dithioerythritol, and 28 ml autoclaved H2O. DTE was freshly 

prepared for each experiment. 

1X density gradient (DG) stock solution: 90 ml Percoll and 10 ml 10X PBS (stored at 

4°C). 

44% DG solution (8 ml/small intestine): 3.52 ml 1× DG stock solution, and 4.48 RPMI 

1640 (freshly prepared). 
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67% DG solution (5 ml/intestine): 3.35 ml 1× DG stock solution, and 1.65 RPMI 1640 

(freshly prepared). 

2.5.2.2 Procedure    

A modified protocol from the Journal of Visualized Experiments (JOVE) Qiu & 

Sheridan (2018) was used in this experiment to assess the level of CD4+, CD8+ T cells, 

and NK cells and the number of cells expressing of activating and inhibitory receptors 

from the intestine specifically IELs. Transcardial perfusion using 20 ml cold PBS was 

performed to wash out feces and circulating cells from the intestine. To extract the 

small intestine, the stomach, cecum, fat and MLNs were identified and removed. The 

small intestine was placed and rolled on a thick paper towel to remove blood and fat. 

Intestinal tissues were kept moist with cold harvest media. Peyer’s patches were 

removed with a curved scissor, while stool and mucus were expelled twice by sliding 

forceps from the duodenum towards the ileum. A small-sized scissor was used to cut 

through the small intestine, then into 2 cm pieces. Intestinal pieces were placed in a 50 

ml conical tube containing 20 ml cold harvest media and stored on ice for further 

processing. 

Intestinal pieces were washed with 25 ml of cold harvest media by inverting the tube 

slowly ten times and later, supernatant was discarded. This step was repeated three 

times (The intestinal pieces should settle in the bottom of the tube each time to ensure 

the removal of fat and MLNs). Washing steps were followed by the addition of 20 ml 

of freshly prepared prewarmed Dithioerythritol (DTE) solution to the intestinal pieces 

which were later transferred to a 150 ml glass Erlenmeyer flask.  The Erlenmeyer flask 

containing the intestinal pieces was placed on a stirrer for 20 min at 37°C, 220 rpm. 

Following incubation, intestinal pieces in DTE were transferred to a new 50 ml conical 
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tube, vortexed at high speed for 10 sec then supernatant was poured into a new 50 ml 

conical tube through a 70 µm cell strainer with ensuring that tissue pieces remain in 

the original tube. The supernatant, containing the IELs, was centrifuged at 1400 rpm 

at 4°C, for 8 min. Supernatant was removed and pellet was resuspended with 10 ml 

cold harvest media and stored on ice for later processing. The same previous steps for 

isolation of IELs were repeated to ensure isolation of as many IELs as possible from 

remaining intestinal pieces by adding 20 ml DTE solution and incubation on a stirrer 

at 37°C, 220 rpm for another 20 min. Same subsequent steps were repeated.  Flask 

compartments were transferred to a new 50 ml conical tube, vortexed, and strained 

into the tube containing the supernatant from the previous incubation. Tubes were then 

centrifuged at 4°C, 1400 rpm for 8 min and the pellet was resuspended with 8 ml of 

freshly prepared 44% DG solution at RT. 5 ml of freshly prepared 67% DG solution 

at RT was added to a 17 mm ø x 100 mm 14 ml polypropylene round-bottom tube, 

then was gently overlaid with the 8 ml 44% DG solution/cell suspension using a pipette 

gun. Tubes were centrifuged at RT, 2000 rpm for 20 min without break (acceleration 

=1 | deceleration= 1). After centrifugation, the top part containing dead cells and 

epithelial cells was removed by a Pasteur pipette and the cells of interest in the 

interface were harvested and placed in a 50 ml conical tube containing 40 ml cold 

harvest media. Cells were pelleted by centrifugation at 4°C, 1400 rpm for 8 min and 

later were resuspended with 1 ml cold harvest media. Prior to staining, cell suspension 

was transferred to FACS tubes, centrifuged again for 5 min at 4°C, 1400 rpm, and the 

supernatant was discarded and replaced with 50 µl of antibodies cocktail (diluted in 

FACS buffer) added to each tube and incubated for 25 min at 4°C protected from light. 

Cells were then washed with cold PBS 5% FBS and centrifuged for 5 min at 4°C, 1400 
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rpm after which supernatant was discarded, and pellet was resuspended in 300 µl of 

FACS buffer, and tubes were kept on ice for analysis.  

2.6 Detection and Quantification of Selected Gut Microbes 

2.6.1 Sample Collection   

Feces were collected from control (n=5), diseased-score 1 (n=6) mice, and diseased-

score 2-3 (n=6) mice twice at each time point; at the baseline, disease onset, and the 

peak (Score 2-3) and at relative time points in the control group. One mouse died from 

the control group before the sample collection at the third time point which was 

excluded from the study. From control mice (n=5), stool samples were collected at the 

baseline, onset, and peak. Only samples at the baseline and onset were collected for 

the mice sacrificed at the onset of the disease (n=6). As for diseased-peak mice (n=6), 

samples were examined at the baseline and peak only. The collection of the samples 

was performed by holding up the mice and placing a sterile Eppendorf tube (1.5 ml) 

at the anal canal where they smoothly defecate. The samples were immediately stored 

at -80ºC until processing.  

2.6.2 DNA Extraction  

Total DNA was purified from the stool using QIAamp Fast DNA Stool Mini Kit 

(Qiagen, Germany) following the manufacturer’s protocol and was modified to reach 

the maximum DNA concentration.  Collected stool sample (<100 mg) was weighed 

and 400 µl from of inhibiEX buffer was added per 100 mg of stool. Samples were 

mixed with the buffer using a sterile stick and then vortexed until homogenized. After 

that, samples were incubated at 95°C, 400 rpm for 15 min then vortexed at maximum 

speed for 15 sec and centrifuged at RT, 14,000 rpm for 2 min. During that time, 15 µl 
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of proteinase K was added to labeled Eppendorf tubes, supernatant from the 

centrifugation were then added to the tubes containing proteinase K followed by 200 

µl of buffer AL and vortexed again for 15 sec at the maximum setting. Samples were 

later incubated at 70°C for 10 min after which, 200 µl of absolute ethanol was added 

to the mix and vortexed. After adding the ethanol, the whole sample was added to the 

labeled QlAamp spin columns, and were centrifuged for 1 min at RT, 14,000 rpm. 

QlAamp columns were placed in a new 2 ml tube and the filtrate was discarded. Buffer 

AW1 (500 µl) was added to the column then columns were centrifuged at the 

maximum speed for 1 min, at RT. Following centrifugation, tube containing filtrate 

was discarded and the QlAamp was placed in a new 2 ml tube with 500 µl of buffer 

AW2 added followed by centrifugation for 6 min, RT, 14,000 rpm. In preparation for 

the binding step, QIAamp columns were transferred into a new labeled 1.5 ml 

Eppendorf tube, then 40 µl of the buffer ATE (Elution buffer) was pipetted directly on 

the filter and incubated at RT for 2 min.  DNA samples were eluted by centrifuging 

columns for 2 min at RT, 14,000 rpm. The elution step was repeated twice for each 

sample to obtain the maximum amount of DNA from each sample.  
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2.6.3 Real-Time PCR  

RT-PCR was performed for the detection and quantification of the following selected 

gut microbes:  Lactobacillus reuteri, Prevotella copri, Bacteroides fragilis, 

Clostridium perfringens, and Akkermansia muciniphila, at 3 different time points 

through the course of disease in both mice groups. All primers were purchased from 

(Gene link/ e-oligos, USA) and their sequences are listed in Table 1. All primers 

specificity was confirmed by conventional PCR. 

 

                            Table 1: The sequences of primers for RT-PCR 

 

Real-Time -PCR was carried using 5X HOT FIREPol® EvaGreen® qPCR Supermix 

(Solis BioDyne, Estonia). Briefly, 4 µl of 5x hot FIREPol EvaGreen qPCR supermix 

was added to a labeled Eppendorf tube containing 13.2 µl of RNase/ DNase free water 

and 0.4 µl of forward and reverse primers with a concentration of 10 µM. Then, 18 µl 

of each mix was added to each well of 96-well PCR plate (Applied Biosystems, USA) 

followed by 2 µl of the desired DNA. All samples were tested in duplicate.  

Target Sequence  Reference 

16SRNA 

(Housekeeping 

gene) 

F: TCCTACGGGAGGCAGCAGT (Hopkins et al., 

2005) R: GGACTACCAGGGTATCTAATCCTGTT 

Lactobacillus 

reuteri  

F: GAGAGCCTGCTATATGCCAGC (Egervärn et al., 

2009) R: GGGCGTATCCACAATGTTAAC 

Prevotella copri  F: CCGGACTCCTGCCCCTGCAA (Verbrugghe et al., 

2021) R: GTTGCGCCAGGCACTGCGAT 

Bacteroides 

fragilis  

F: CACTTGACTGTTGTAGATAAAGC (Papaparaskevas et 

al., 2013) R: CATCTTCATTGCAGCATTATCC 

Clostridium 

perfringens  

F: GGGGGTTTCAACACCTCC (Nagpal et al., 2015) 

R: GCAAGGGATGTCAAGTGT 

Akkermansia 

muciniphila 

F: CAGCACGTGAAGGTGGGGAC (Earley et al., 2019) 

R: CCTTGCGGTTGGCTTCAGAT 
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The reactions were run using 7500 Real Time PCR system (Thermo Fisher Scientific, 

USA) with the following cycling steps:  

• Initial activation, 95°C for 12 min 

• Denaturation at 95°C for 15 sec  

• Annealing at 60°C for 30 sec   X 40 cycles  

• Elongation at 72°C for 30 sec 

Melts curves shown in Figure 4 were used to assess whether the amplifications were 

true or non-specific by comparing the melting temperature of each positive sample to 

its negative control. Almost same melting temperatures indicate non-specific 

amplification. The data was analyzed using 7300 Real-Time PCR System Software 

v1.4.1 (Applied Biosystems, USA), then exported to Microsoft Excel for further 

analysis. Samples with a difference of <1 cycle between the duplicates were repeated. 

The housekeeping gene was the bacterial 16S rRNA gene that was used for 

normalization to obtain ∆Ct value. This value was used to calculate the ∆∆Ct (∆Ct of 

the sample- avg ∆Ct of the control or baseline). Fold change was then obtained by the 

following equation = 2^-∆∆Ct. Statistical analysis was performed using GraphPad prism.  
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Figure 4: Melt curve illustrating negative control and positive samples for the 

determination of the true amplifications.  

 

2.7 Statistical Analysis   

All statistical analyses were performed on GraphPad prism using Mann-Whitney U 

test for the comparisons between independent variables. Two-tailed Spearman’s test 

was used for correlation analysis which was performed on SPSS (Version 26, IBM 

SPSS® Statistics, USA). The total count of Paneth cells and raw integrated density 

were measured on ImageJ software.   A p value less than 0.05 was used to define 

statistical significance. 

https://statistics.laerd.com/spss-tutorials/mann-whitney-u-test-using-spss-statistics.php
https://statistics.laerd.com/spss-tutorials/mann-whitney-u-test-using-spss-statistics.php
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Chapter 3: Results 

3.1 Successful Induction of EAE in C57BL/6 Female Mice 

EAE was induced in female C57BL/6 mice as previously described and a group 

injected with IFA served as a control. Mice were evaluated daily for their weight and 

clinical scores for approximately 20 days  starting from the second shot of PTX. 

Average starting weight of all mice was ⁓20 g. Changes in body weight were reported 

daily and calculated as percentages, compared to the starting weight (Figure 5A). The 

control group showed normal and steady increase in their body weight compared to 

diseased mice where significant weight loss was reported starting within the first 7 

days following disease induction. The weight loss continued until the end of the study 

(P<0.0001). The average weight loss of the immunized mice at the onset (Score 1) was 

roughly 6% of the total body weight and 18% when they reached the peak (Score 3) 

of the disease.  

Most diseased mice in both experiments showed their first symptom, the weakness of 

the tail, on day 11, and 2-3 days later, they reached score 3, partially paralyzed (Figure 

5B) (P=0.0058).  In fact, 3 mice showed tail paralysis on day 11, 2 mice on day 12, 

and 4 mice on day 16. Mice normally shows different responses to the induction due 

to their genetic predisposition, approximately 20% of the mice were resistant to the 

disease and others did not reach the peak; these were excluded from the study. Mice 

in the control group remained asymptomatic (score 0) throughout the 20 days by which 

all the group was sacrificed. 
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Figure 5: Change of body weight and scores during the course of EAE. Control mice 

(n=10) received incomplete Freund’s adjuvant and diseased mice (n=9) were 

immunized with MOG35-55 and 2 shots of PTX. (A): The relative weight change for 

control and diseased mice along 20 days. (B): The mean clinical score of control and 

diseased mice along 20 days. Results are combined from two independent experiments 

and expressed as mean ± SD. Mann–Whitney U test was performed to determine P 

values (** P≤0.01, **** P≤0.0001).  

  

 

A 

B 
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3.2 Histological Assessment of Infiltration Level of Mononuclear Cells and 

Demyelination in the Spinal Cords of Control and Diseased C57BL/6 Mice 

 

Level of mononuclear cellular infiltration into spinal cords was assessed through H&E 

staining of spinal cord sections in both control and diseased mice. Spinal cord 

specimens from control (n=3) and diseased mice (n=4) were processed and stained 

with H&E at the end of the experiment.  More than 3 sections from each mouse were 

examined for cellular infiltration.  Semi-quantitative assessment of H&E stained spinal 

cord sections of diseased mice showed very intense infiltration of mononuclear cells 

with perivascular cuffing (Score 4) compared to the control group showing no 

infiltration (P=0.003) (Figure 6A, B, & C). The highest given cell infiltration score 

was 4 for a mouse that was reported as clinically score 3 (Figure 6D, E, & C).  

As for demyelination, the average percentage of areas of demyelination in the white 

matter of examined sections using LFB staining (Figure 6F, G) showed 38% estimated 

area of demyelination in stained sections of the diseased group (Figure 6I, J, & H) 

compared to 10% in the control (P=0.04) (Figure 6H). The highest percentage was 90-

100% demyelination for a score 3 mouse and the lowest demyelination was observed 

in score 1 mouse with 20-25% demyelination in the diseased group.  

 

 



44 

 

 

Figure 6: Level of mononuclear cells infiltration and demyelination among control 

(n=3) and EAE immunized mice (n=4) assessed by H&E and LFB staining. (A, B):  

H&E stained spinal cord sections from control mice. (D, E): H&E stained spinal cord 

sections from diseased mice showing the infiltration of the mononuclear cells. (C): A 

semi-quantification of the histological score between the control and diseased mice. 

(F, G): LFB stained spinal cord sections from control mice. (I, J):  LFB stained spinal 

cord sections from diseased mice showing the demyelinated areas. H: Assessment of 

the demyelination by estimating the percentages of the demyelinated area in control 

and diseased mice. Results are presented by mean ± SD. Mann–Whitney U test was 

performed to determine P values (* P≤0.05, ** P≤0.01). A, D, F, I Bar=200 μm/ 10x 

magnification  | B, E, G, J Bar=100 μm/ 40x magnification. 
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3.3 Flowcytometry Analysis for CD4+, CD8+ T Cells and NK Cells in the 

Circulation and Intestines  

The gating strategy described in Figure 7 was used for all groups to determine the 

frequency of CD4+, CD8+, and NK cells out of the total lymphocytes. In addition, 

median florescence intensity (MFI) was calculated to assess the level of cells 

expressing inhibitory (NKG2A) and activating (NKG2D) receptors from the total 

gated NK cells in the circulation and intestines. Blood and intestine samples were 

collected and processed as previously described. Samples from control mice were 

processed for FACS analysis at the end point (day 20), from diseased mice at the onset 

when they show tail paralysis (At score 1, reached around day 11) and from diseased 

mice that reached the peak of disease (At score 3, around day 20) characterized by 

their partial paralysis and loss of control of one of their hind limbs. Mice were 

sacrificed 24 hours after observing their symptoms to ensure the accuracy of the 

reported clinical score. 
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Figure 7: Flow cytometry gating strategy for lymphocyte populations. Single-cell 

suspension was prepared from blood and intraepithelial lymphocytes (IEL), 

compartments were stained with the following fluorescent-labeled antibodies: CD45 

for the identification of lymphocytes, total CD4 T cells, CD8 for cytotoxic T cells, and 

NK 1.1 and CD3 for Natural Killer cells. Gate 1 showed forward scatter (FSC-A) and 

side scatter (SSC-A) properties. Gate 2 identified single cells from the total 

lymphocytes. Gate 3 identified hematopoietic cells. Gate 4 showed CD4+ T cells. Gate 

5 showed CD8+ T cells. Gate 6 presented NK cells.   

3.3.1 Assessment of the Frequencies of CD4+ and CD8+ T Cells in the Circulation 

and Intestinal Samples at Baseline, Onset and Peak of Disease  

CD4+ T cells are the main contributors to the neuroinflammation and the production 

of proinflammatory cytokines. In the blood, level of CD4+ T cells was estimated as 

16.6% of total lymphocytes in the control group and a similar frequency was reported 

for CD8+ T cells reaching 14.3%. At the disease onset, frequency of CD4+ T did not 

change significantly compared to its increase at the peak of the disease reaching 37.7% 

of the total lymphocytes compared to control group (P>0.0001). The change in CD4+ 

T cells frequency between onset and peak was also significant (P=0.0007). In 
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comparison, no change was detected at the three time points for CD8+ T cells 

frequencies (P>0.05) (Figure 8).  

Frequencies of CD4+ and CD8+ T cells were assessed by FACS in harvested IELs. 

CD8+ T cells were found to make the majority (70%) of total lymphocytes in the 

control mice and only 5-10% were CD4+ T cells. Variations in the frequencies of CD8+ 

and CD4+ T cells were similar to the reported results of circulating lymphocytes. CD8+ 

T cells frequency remained unchanged in the 3 time points (P>0.05). While the slight 

increase of CD4+ T cells at the onset and peak were not statistically significant 

(P>0.05) (Figure 9).  

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Average frequencies of CD4+ and CD8+ T cells in the circulation of control 

(n=10), diseased-onset (n=6), and diseased-peak (n=9) mice. Results are combined 

from two independent experiments and expressed as mean ± SD. Mann–Whitney U 

test was performed to determine P values (*** P≤0.001, **** P≤0.0001, ns P>0.05). 

 

   Blood Cells Frequency

CD4 CD8

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

Control (IFA) Diseased (Onset ) Diseased (Peak )

C
e
ll

s 
F

r
e
q

u
e
n

c
ie

s 
(%

)

ns ✱✱✱

✱✱✱✱

ns ns

ns



48 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Average frequencies of CD4+ and CD8+ T cells in control (n=10), diseased-

onset (n=6), and diseased-peak (n=9) mice IELs. Results are combined from two 

independent experiments and expressed as mean ± SD. Mann–Whitney U test was 

performed to determine P values (ns P>0.05). 

 

3.3.2 Frequencies of Circulating and Intestinal NK Cells  

Figure 10A, demonstrated a significant increase in the frequency of circulating NK 

cells at the disease onset (P=0.002), but later decrease at the peak of disease 

(P=0.0360).  This change was significant compared to the frequency at the onset 

(P=0.0360), but not when compared to the control mice. The mean frequency of NK 

cells in the blood was 3.2% for control mice, 11.2% for the diseased mice at score 1, 
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Frequency of NK cells in the gut did not change between the control group (1.9%) and 

the disease onset (2.04%). Percentage of NK cells significantly increased at the peak 

of the disease to 5.24% compared to both disease onset and control (P=0.0176 and 

0.0010, respectively) (Figure 10B).  

   

 

Figure 10: Average frequency of circulating and gut NK cells in control (n=10), 

diseased-onset (n=6), and diseased-peak (n=9) mice. (A): Frequency of circulating NK 

cells. (B): Frequency of gut NK cells. Results are combined from two independent 

experiments and expressed as mean ± SD. Mann–Whitney U test was performed to 

determine P values (* P≤0.05, *** P≤0.001, ns P>0.05). 

3.3.2.1 Assessment of the Activity Level of NK Cells through Detecting Expression 

of Activating (NKG2D) and Inhibitory (NKG2A) Receptors on 

Circulating and Gut NK Cells  

 

MFI of NKG2D was significantly downregulated almost to the half (100.7 AU) 

(P=0.0225) at the onset compared to the control, followed by a non-significant increase 
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at the peak to 804.1 AU (P>0.05). Changes in the expression of NKG2A were not 

statistically significant though (P>0.05) (Figure 11).  

 In the intestine (Figure 12), the control mice showed high MFI of NKG2D (117.7 AU) 

that was significantly downregulated at the onset to 45.5 AU (P=0.0017) and 

upregulated when mice reached peak of the disease (P=0.0007) and this increase was 

statistically significant in comparison to the onset but not to the control group. As for 

NKG2A, similar to its expression on circulating NK cells, no statistically significant 

change was reported between the groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Average MFI of NKG2D and NKG2A on circulating NK cells in control 

(n=10), diseased-onset (n=6), and diseased-peak (n=9) mice. Results described are 

combined from two independent experiments and expressed as mean ± SD. Mann–

Whitney U test was performed to determine P values (* P≤0.05, ns P>0.05). 
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Figure 12: Average MFI of NKG2D and NKG2A on intestinal (IELs) NK cells in control 

(n=10), diseased-onset (n=6), and diseased-peak (n=9) mice. Described results are 

combined from two independent experiments and expressed as mean ± SD. Mann–

Whitney U test was performed to determine P values (** P≤0.01, *** P≤0.001, ns P>0.05). 

3.4 Correlation of Gut CD4+, CD8+ T Cells, and NK Cells  

Spearman’s r was computed to highlight the correlation between the immune cells in 

the intestine. There was a significant negative correlation between the frequencies of 

CD4+ and CD8+ T cells (r=-0.485 P=0.035). Additionally, the association between 

CD4+ T cells and NK cells is positively correlated with a r value equal to 0.435.  While 

the correlation between CD8+ T cells and NK cells is weakly negative (r=-0.248) 

(Table 2). These data indicate that increase in the percentage of CD4+ in the gut is 

correlated with the increase in the percentage of NK cells and decrease of CD8+ T 

cells. 
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Table 2: Association between the immune cells isolated from the gut (IELs) 

 

3.5 Microbiota Changes during EAE when Normalized to the Control Group  

Analysis of the changes in the tested bacterial species was performed on the collected 

stool samples from control, diseased-onset, and diseased-peak groups. qPCR was 

applied to examine the fold change of the following bacteria: Akkermansia 

muciniphila, Bacteroides fragilis, Lactobacillus reuteri, Prevotella copri, and 

Clostridium perfringens. A. muciniphila and B. fragilis were below the detection limit 

in all mice at all time points. L. reuteri and P. copri were found in all mice at all stages 

of EAE whereas C. perfiengens was found only in 2 mice among the diseased-peak 

group.  

Figure 13 (A & B) describes the difference in L. reuteri and P. copri between the 

control and diseased groups. There was a variation in the results yet, the mean fold 

change of L. reuteri was reduced, but not significant between the diseased-onset 

compared to the control group. While it was significantly reduced to 0.3 in the 

diseased-peak group compared to the control (2.1) (P=0.0192), but not to the disease 

onset (0.6) (Figure 13A). As for P. copri, their abundance was reduced insignificantly 

in the diseased-onset mice and reduced more in the diseased-peak group where the fold 

 iCD4+ iCD8+ iNK 

Spearman's 

rho 

iCD4+ r  -0.485* 0.435 

P-value   0.035 0.063 

iCD8+ r -0.485*  -0.248 

P-value  0.035  0.305 

iNK r 0.435 -0.248  

P-value  0.063 0.305  

*. Correlation is significant at the 0.01 level (2-tailed). 
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change was below 1 for most of the mice; this reduction is significant in comparison 

to the control group (P=0.0087), but nearly significant compared to the onset 

(P=0.0519) (Figure 13B).  

 

 

 

 

 

 

 

Figure 13: Mean Fold change of L. reuteri and P. copri, in control (n=5), diseased-

onset (n=6), and diseased-peak (n=6). (A): Mean fold change of L. reuteri among the 

three groups. (B): Mean fold change of P. copri between the three groups. All results 

are expressed as mean ± SD. Mann–Whitney U test was performed to determine P 

values (*P≤0.05, **P≤0.01, ns P>0.05). 

 

3.6 Microbiota Changes during EAE when Normalized to the Baseline   

Same samples were analyzed and normalized to the baseline of each mouse to obtain 

the change of the species in the same mouse throughout the whole experiment.  

3.6.1 Lactobacillus reuteri 

No significant change was found in the abundance of L. reuteri among the control 

group at the three time points. (Figure 14A). Figure 14C shows that the overall fold 

change of L. reuteri did not significantly changed; four mice retain the fold change at 

the onset while two of them showed increase causing overall increase in the abundance 

of this species. In comparison to mice at the peak of disease (Figure 14E), the average 

A B 
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fold change at the peak was 0.4 which was significant compared to the baseline 

(P=0.0476), although one mouse of that group showed an increase in the fold change 

at that time point.  

3.6.2 Prevotella copri 

Similar to L. reuteri, the abundance of P. copri in the control group did not change 

among the three time points (Figure 14B). Figure 14D illustrates the variation in the 

mean fold change at the onset compared to the baseline making the difference non-

significant. These results are opposing the results of the mice that reached score 3 

(Figure 14F), as the fold change of all mice was below 1 except for one mouse that 

showed fold increase to 6 at the peak of the disease. Despite that the SD of the fold 

change was high at the peak, the change was statistically significant (P=0.0476). 

3.6.3 Clostridium perfringens 

Mice receiving adjuvant showed negative results to C. perfringens and only 2 mice out 

of 6 that reached score 3 showed positive results to this specie. Data presented in 

Figure 14G showed that the average fold change increased insignificantly. Indeed, one 

mouse showed an increase of this bacteria while the other one showed contradictory  

results.  
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Figure 14: Average fold change of L. reuteri, P. copri, and C. perfringens in control (n=5), 

diseased-onset (n=6), and diseased- peak (n=6) groups. (A & B): Mean fold change of 

both L. reuteri and P. copri in control group at 3 time points. (C & D): Average fold change 

of L. reuteri and P. copri in the diseased-onset group at baseline and onset only. (E, F, & 

G): Mean fold change of the species L. reuteri, P. copri, and C. perfringens in the diseased-

peak group at baseline and peak. All results are expressed as mean ± SD. Mann–Whitney 

U test was performed to determine P values (* P≤0.05, ns P>0.05). Each colored dot 

represents fold changes in one mouse throughout the study. 
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3.7 Correlation between the Detected Species  

Table 3 shows Spearman’s r correlation computed to spot the light on the relationship 

between the detected species in our animal model. There was a strong, significant, 

positive correlation between L. reuteri and P. copri, with a correlation coefficient 

equals to 0.77 and P>0.001. Also, spearman’s correlation showed that C. perfringens 

has a moderate negative association with P. copri (r=-0.40) and a strong negative 

correlation, but not significant with L. reuteri (r=-0.800) indicating that the sample 

size perhaps not sufficient. Overall, this data represents that whenever the abundancy 

of L. reuteri increases P. copri increases as well, whereas C. perfringens decreases and 

vice versa.   

Table 3: The association between gut microbes  

 L. reuteri P. copri C. perfringens 

Spearman's 

rho 

L. reuteri r  0.770** -0.800 

P-value     <0.001 0.200 

P. copri r 0.770**  -0.400 

P-value  <0.001  0.600 

C. perfringens r -0.800 -0.400  

P-value  0.200 0.600    

**. Correlation is significant at the 0.01 level (2-tailed). 

 

3.8 Correlation of the Immune Cells with each Bacterial Species  

Table 4 illustrates Spearman’s r correlation between the intestinal immune cells and 

the selected bacterial species. Even so, all P values were not significant, Spearman’s 

correlation highlights the association between the variables. There was a weak 

negative association between L. reuteri and both intestinal CD4+ T cells and NK cells 

(r=0.245 r=-0.218, respectively). Means that the abundance of L. reuteri is correlated 
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with the expansion of both intestinal CD4+ T cells and NK cells. Same results were 

obtained for the correlation of P. copri with CD4+ T cells and NK cells; both are 

negatively correlated with P.copri (r=-0.406 r=-0.14, respectively). 

Opposite results were obtained between C. perfringens and intestinal CD4+ T cells and 

NK cells. A strong positive correlation was found between C. perfringens and CD4+ 

T cells (r=0.80) and a weak positive correlation with NK cells (r=0.20). So, the 

abundancy of C. perfringens in the gut is associated with the overall levels of both 

intestinal CD4+ T and NK cells. CD8+ T cells showed relatively no correlation with 

any of the detected bacteria.  

 

Table 4: The association between gut immune cells and the gut microbes  

 

 

3.9 Paneth Cells  

Paneth cells are known for their role in maintaining gut homeostasis. They were 

studied to investigate whether they are associated with dysbiosis and its correlation 

with EAE. Paneth cells in the proximal (Duodenum) and distal (Ileum) regions of the 

small intestine were counted in both control and EAE mice. Also, the raw integrated 

density (Fluorescence intensity) presented by fold change was obtained using ImageJ 

software.  

 iCD4+ iCD8+ iNK 

Spearman's 

rho 

L. reuteri r -0.245 0.192 -0.218 

P-value  0.284 0.405 0.342 

P. copri r -0.406 0.127 -0.14 

P-value  0.067 0.584 0.953 

C. perfringens r 0.800 0 0.200 

P-value  0.200 1 0.800 
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Figure 15 demonstrates Paneth cells in the duodenum and ileum stained with H&E and 

UEA I lectin. Labeled Paneth cells are located at the bottom of the crypts. It seems that 

Paneth cells are more prominent in the diseased tissue than in the control. 

Quantification as shown in Figure 16 shows that Paneth cell counts in the duodenum 

are higher in the diseased mice than in the control (P>0.0001). In the ileum, Paneth 

cells also increased significantly in the diseased mice (P=0.0108). Further, the 

intensity of the fluorescence label reflects the amount of cytoplasmic fucose that binds 

to the lectin. The labeling intensity was also found to be significantly higher in the 

duodenum and ileum of the diseased mice (P>0.0001) (Figure 17). In addition, 

correlation analysis was computed to prove that the association between the intensity 

and the cell count is directly proportional. Although the correlation coefficient factor 

was 0.241 for ileum and 0.338 for duodenum, it was statistically significant (P≤0.05). 

Meaning that both Paneth cells and its component increase or decrease together.  
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Figure 15: Paneth cells located in the duodenum and ileum of control (n=3) and 

diseased (n=3) mice stained with lectin (UEA I) (Right) and H & E staining (Left). 

Bar= 200 μm/ 40x magnification.  
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Figure 16: Number of Paneth cells per crypt located in the duodenum and ileum of 

control and diseased mice (n=3). Results described are from one experiment and 

expressed as mean ± SD. Mann–Whitney U test was performed to determine P values. 

(* P≤0.05, ****P≤0.0001). 

 

 

 

 

 

 

 

 

 

 

Figure 17: Mean fold change of UEA-I labeling intensity of Paneth cells in duodenum 

and ileum of control and diseased mice (n=3). Results described are from one 

experiment and expressed as mean ± SD. Mann–Whitney U test was performed to 

determine P values (****P≤0.0001). 

Ileum 
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Chapter 4: Discussion 

 

MS is a highly prevalent autoimmune disease targeting the CNS causing various 

neurological symptoms leading to a complete paralysis at a certain stage. This disease 

remains neither curable nor easily detectable at early stages due to the complex factors 

that may be involved in its initiation and pathogenicity. The prevalence of MS among 

different regions was investigated, and UAE was classified as a medium-risk country 

by Kurtzke in 1975; since then, the prevalence of the disease elevated in the region 

and recorded the highest prevalence among all Asian countries (Etemadifar et al., 

2020; Forouhari et al., 2021). Even though the disease etiology is yet to be identified, 

effective role of activated autoreactive CD4+ and CD8+ T cells has been well 

established compared to NK cells whose role is still controversial (Dendrou et al., 

2015). Since that the main trigger of MS is unknown, many theories were established 

in the association between MS and environmental or genetic factors. Gut microbiota 

is strongly believed to be associated with MS where rapid change of the gut microbiota 

composition was observed in MS patients and same observation was reported in the 

animal models of the disease (EAE) (Ochoa-Repáraz et al., 2017). Yet, not much work 

was done to study the interaction between dysbiosis and gut immune cells affecting 

the outcome of the disease. In the current study, our aim was to investigate and 

correlate disease severity, percentage of lymphocytes isolated from the small intestine, 

and changes in the level of selected bacterial species that were previously reported in 

studies in MS. 

Successful disease induction in female C57BL/6 mice was confirmed by noticeable 

weight loss over the study period (20 days) indicating systemic disease. Weight loss 

was associated with increase in the clinical score as mice progressed through the 
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disease as reported in other studies (Burrows et al., 2019; Horstmann et al., 2013; 

Johanson et al., 2020). Histological analysis confirmed the infiltration of mononuclear 

cells to the CNS of diseased mice and their aggregation in the white matter at the peak 

of the disease. Increased level of infiltrating cells was also mirrored by advanced level 

of demyelination in the white matter estimated with a maximum percentage of 90-

100% (Al-Shamsi et al., 2015; Maeda et al., 2019). Furthermore, assessment of 

frequencies of lymphocytes in the circulation at the different time points showed that 

CD4+ T cells contributing to the disease pathogenesis was found elevated as the disease 

progress. Our results are in line with (Saligrama et al., 2019) who found high levels of 

CD4+ T cells in the blood of immunized mice  (Kuchroo et al., 2002; Sonar & Lal, 

2017). Our results did not reveal any changes in CD8+ T cells frequencies during the 

course of the disease which may be in line with other studies suggesting that CD8+ T 

cells is associated with the pathogenesis of the diseases in MBP induced animal model 

whereas CD4+ T cells are associated with MOG induced EAE (Huseby et al., 2001). 

Additionally, it is possible that CD4+ and CD8+ T cells are not engaged in the disease 

at the same time; it was reported that CD4+ T cells are engaged in the early stages of 

the disease while CD8+ T cells engaged in late stages which might provide another 

justification for our findings (Sonobe et al., 2007). Although investigations on the role 

of NK cells in the pathogenesis in EAE yielded controversial results, most studies lean 

toward the idea that NK cells exert a regulatory role in the disease (Xu & Tabira, 2011; 

B. Zhang et al., 1997). Surprisingly, our results showed an increase in the number of 

peripheral NK cells with a downregulation of the activating receptor NKG2D at the 

onset of the disease compared to the control which suggest that the activity of the cells 

was impaired at the onset. In comparison to the changes at the peak, their percentage 

was lower compared to the onset with no change in their activity status. Depletion 
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studies may explain the impairment of the NK cells, yet we suggest that NK cells got 

expanded in response to the antigen at the disease onset, but they at that time point 

were not expressing NKG2D as it is normally expressed in low levels and increase as 

they mature. 

Furthermore, gut CD4+ and CD8+ T cells did not change throughout the disease as 

expected though, a previous study proved that during EAE, Th1 and Th17 cells were 

proliferated while Treg cells were reduced in the Peyer’s patches, lamina propria, and 

mesenteric lymph nodes (Nouri et al., 2014). Most of the studies focusing on the 

subsets of T cells to define their role while we focused on the total CD4+ T cells so, it 

might be that some of the T cells subsets were proliferated, but it was not possible to 

identify the expanding subset since we were looking into the whole population. Yet, 

Spearman’s r we computed showed that there was a positive correlation between CD4+ 

T cells and NK cells that is suggested to be associated with the severity of the disease 

supported by our primary observations of circulating lymphocytes. The percentage of 

CD8+ T cell is believed to be elevated at the site of inflammation (CNS) of MS patients 

as supported by (Salou et al., 2015). Therefore, it is less likely to be affected among 

IELs since we are looking to the changes in the composition of the normal flora as they 

are more engaged in virus eradication and killing tumor cells (Berg & Forman, 2006).  

The role of NK cells in maintaining gut homeostasis is known, but investigating gut 

NK cells profile during the course of EAE was not studied before. In the present study, 

we found that, frequencies of NK cells in the circulation were inversely proportional 

to their frequencies in the gut at disease onset and peak. When gut NK cells frequency 

was low at the onset, it reached its highest frequency in the circulation and vice versa 

at the peak of the disease. Our findings suggest that NK cells can migrate from the 
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blood to the tissues. As for the levels and activity of NK cells, mice were sacrificed at 

the onset retain their total number of NK cells, but the cells expressing the activating 

receptors were lower than the control. While the mice sacrificed at the peak, a 

noticeable increase was observed in the number of the total NK cells isolated from the 

IELs as well as the number of cells expressing the activating (NKG2D) receptor in 

comparison to the onset. Since the data is limited, and studies on other autoimmune 

disease such as inflammatory bowel disease showed controversial results raising the 

question whether NK cells are pathogenic or regulatory as they have both stimulatory 

and inhibitory receptors, we are suggesting that the down regulation of the NKG2D at 

the onset might be due to the persistent exposure to its ligand as described previously. 

Alteration of the number and activation at the peak might be due to the severe changes 

in the gut composition at this time point (Petit et al., 1985; Yadav et al., 2011). Overall, 

studies showed that giving probiotics to healthy individuals enhanced the number and 

activation of NK cells, proving the interaction between NK cells and the gut flora (Aziz 

& Bonavida, 2016).  

Our findings showed that the microbiota composition in control and diseased C57BL/6 

mice in the studied species: L. reuteri, P. copri and C. perfringens was similar to the 

previous findings. L. reuteri was reported to be reduced in MS patients and EAE 

induced mice compared to healthy controls, and it was used as a probiotic to reduce 

the severity of symptoms (Chen et al., 2016; Freedman et al., 2018; Gandy et al., 2019; 

Johanson et al., 2020). P. copri was reported to be decreased in MS patients diagnosed 

with the relapsing remitting form of the disease and their abundance increased during 

the treatment course, but nothing was reported in EAE induced mice (Shahi et al., 

2017). Nevertheless , this specie was found to be associated with the pathogenesis of 

rheumatoid arthritis, mainly because of its capacity in inducing differentiation of Th17 
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cells that play a pathological role in MS/EAE (Langrish et al., 2005). As for C. 

perfringens, it is normally known as a pathogenic bacterium. In our EAE model, only 

2 mice showed positive results to this specie, one of them was increased during the 

course of the disease and the other one decreased. A possible explanation is the result 

of Rumah et al. (2013) who found antibodies specific to epsilon toxin (ETX) produced 

by C. perfringens type B in 10% of their MS patients compared to only 1% of healthy 

individuals. This toxin thought to be associated with the perturbation of the BBB 

(Wagley et al., 2019). On the other hand, Rumah et al. (2013) findings showed that C. 

perfringens type A, the common commensal specie, was found in 50% of their healthy 

individuals compared to 23% only among MS patients. This might explain the 

variation we got, since we did not define which type of C. perfringens our mice had. 

In addition, we investigated Paneth cells, one of the defense mechanisms against 

microbial invasion. The increase in Paneth cells count (Hyperplasia) or their decrease 

varies among different diseases where it was found to be reduced and impaired during 

viral infections like HIV, while it increased in IBD (Kelly et al., 2004). Several studies 

investigated the association between gut microbiota and MS, but this is the first time 

that association of Paneth cells hyperplasia or metaplasia with MS is being 

investigated. In our EAE model, we found that at the peak of the disease, mice showed 

increased number of cells in both duodenum and ileum approximately 10 Paneth cells 

per 10 crypts and increased lectin positive cells at both regions. Generally, the count 

of Paneth cells can be altered as a result of dysbiosis, which is the case in our model, 

it further confirms the dysbiosis even though, we have selected limited number of 

species to look at. Moreover, immunohistochemical staining using proliferating cell 

nuclear antigen (PCNA) antibody from (mbl life science, Japan) was performed on the 

same intestinal tissues and the results indicated that dividing cells were found to be 
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higher in count in the diseased mice compared to the control (Appendix Figure 1).  

Similar findings were noted by (Martinez Rodriguez et al., 2012), who reported an 

association between hyperplasia of Paneth cells and bacterial infection, proposing that 

some pathogenic bacteria trigger Paneth cells expansion, but not maturation as their 

total count increased whereas count of granules inside the Paneth cells were reduced, 

reflecting their immaturity.  

 Altogether, it was reported that immune cells migrate to the CNS even before the first 

sign of the disease appears  (Sonobe et al., 2007). The same was expected for the gut 

as suggested by Berer et al. (2014) , but it was not achieved in the gut of our mouse 

model (Sonobe et al., 2007). In contrary, changes at the onset were minimal, while it 

was noticeable at the peak of the disease where the L. ruteri and P.copri reduced 

accordingly with the increase in the population of NK cells and the expression of their 

activating receptor (NKG2D) and this was supported by Spearman’s rank correlation 

that showed negative correlation between NK cells and these 2 species. Normally, 

beneficial bacteria produce ligands to suppress the expansion of Th17 for example and 

induce Treg cells. In the case of MS\EAE, the abundancy of beneficial bacteria 

reduced, and pathogenic bacteria expanded and that was somehow confirmed with the 

hyperplasia of Paneth cells. Besides, Spearman's rank correlation showed a strong 

positive correlation between clostridium and CD4+ T cells that is mostly pathogenic 

along with NK cells, but not with L. ruteri and P.copri. 
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Chapter 5: Conclusion 

 

This study revealed that the progression of EAE is possibly due to changes of the gut 

normal flora. Considering all aspects involved in the study, NK cells showed a 

significant increase by the time the disease was relatively severe, their activation 

started to be restored, and dysbiosis was clearly shown at that time point. Elevation of 

NK cells frequency was negatively correlated with L. reuteri that was found decreased, 

in line with other studies, as well as P.copri that was reported in animal model for the 

first time. Paneth cells hyperplasia verified the dysbiosis that was observed with the 

limited number of studied bacterial species. Furthermore, based on previous studies 

confirming the interaction between gut microbes and immune cells, we believe that 

the interactions of gut flora with gut immune cells facilitate the migration of activated 

autoreactive cells to the CNS, causing damage and severe symptoms. This process is 

suggested to be associated with a pathogenic role of NK cells, as their number and 

activation status were altered throughout the disease along with CD4+ T cells that are 

known for their role in the pathogenesis.   

5.1 Limitation and Future Work  

Limitations in this study were mainly in the limited number of mice available to 

conduct the study, which led to the variation in the experimental groups. For the same 

reason we are not able to look into the count of Paneth cells at different stages. Also, 

looking at the recovery stage of the disease, as in what is promoting recovery. This is 

in addition to limited data found on the profile of gut immune cells in MS especially 

in IELs. This study opens the way to study the subsets of CD4+ T cells; Th1, Th17, 

Treg, and Th2 and their cytokines; these are the main cells involved in MS that will 
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help us comprehend the type of immune response achieved in in the gut in relation to 

variations in the gut flora composition. As for NK cells, our efforts in analyzing their 

subsets were not successful, but for future work we may identify the subsets and the 

expression of other receptors on NK cells including NKp46 receptor and lectin-like 

receptors belongs to Ly49 family.  Besides, running a cytotoxic assay would have also 

provided a better understanding of the role of NK cells.  The migration of the gut 

immune cells to the CNS may be confirmed by immunohistochemistry. For better 

studying of the gut normal flora and correlating it with all the previous factors, next-

generation sequencing is a better option where it can detect a very low quantity of 

bacteria in the sample, unlike qPCR. For further confirmation on the role of NK 

cells/gut microbiota interaction, NK cell homing receptor may be blocked followed by 

studying the bacterial populations and observing the outcome of the disease.  
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Appendix 

 

 

Appendix Figure 1: Dividing cells found in the crypts of Lieberkühn in the intestine 

of both control and diseased mice stained with PCNA antibody. Magnification is 10x 

(Left) and 40x (Right).  



This thesis discusses the association between gut alteration and MS/EAE. There 

is a limited number of studies investigating the link between gut alterations and 

immune cells in the gut influencing the outcome of the disease since the vast 

majority of MS patients experience gastrointestinal (GI) problems. Here, we 

correlate alterations in gut microbiota with disease progression along with 

changes in lymphocytes counts over different time points during the course of 

the disease. 
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