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Chapter 1: Introduction 

 

1.1 Overview 

Epstein-Barr virus (EBV) is ubiquitous in humans and causes silent infections 

in most people. EBV can efficiently escape and dysregulate peripheral immune 

response, through the exploitation and manipulation of various host cellular processes. 

Abnormal immune response to EBV is a defining feature of several EBV-related 

diseases. Due to the existence of a finely regulated CNS-periphery axis, a balanced 

immune system is inherent to maintaining CNS homeostasis. Immune alterations 

caused by EBV infection can extend beyond the periphery and disrupt CNS 

homeostasis. This dissertation presents research work that explores the impact of 

primary peripheral EBV infection on the CNS, and its implications for the link between 

EBV and the pathogenesis of multiple sclerosis.  

1.2 Introduction to Multiple Sclerosis 

Multiple sclerosis (MS) is a disease that causes demyelination, or damage to  

myelin sheaths in the brain, spinal cord and optic nerve (Reich et al., 2018). 

Neuroinflammation, which is thought to be caused by autoimmunity, is fundamental 

in MS pathology (Bevan et al., 2018; Pikor et al., 2015). T and B lymphocytes infiltrate 

the central nervous system (CNS) almost always during the early stages of MS, and to 

a much lesser degree during the late stages (Lassmann, 2018). Yet, the understanding 

of what causes pathology in MS is relatively limited. 

Although MS does not significantly alter the life expectancy of the patients, it 

does however reduce the quality of life dramatically (Koch-Henriksen et al., 2017). In 

fact, MS is the main contributor to non-traumatic disability among young people 
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(Dobson & Giovannoni, 2019). Most people with MS undergo recurrent neurological 

deficits followed by long periods of recovery in so-called relapsing-remitting MS 

(RRMS). Eventually, periods of remissions stop during secondary progressive disease 

(SPMS), which leads to life-long disability. A small fraction of MS patients experience 

progressive disability with no remission right from disease onset in primary 

progressive MS (PPMS) (Thompson et al., 2018). 

The latest update in the Atlas of MS, generated by MS International Federation 

(MSIF) has revealed that the number of people living with MS in the world has 

escalated from 2.3 million in 2013 to 2.8 million in 2020 (Table 1) (Walton et al., 

2020). Although this increase is partly attributed to improved survival and diagnosis 

of MS patients, it is also believed that these numbers reflect an actual rise in disease 

development (Wallin et al., 2019). This burden is aggravated by the lack of a cure for 

MS. 

 

 

Table 1: Global number of MS cases in 2013 and 2020 (Walton et al., 2020) 
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1.2.1 MS Pathology 

The main pathology of MS is the presence of focal lesions of demyelination in 

the white matter and grey matter of the CNS (Figure 1) (Höftberger & Lassmann, 

2017). These lesions, also known as plaques, are characterized by inflammation, 

myelin destruction, damage to oligodendrocytes and axons, neurodegeneration, and 

reactive astrogliosis (Filippi et al., 2018). Histopathologists use various basic and 

special stains and immunohistochemistry (IHC) to detect MS plaques. Hematoxylin 

and Eosin, Luxol Fast Blue (LFB), and IHC staining for proteolipid protein (PLP), 

myelin oligodendrocyte glycoprotein (MOG), myelin associated glycoprotein (MAG), 

and myelin basic protein (MBP) help identify areas with myelin destruction in CNS 

tissues. Whereas Bielschowsky silver impregnation and IHC for neurofilament protein 

can reveal axonal loss. Immunostaining for glial fibrillary acidic protein (GFAP) 

shows areas with astrogliosis, while IHC for immune cell markers such as CD68, 

KiM1P, CD3, CD4, CD8, CD20, and CD138 demonstrate sites of active inflammation 

(Lassmann, 2018).  

 

 

Figure 1: Macroscopic lesions in chronic MS. (A) Formalin-fixed brain hemisphere 

with gross appearance of demyelinated plaques (black arrows). (B) Periventricular 

white matter lesion is readily detectable using LFB stain (Höftberger & Lassmann, 

2017) 
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Given the myelin-rich nature of the white matter, it was initially believed that 

MS plaques occur solely in the white matter. Nevertheless, several pathological studies 

have revealed that both white matter and grey matter are affected by demyelination in 

MS (Bø et al., 2003; Calabrese et al., 2010; Gilmore et al., 2009; Peterson et al., 2001; 

Petrova et al., 2018). Examination of autopsied MS brain and control brain samples, 

retrieved from the Brain Bank in Haukeland Hospital in Norway, showed that 

demyelinated plaques in the grey matter were significantly bigger in size than those in 

the white matter (Bø et al., 2003). Similar observations were made upon examining 

autopsied MS cerebrum, cerebellum and spinal cord tissues retrieved from MS Brain 

Bank in the UK (Gilmore et al., 2009).  

It is unclear why demyelination affects the grey matter more than the white 

matter. However, it has been suggested that meningeal inflammation and increased 

expression of inflammatory cytokines in the cerebrospinal fluid (CSF) may play a role 

in increasing grey matter vulnerability (Choi et al., 2012; Howell et al., 2011; 

Magliozzi et al., 2018). A study on postmortem MS brain tissues found that extensive 

infiltration of the meningeal spaces by CD3+ T cells, CD20+ B cells, and CD68+ 

macrophages among other immune cells, is associated with increased burden of lesions 

in the grey matter (Choi et al., 2012).  

Although demyelination in the white matter can be easily detected using LFB 

stain, grey matter lesions are often missed due to the low sensitivity of LFB to grey 

matter demyelination. Instead, grey matter lesions can be seen upon immunostaining 

for MBP, PLP, and MOG (Bø et al., 2003; Choi et al., 2012; Howell et al., 2011). 

Lesions in the grey matter are characterized with neurites transection, and death of 

neurons. Infiltration of immune cells into demyelinated grey matter is relatively rare 
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(Peterson et al., 2001). Lesions in the grey matter often occur in the forebrain, the 

cerebellum, and in the deep grey matter nuclei, and can be detected more frequently in 

progressive MS (Filippi et al., 2018). The most common type of grey matter lesions is 

subpial demyelination (Figure 2), which develops in the subpial region and affects 

large area of the cerebral cortex, usually covering a number of neighboring gyri (Bø et 

al., 2003; Peterson et al., 2001).   

 

 

Figure 2: Demyelination of subpial grey matter in the MS brain. (A) IHC for PLP in 

non-MS control brain shows normal myelin integrity in the grey matter (light brown) 

and subcortical white matter (dark brown). (B) Immunostaining for PLP in MS brain 

shows a demyelinated lesion in the subpial cerebral cortex stretching into the 

cingulate gyrus. (Gilmore et al., 2009) 

 

MS plaques vary in activity and are divided into acute active, chronic active, 

inactive, smoldering, and shadow plaques (Figure 3). Acute active lesions often occur 

in early MS. These lesions are hypercellular owing to the pronounced infiltration of 

immune cells (Figure 3A&E). Macrophages engulf remnants of myelin, and are 

scattered uniformly in the lesion forming “sea of macrophages” (Popescu & 

Lucchinetti, 2012). T and B lymphocytes are widespread in the lesion, with B cells 
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accumulating mainly in the perivascular cuffs. CD8+ T cells are the predominant T cell 

subset in the lesions (Figure 4) (Hayashi et al., 1988). The extent of lymphocytes 

infiltration correlates with the degree of damage to axons in active lesions (Dutta & 

Trapp, 2011). Moreover, astrocytes increase in number and size, and GFAP staining 

shows numerous cell processes in active lesions (Love, 2006).  

 

 

Figure 3: MS lesions in the white matter. (A&E) Early disease usually starts with 

active lesions. (A) IHC for MBP shows a well demarcated and completely 

demyelinated lesion. (E) IHC for CD68 shows pronounced infiltration of activated 

microglia/macrophages in the center of demyelination of active lesion. (B&F) Active 

lesions can evolve into mixed active and inactive. (B) IHC for MBP shows a well 

demarcated area of complete demyelination. (F) IHC for CD68 shows less 

infiltration of microglia/macrophages in the demyelinated center and a compact 

collection of macrophages surrounding the lesion. (C&G) MS Lesions become 

inactive and non-inflamed with time, as evident in the most chronic stages of MS.  

(C) IHC for MBP shows a demyelinated lesion. (G) IHC for CD68 shows little 

infiltration by macrophages in the lesion. No intense belt of macrophages is seen at 

the border of inactive lesions, however, the non-demyelinated area next to the lesion 

(green arrow) contains more macrophages than the lesion itself. (D&H) IHC for 

MBP demonstrates remyelinated lesions (green arrows). Remyelination can occur 

during any stage of the disease. However, shadow plaques, which result from 

incomplete remyelination with thin myelin fibers, are more common in the most 

chronic stages/ progressive MS. Scale bar= 200 µm (Filippi et al., 2019) 
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In terms of cytokine expression, animals sacrificed at 7dpi had significantly 

increased levels of IFN-γ, IL-2 and IL-6, in comparison to either non-infected controls 

or to animals sacrificed at other time points of infection (Figure 49). At 14dpi, the 

relative expression of IFN-γ and IL-6 remained high. However, at 28dpi the infected 

spleen showed significant surge of the relative expression of 2 different cytokines, 

TNF-α and IL-1β (Figure 49). Thus, EBV infection in the spleen appears to be 

associated with elevated mRNA levels of IFN-γ, IL-2 and IL-6 during week 1 and 2 

of infection, and with TNF-α and IL-1β during later stage of infection, week 4. 

 

 

Figure 48: The relative expression of EBV transcripts in the spleen. The relative 

expression of EBER-1, EBER-2, EBNA-1 and EBNA-2 in the spleen tissue 

harvested at 3, 7, 14, 21, and 28dpi, examined using qPCR. Data displayed as mean 

±SEM. Comparisons between different time points were made using the 

nonparametric Kruskal-Wallis test. *: p ≤0.05, **: p ≤0.01 compared to other time 

points. Bars without asterisks are not significantly different  
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54). Thus, on the protein level, increased levels of IL-6 in the brain coincided with the 

time points at which aggregate occurrence peaked, while IL-2 dropped at the time point 

that preceded aggregate formation. 

 

 

Figure 54: The levels of IL-2 and IL-6 proteins in the brain. Protein amount (pg/µg) 

was measured by ELISA in brain tissues harvested at 3, 7, 14, 21 and 28dpi. Data 

displayed as mean ±SEM. Comparisons were made using one-way ANOVA with 

Fisher’s LSD test or Welch and Brown-Forsythe test. *: p ≤0.05, **: p ≤0.01, ***: p 

≤0.001. Bars without asterisks are not significantly different 

 

In the spinal cord, the majority of significant changes in the expression of viral 

transcripts and cytokines occurred at 7 and 28dpi (Figure 55 and 56). A significant 

increase was observed in the relative expression of EBER-1/2, and EBNA-2, but not 

EBNA-1 at 7dpi (Figure 55). As for cytokines, infected animals sacrificed at 3dpi had 

significant upregulation of IL-6 (Figure 56). IL-6 remained upregulated at 7dpi, and 

other cytokines including TNF-α and IFN-γ became significantly upregulated at this 
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time point too. At 21dpi, both IL-1β and IL-6 were upregulated, while TNF-α, IL-1β, 

and IFN-γ were significantly raised at 28dpi. No significant difference was seen in IL-

2 expression (Figure 56). 

 

 

Figure 55: The relative expression of EBV transcripts in the spinal cord. The relative 

expression of EBER-1, EBER-2, EBNA-1 and EBNA-2 in the spinal cord tissue 

harvested at 3, 7, 14, 21, and 28dpi, examined using qPCR. Data displayed as mean 

±SEM. Comparisons were made using one-way ANOVA with Fisher’s LSD test or 

the nonparametric Kruskal-Wallis test. #: p ≤0.05, ###: p ≤0.001 compared to PBS 

controls. *: p ≤0.05 compared to other time points. Bars without asterisks are not 

significantly different 

 

 

Figure 56: The relative expression of cytokines in the spinal cord. The relative 

expression of TNF-α, IL-1β, IFN-γ, IL-2, and IL-6 in the spinal cord tissue harvested 

at 3, 7, 14, 21, and 28dpi, examined using qPCR. Data displayed as mean ±SEM. 

Comparisons were made using one-way ANOVA with Fisher’s LSD test or the 

nonparametric Kruskal-Wallis test. #: p ≤0.05, ##: p ≤0.01, ###: p ≤0.001, ####: p 

≤0.0001 compared to PBS controls. Bars without asterisks are not significantly 

different 
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Unlike in the spleen and brain, there was a lack of correlation between the 

relative expression of viral transcripts and that of cytokines in the spinal cord, as only 

EBNA-1 correlated moderately with TNF-α (Figure 57).  

Notably, at the protein level, both IL-2 and IL-6 proteins dropped significantly 

in the spinal cord of infected animals sacrificed at 14 and 21dpi (Figure 58). 

 

 

Figure 57: Heat map of Spearman correlation of inflammatory and viral transcripts in 

the spinal cord. Color mapping for positive and negative correlation are indicated in 

the legend on the right. *: p ≤0.05, **: p ≤0.01 
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Figure 58: The levels of IL-2 and IL-6 proteins in the spinal cord. Protein amount 

(pg/µg) was measured by ELISA in spinal cord tissues harvested at 3, 7, 14, 21 and 

28dpi. Data displayed as mean ±SEM. Comparisons were made using Welch and 

Brown-Forsythe test. *: p ≤0.05, **: p ≤0.01. Bars without asterisks are not 

significantly different 
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Chapter 4: Discussion 

 

Several groups have frequently demonstrated the presence of EBV in the brain 

of MS patients, implicating a role for the virus in the pathogenesis of this disease 

(Hassani et al., 2018; Moreno et al., 2018; Serafini et al., 2007). However, the 

dynamics of virus trafficking to the brain, and its subsequent impact on disease 

development and/ or progression, are poorly understood. Addressing these questions 

has been challenging due to the lack of a suitable animal model of EBV infection. A 

number of reports have recently shown that rabbits are susceptible to EBV, and the 

infection mimics that observed in humans (Kanai et al., 2010; Khan et al., 2015; Okuno 

et al., 2010; Osborne et al., 2020).  

The aim of this study was to explore the neuropathogenic potential of primary 

peripheral EBV infection, using an in vivo model that closely reflects the biology of 

the virus in humans as much as possible. This was achieved using the unique rabbit 

model of EBV infection. Collectively, the data uncovered several aspects of the 

dynamics of EBV infection in the periphery and the CNS that was not possible before. 

(1) Intravenous inoculation of the virus led to widespread infection in all three 

peripheral compartments examined: spleen, PBMCs, and plasma. (2) Peripheral 

infection resulted in the virus traversing the brain. The infection in the brain correlated 

well with cell-associated virus load in the periphery, rather than circulating free virus 

in the plasma. (3) Infected cells in the brain were mainly B lymphocytes. (4) Peripheral 

EBV infection induced the formation of inflammatory cellular aggregates in the CNS. 

These aggregates were composed of blood-derived macrophages surrounded by 

reactive astrocytes and infiltrating B and T lymphocytes. (5) The inflammatory cellular 

aggregates were devoid of myelinated nerve fibers, suggesting that inflammation could 
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be involved in demyelination. (6) Multiple latent viral transcripts and cytokines were 

altered in the periphery and the CNS. The expression level of EBV transcripts 

correlated with the mRNA levels of cytokines. 

4.1 EBV Levels Peak Within 2 Weeks of Primary Infection in Rabbits 

During primary infection in rabbits, EBV load peaked at day 14 in the 

periphery as well as in the CNS. Also, viremia was pronounced within 2 weeks of 

infection. Afterwards, viral levels started to drop. This is consistent with viral 

dynamics in humans (Dunmire et al., 2015).  

Viremia and high viral load in the PBMCs commonly occur during primary 

EBV infection in people, whether symptomatic or silent (Lam et al., 2018). EBV load 

in both the plasma and PBMCs then begin to fall gradually over time as the virus 

establishes latency. This coincides with a steady decline in the frequency of lytic 

antigen-reactive CD8+ T cells and the rise of latent antigen-specific CD8+ T cells. 

However, the frequency of polyfunctional CD4+ T cells (secreting IFN-γ, TNF-α, IL-

2 and perforin) and polyfunctional CD8+ T cells (expressing CD107a, TNF-α and IL-

2) that react against immunodominant viral epitopes, become prominent in the 

circulation (Lam et al., 2018). Thus, increased polyfunctionality of T cells, and hence 

enhanced versatility of antiviral immune responses, may be responsible for 

maintaining EBV load below detectable levels after primary infection.  

Indeed, reduced multifunctionality of EBV-reactive T cells has been reported 

to cause marked dysregulations in immune control of EBV during progressive HIV 

infection (Hernández et al., 2018). This has been linked to viral reactivation and EBV-

driven B cell proliferation, and increased likelihood of the development of EBV 

lymphomas in HIV patients (Hernández et al., 2018).  
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Additionally, viral levels during initial infection can depend on the fitness of 

the immune system established by exposure to other viruses. This is a phenomenon 

known as heterologous immunity, where T lymphocytes develop broad response to 

epitopes from different antigen sources (Sharma & Thomas, 2014; Welsh et al., 2010; 

Welsh & Fujinami, 2007). For instance, infection with CMV prior to exposure to EBV 

is believed to generate more efficient anti-EBV effector immune responses compared 

to infection with EBV first before contracting CMV (Sohlberg et al., 2013). This cross-

reactive immune response  is associated with reduced frequency of EBV infected B 

cells (Sohlberg et al., 2013). However, the impact of heterologous immunity on EBV 

infection could be both beneficial and harmful, depending on the cross-reactive 

pathogen and on the T cell receptor repertoire in individual hosts (Aslan et al., 2017; 

Cornberg et al., 2010; Gil et al., 2020).  

4.2 Peripheral Infected Cells Migrate to the CNS in Rabbits 

Primary EBV infection during late adolescence can cause symptomatic 

infectious mononucleosis (IM). Both symptomatic and asymptomatic primary 

infection cause high viral load in the periphery. However, disrupted immunological 

profile is rather unique to IM (Abbott et al., 2017; Dunmire et al., 2015; Piriou et al., 

2012). This emphasizes that EBV associated diseases emerge as a result of defective 

or exaggerated immune response to the infection.  

Here, primary EBV infection was investigated in healthy rabbits, and rabbits 

immunosuppressed with Cyclosporine A (CsA). High viral load was detected in the 

peripheral compartments of all animals, but most notably in the immunosuppressed 

(EBV+CsA) group. This group also exhibited more than 10-fold higher levels of free 

virus in the plasma. However, viremia (i.e., the level of free virus) did not correlate 
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with brain infection. By contrast, there was a positive correlation between the level of 

cell-associated virus (i.e., infected cells) in the PBMCs and spleen, and brain infection. 

These findings support the idea that CNS infection is ascribed to migrating infected 

lymphocytes, most probably B cells. Nevertheless, EBV level in the spinal cord did 

not correlate with levels of cell-associated virus in the periphery. 

Furthermore, the frequency of detecting EBV infection as well as levels of viral 

DNA were the highest at day 14 of infection, coinciding with the peak of immune 

aggregate formation. Thus, week 2 possibly represents the acute phase of EBV 

infection in rabbits. However, the viral load in the CNS did not differ between animals 

that developed aggregates and those that did not. In agreement with these results, the 

load of Theiler's Murine Encephalomyelitis Virus (TMEV) in the CNS of different 

mice strains has been shown to not correlate with disease development (Myoung et al., 

2008). Instead, disease outcome correlated well with immune response to viral 

components. Thus, virus trafficking into the CNS is not sufficient for 

neuropathological changes to occur.  

The migration of EBV infected cells from the periphery to the brain has only 

been reported recently in humanized mice developing lymphomas (Volk et al., 2020). 

This was achieved by inoculating humanized mice with EBV and treating them with 

pembrolizumab, a monoclonal antibody, used clinically to block the immune 

checkpoint programmed death 1 (PD-1) receptor. Subsequently, virus propagation to 

the CNS led to the formation of EBER-rich lymphomas in the brain. These mice had 

low frequency of circulating T cells, many of which were exhausted (i.e. TIM3+ and 

LAG3+ T cells) (Volk et al., 2020). Thus, surprisingly the expression of PD1 receptor 

on T cells appears to be important in controlling EBV systemic dissemination and 

restricting its neuropathogenic and malignant consequences. 
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4.3 Neuropathology in the Rabbit CNS 

Unexpectedly, it was observed that up to 1/3rd and 2/3rd of healthy (without 

immunosuppression) rabbits infected with EBV developed inflammatory cell 

aggregates in the brain and the corresponding spinal cord at days 14 and 21 of 

infection, respectively. Why only a fraction of infected rabbits developed CNS 

aggregates remains to be explored. However, the results in this study suggest that EBV 

load in the PBMCs may partly be linked to the formation of these structures.  

This observation also underscores the importance of host factors including host 

genetics and the fitness of the immune system in developing neuroinflammation. 

Indeed, susceptibility, frequency, and location of inflammatory aggregates varied 

between individual animals. Similarly, in experimental autoimmune 

encephalomyelitis (EAE), the incidence of demyelinating lesions varies between 

different animal strains. This variation is believed to reflect differences in the genetic 

background that governs whether T helper 1 (Th1) cell response or Th2 cell response 

dominates (Maron et al., 1999). Propensity towards this CNS autoimmunity is 

observed in animals with genetic background that supports Th1 cell response over Th2 

cell response (Constantinescu et al., 2001; Maron et al., 1999). For example, animals 

that tend to overproduce Th1 cytokines such as IL-2 and IFN-γ, with little expression 

of Th2 cytokines including IL-4, IL-10 and TGF-β are readily prone to developing 

autoimmune-mediated neuroinflammation. By contrast, animals with an inherent 

response that is skewed away from the differentiation of GM-CSF and IFN-γ 

producing Th17 cells are protected against developing neuroinflammation (Stojić-

Vukanić et al., 2016).  

Maintaining well-regulated T cell responses is crucial to prevent 

neuroinflammation. One way of regulating the effector response of T cells is by the 
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induced expression of immune checkpoints. The lack of interaction between CTLA-4 

receptor, an important immune checkpoint, on activated T cell surface and its ligand 

B7 molecules on antigen-presenting cells (APCs) was found to render animals 

susceptible to the development of autoimmune-mediated neuroinflammation (Hurwitz 

et al., 2002). Additionally, antigen processing and peptide presentation by dendritic 

cells (DCs) were also found to play a role in determining whether these animals 

establish immune tolerance or autoreactivity  to CNS (self) antigens (Steinman & 

Nussenzweig, 2002).  

Moreover, there is some evidence suggesting that peripheral viral infections 

can influence the fitness of the immune system. Latent infection with CMV during 

adulthood, for instance, has been reported to break tolerance to CNS-specific 

autoimmunity in mice that were originally resistant to EAE (Milovanovic et al., 2017). 

Infection with influenza virus has also been found to lead to neuroinflammation in 

almost one third of 2D2 mice, which are genetically predisposed to EAE (Blackmore 

et al., 2017). 

Cell aggregation also developed in Cyclosporin A (CsA)- treated non-infected 

rabbits. When CsA reaches the cytoplasm, it forms a complex with cyclophilin A, 

which obstructs calcineurin function needed for the transcription of IL-2. Without IL-

2, T cell activation and expansion are halted (Flanagan et al., 1991; Fruman et al., 

1992). As a result, these immunosuppressed animals can experience reactivation of 

endogenous opportunistic pathogens, which may subsequently trigger 

neuroinflammation. Alternatively, several studies have shown that CsA causes injury 

to pericytes and astrocytes guarding the BBB (Dohgu et al., 2000, 2004, 2010; Kochi 

et al., 1999; Takata et al., 2006). This leads to leakage in the CNS barrier, and results 

in CsA-induced neuropathology. Thus, functional characterization of cellular players 
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in neuroinflammation should help discriminate between changes attributed to EBV 

infection and those ascribed to CsA.  

Additionally, inflammatory cell aggregates developed in the rabbit CNS 

without overt signs of neurological deficits. This is similar to what was previously 

observed in the intranasal infection of 129/SvEv mice with rabies CVS-F3. This CNS 

infection did not result in neurological manifestations, despite the occurrence of 

neuroinflammation, BBB breakdown and the increased expression of the 

proinflammatory cytokines IL-6 and TNF-α (Phares et al., 2006). Mice infected with 

the tick-borne encephalitis virus also did not manifest neurological deficits (Cornelius 

et al., 2020). Conversely, many neuroinvasive viruses including SARS-CoV-2, HSV-

1 and influenza virus can be accompanied by neurological signs caused by virus-

induced inflammation and other pathological alterations in the CNS (Boukhvalova et 

al., 2019; Desforges et al., 2020; Hosseini et al., 2018; Song et al., 2021; Yang et al., 

2021; Zubair et al., 2020).  

4.3.1 The Makeup of Inflammatory Cell Aggregates in the CNS Of EBV Infected 

Rabbits  

Cell aggregates in the CNS of rabbits contained a heterogeneous cell 

population made up of brain resident cells, infiltrating macrophages, neutrophils and 

B and T lymphocytes. In general, aggregates were seen at dissimilar stages of 

evolution in a given section, and thus differed in composition. Typically, most of the 

aggregates had infiltrating macrophages as the prominent core surrounded by reactive 

astrocytes and dispersed lymphocytes. However, few aggregates lacked macrophage 

infiltration, but contained a cluster of reactive glia and loosely connected lymphocytes.  

In rabbits, RAM11 can distinguish blood-derived macrophages from CNS-

resident microglia. In mice, discriminating between infiltrating blood-derived 
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macrophages from CNS- resident microglia has also been established based on several 

markers and single cell transcriptomics (DePaula-Silva et al., 2019; Saederup et al., 

2010; Yamasaki et al., 2014). In humans, on the other hand, this issue remains more 

complex. Tracking each of these cell populations and their subsets can help us identify 

their individual functions during CNS injury, viral infections and neuroinflammation.  

Given the observed dense population made of infiltrating macrophages in 

rabbit CNS, it is of great importance to understand what roles these cells play during 

EBV-induced neuroinflammation. Do they contribute to CNS injury, and exacerbation 

of viral infection and inflammation? Or do they participate in viral clearance and 

recovery? Or both? Infiltration of macrophages into the CNS has been previously 

reported in mice infected with the coronavirus, mouse hepatitis virus strain (DePaula-

Silva et al., 2019; Templeton et al., 2008). In this mouse model of coronavirus 

infection, blood-derived macrophages have been shown to infiltrate the infected CNS 

during early days of infection and mature over time to the non-classical Ly-6C ־ 

CD62L־ cells. These macrophages have been shown to be associated with areas of 

myelin breakdown during CNS viral infection, which may suggest their pathogenic 

involvement in demyelination (Templeton et al., 2008). Nevertheless, their role in 

tissue injury is believed to be complex, as studies report their contribution to both 

tissue repair and inflammation (Misharin et al., 2014; Mukherjee et al., 2015; 

Narasimhan et al., 2019; Puchner et al., 2018). Additionally, in EAE mice, the absolute 

number of activated macrophages infiltrating the CNS has been found to correlate with 

EAE severity (Berger et al., 1997). Macrophages in these animals are also thought to 

support inflammation-mediated demyelination (Yamasaki et al., 2014).  

In response to systemic inflammation, IL-1β together with TNF and 

angiopoietin 2 (a blood vessel-disrupting mediator), promote the recruitment of CD68+ 
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monocytes from the periphery to populate certain niches within the CNS. These 

monocytes reach CNS vasculature, crawl, alter their morphology into elongated rod-

shaped, and subsequently squeeze through the endothelium into the brain. They 

proliferate and differentiate into perivascular macrophages within the inflamed CNS 

(Audoy-Rémus et al., 2008). 

During immunodeficiency virus-induced encephalitis in humans (HIV) and 

monkeys (SIV), CD163+ CD14+ CD16+ blood monocytes are recruited into the brain, 

and make up a population of perivascular macrophages that are distinct from CNS-

resident microglia (Kim et al., 2006). Macrophages are believed to carry HIV-1 into 

the CNS and mediate virus-induced neuropathogenesis (González-Scarano & Martín-

García, 2005). EBV has been shown to infect human monocytes in vitro (Torii et al., 

2017). If EBV infects rabbit monocytes in the periphery, then these monocytes, along 

with infected B lymphocytes, could also contribute to virus trafficking into the CNS 

via “Trojan horses” mechanism.  

CNS-resident microglia, however, are believed to help in the clearance of 

cellular debris promoting resolution of inflammation in EAE (Yamasaki et al., 2014). 

Moreover, Microglia are also believed to offer protection against neurotropic viruses 

particularly during the first week of infection (Tsai et al., 2016; Wheeler et al., 2018). 

Exacerbation of the infection course upon microglia depletion, signifies their role in 

limiting viral titers in the brain. Microglia are also crucial in reducing mortality 

following CNS viral infections in animal models (Tsai et al., 2016; Wheeler et al., 

2018). In the absence of microglia, both viral level and the expression of the cytokines 

IL-6 and IFN-β increase in the brain (Wheeler et al., 2018). Additionally, microglia 

depletion in dengue virus-infected mice has been found to compromise antiviral 

response of IFN-γ+ CD8+ T lymphocytes (Tsai et al., 2016). These observations imply 
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that microglia are essential for an efficient adaptive immune response during CNS viral 

infections.  

Substantial contribution of astrocytes was also seen in the aggregate formation, 

mainly surrounding the dense clusters of macrophages (penumbra). During reactive 

gliosis, a subset of astrocytes known as cytotoxic A1 astrocytes become activated in 

response to inflammatory mediators, such as TNF and IL-1α, released by activated 

microglia (Liddelow & Barres, 2017). A1 astrocytes have the ability of killing 

surrounding neuronal cells and oligodendrocytes. Inhibition of A1 astrocytes 

activation by microglia is now under study as a potential therapy for neurodegeneration 

(Park et al., 2021; Yun et al., 2018). Nevertheless, the function of astrocytes in health 

and disease appear to be complex, and the simple description of A1 and A2 astrocytes 

as “neurotoxic” and “neuroprotective”, respectively, is deemed insufficient (Escartin 

et al., 2021). Indeed, single-cell RNA sequencing has shown that during systemic 

inflammation, reactive astrocytes are transcriptionally at different sub-states based on 

their location in the brain (Hasel et al., 2021). Different subsets of astrocytes, in fact, 

experience different transcriptional changes depending on their location in the brain, 

and type of injury, acute or chronic (Borggrewe et al., 2021).  

Moreover, astrocytes are also believed to influence the behavior of CNS 

infiltrating lymphocytes. For instance, reactive astrocytes are shown to secrete soluble 

mediators that prolong the survival of B lymphocytes within the CNS. They also help 

induce the expression of costimulatory molecules on the surface of B cells to improve 

their role as APCs (Touil et al., 2018). In response to reactive astrocytes, B cells in 

turn produce inflammatory cytokines that promote inflammation driven by Th1 and 

Th17 cells (Bar-Or et al., 2010). 
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Additionally, both B and T lymphocytes were associated with aggregate 

formation in the rabbit CNS. T lymphocytes were mainly CD8+ cells, while B 

lymphocytes expressed proliferation marker PCNA, IgM, and IgG. The expression of 

EBV induced gene 2 (EBI2) was also observed in the brain. EBI2 receptor is typically 

expressed on activated B and T lymphocytes, and interacts with its ligand oxysterols 

(Hannedouche et al., 2011; Liu et al., 2011). This interaction affects the movement of 

lymphocytes and the subsequent immune response of antibody-producing B cells 

(Clottu et al., 2017; Gatto et al., 2009; Kelly et al., 2011; Pereira et al., 2009). EBI2-

oxysterols interaction has  also been shown to mediate the antiviral response of 

interferons and helps restrict replication of several viruses including EBV analogue, 

MHV68 (Liu et al., 2013). In the CNS, EBI2 is expressed on astrocytes, and is 

implicated in astrocytes movement, astrocytes-macrophages communication, and the 

control of inflammatory cytokine release, including IL-6 and TNF-α. Moreover, the 

expression of EBI2 has been associated with protection against myelin damage 

(Rutkowska, Dev, et al., 2016; Rutkowska et al., 2015, 2017, 2018; Rutkowska, 

O’Sullivan, et al., 2016; Velasco-Estevez et al., 2021). In rabbits, EBI2+ cells were 

mainly located at the outer part of aggregates where myelin was often intact. 

Together these cells make an important functional and structural unit that is 

commonly impacted in various CNS pathologies including EBV-induced CNS 

pathology. 

4.3.2 Comparison Between Pathology in EBV Positive MS Cases and Pathology 

in the Brain of EBV Positive Rabbits  

Several differences were observed between the pathology in EBV infected MS 

cases and that in EBV infected rabbit brains. Firstly, macrophages were frequently the 

dominant cell type within cell aggregates in the rabbit CNS. Lesions in the EBV 
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infected rabbits showed focal aggregation of blood-derived macrophages and 

microglia in the center whereas reactive astrocytes formed well defined borders around 

the majority of the aggregates. 

By contrast, the vast majority of the collection of MS cases, regardless of the 

extent of EBV infection, were at an end-stage disease. These cases contained mainly 

chronic inactive lesions, in which inflammation was absent. Macrophages/microglia 

were limited within the center of the plaque. Indeed, in progressive MS cases 

microglia/macrophages were observed to form a dense border surrounding the 

demyelinated lesions in the grey matter of subpial cortex (Choi et al., 2012). The 

number of microglia/macrophages in the parenchyma of these patients was 

significantly higher than that in non-MS control brain (Choi et al., 2012). 

Secondly, the aggregates in the rabbit CNS differed from MS plaques in that 

inflammation was present, as scattered B and T lymphocytes were readily detected, 

particularly in the outer part of the aggregates and diffused in the parenchyma. In MS 

cases, however, inflammation was seen only in a heavily infected RRMS case. This 

case had aggregation of immune cells in the perivascular spaces, with massive 

infiltration of CD3+ T lymphocytes and activated amoeboid microglia, and prominent 

astrogliosis. CD20+ B lymphocytes accumulated selectively within the perivascular 

cuffs. Many of these cells were proliferating, similar to those in the inflamed rabbit 

brain. Although, the participating cells in inflammation in this MS case may be similar 

to the ones present in the rabbit brain, but their extent of infiltration and anatomical 

distribution relative to the lesion differed.  

EBV infection has been associated with the formation and/or persistence of 

immune aggregates in the inflamed tissue in MS and other autoimmune diseases, such 

as myasthenia gravis, and rheumatoid arthritis (Cavalcante et al., 2010; Croia et al., 
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2013, 2014; Serafini et al., 2007). These immune aggregates were found to organize 

into structures reminiscent of secondary lymphoid tissues, and hence given the name 

ectopic lymphoid follicles (ELFs).  

ELFs were previously recognized in the meninges of MS brain, and have 

gained attention as potential pathogenic feature of the disease (Mitsdoerffer & Peters, 

2016; Pikor et al., 2015). A study on 123 cases of secondary progressive MS (SPMS) 

found that 40% of the progressive cases contained B cell aggregates in the meninges, 

which formed ELFs (Howell et al., 2011). These structures were often seen to fill 

several deep sulci in the brain, particularly in cases with increased concentration of 

demyelinated lesions in the grey matter. They comprised distinct clusters of CD20+ B 

cells, CD138+ plasma cells, CD3+ T cells and CD68+ macrophages intermingled with 

CD35+ follicular dendritic cells (Howell et al., 2011; Serafini et al., 2004). Moreover, 

they expressed markers that determine the fate of B cells, including CXCL13, CD27, 

and BAFF (Magliozzi et al., 2004; Serafini et al., 2010).   

Meningeal B cell ectopic follicles are believed to be linked to disease 

progression and damaged cerebral cortex in MS (Choi et al., 2012; Howell et al., 2011; 

Magliozzi et al., 2013; Pikor et al., 2015; Serafini et al., 2004). However, blocking the 

formation of these B cell-rich lymphoid structures in a mouse model of MS has been 

shown to aggravate disease course and pathology (Mitsdoerffer et al., 2021). Thus, 

ELFs may possibly play a dual role in MS, contributing to disease exacerbation on one 

hand, and immunoregulation on the other hand.   

In contrast, a study on 26 primary progressive MS (PPMS) cases did not find 

that meningeal inflammation contained B cell ectopic follicles, despite substantial 

infiltration of B lymphocytes, T lymphocytes and macrophages (Choi et al., 2012). 

Similarly, these structures were not detected, neither in the brain collection of MS 
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cases, nor in the CNS of rabbits, although B lymphocytes were spatially associated 

with the aggregates in rabbits. Thus, cell organization observed in the aggregates in 

the rabbit CNS did not mimic those observed in MS ectopic lymphoid-like structures. 

Consistent with these observations, TMEV infection of mice CNS has been found to 

result in the formation of immune cell aggregates that did not exhibit typical 

organization of ELFs, even though these aggregations consisted of dense populations 

of B cells (DiSano et al., 2019). 

Finally, the cellular aggregates observed in the rabbit CNS were devoid of 

myelinated nerve fibers. Disruption of MBP in rabbits was limited to the center of the 

aggregates, and always associated with the presence of the aggregates. In MS cases 

however, areas with complete destruction of MBP in chronic inactive lesions were 

hypocellular and did not contain cellular aggregates. Signs of partial remyelination 

were also seen in some of the chronic inactive lesions. In the RRMS case, 

demyelination was not necessarily associated with clusters of immune cells in the 

perivascular spaces. Some areas with perivascular cuffs appeared to have intact 

myelin, while others were completely or partially demyelinated.  

Disruption of myelin following peripheral viral infection is not unique to EBV. 

Gerbils infected with hepatitis E virus have been reported to develop acute 

inflammatory lesions in the CNS associated with damage to myelin (Shi et al., 2016). 

Rabbits infected with the same virus have also been shown to develop these myelin 

destroying inflammatory lesions (Tian et al., 2019). Peripheral infection with the 

neurotropic herpesvirus, HSV-1 can also induce neuroinflammation and cause injury 

to myelin in cotton rats (Boukhvalova et al., 2019). Thus, there seems a strong link 

between peripheral viral infections and demyelinating diseases in various species.  
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4.4 Altered Viral Latent Transcripts and Cytokines Expression in the Periphery 

and the CNS 

4.4.1 Correlation Between EBV Viral Transcripts and Cytokine Expression  

Another important finding from the rabbit model is the positive correlation 

between increased expression of viral latent transcripts, and the inflammatory 

cytokines in both the spleen and the brain. The importance of EBV latent infection in 

inflammation in the brain was previously examined in EAE mice using murine γ-

herpesvirus 68 (MHV-68) that naturally infects rodents and is biologically similar to 

EBV (Casiraghi et al., 2015). The onset of disease course of EAE coincided with the 

virus establishing latency in mice, and not during the acute pre-latent infection 

(Casiraghi et al., 2015). Mice that were infected with latency-deficient MHV68 had 

significantly milder disease than those latently infected with the virus (Casiraghi et al., 

2015). The latent infection in mice was found to cause increased Th1 cell infiltration 

into the CNS, and suppress the anti-inflammatory phenotype of T cells; regulatory T 

cells, both in the periphery and CNS (Casiraghi et al., 2012, 2015). Moreover, when 

MHV-68 infects CNS resident astrocytes and microglia, infected cells secrete several 

inflammatory cytokines (Taylor et al., 2003). 

Furthermore, a role for EBV latent protein EBNA-1 has also been implicated 

in EAE. A recent study demonstrated that immunizing mice with EBV latent EBNA-

1 amino acid region 411-426 could lead to neurological deficits reminiscent of EAE, 

and the development of MRI-confirmed cortical lesions (Jog et al., 2020). This region 

of EBNA-1 was also found to trigger high antibody response in individuals with 

relapsing-remitting and secondary progressive MS, and these antibodies cross-reacted 

with MBP amino acid region 205-224 (Jog et al., 2020). EBV latent transcripts were 

also found to be upregulated in MS lesions (Veroni et al., 2018). On the other hand, 
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virus reactivation in the MS brain was associated with marked neuroinflammation and 

demyelination leading to fatal immune reconstitution inflammatory syndrome 

(Serafini et al., 2017, 2018). The current study and these reports support the hypothesis 

that transcriptionally active EBV in the brain promotes immunological alterations.  

EBV latent transcripts were also significantly upregulated in the brain and the 

spleen at day 28 of infection. This indicates that primary peripheral infection can result 

in latent persistence of EBV in the periphery and the CNS of rabbits. The spleen and 

the brain were reported to be the site of latent persistence of MHV68 in mice (Kang et 

al., 2012; Terry et al., 2000). Treating mice with CsA resulted in viral reactivation in 

both of these sites (Kang et al., 2012). This is consistent with the previous study 

showing that EBV persisted latently for months in the periphery (blood and spleen) of 

rabbits, and could be reactivated using CsA (Khan et al., 2015). Thus, presumably 

EBV reaches the brain during primary asymptomatic infection but remains dormant in 

the CNS tissue. 

Additionally, it was observed that (1) the mRNA levels of IL-1β and TNF-α 

were significantly elevated at the later stage of infection; 28dpi in the spleen, brain and 

the spinal cord of rabbits, (2) the upregulation of IL-6 was concomitant with increased 

viral load in the periphery and the CNS at 14dpi, and (3) upregulated IFN-γ was 

prominent during the first week and fourth week of infection. 

In humans, increased EBV load during primary infection has been shown to be 

associated with raised levels of IL-6 (Yang & Gao, 2020). During viral reactivation, 

however, the expression of TNF-α increases. IFN-γ and IL-10 are elevated during both 

primary and reactivated EBV (Yang & Gao, 2020). Increased levels of IL-6 and TNF-

α are also detected in HIV patients with high EBV load (reactivation) (Petrara et al., 

2012). In agreement with the observation that EBER2 expression correlated strongly 



126 

 

 

 

 

with IL-6 expression in the brain and the spleen, it has been previously shown that 

EBER2 expression in vitro is associated with high levels of IL-6 produced by infected 

B cells (Wu et al., 2007). This proinflammatory cytokine appears to be instrumental 

for the activation and expansion of infected B cells (Mauray et al., 2000; Wu et al., 

2007). 

The immune pressure over EBV infected cells governs what viral proteins are 

expressed. Some of the immune pressure is exerted by cytokines released by immune 

cells responding to the virus. Also, infected cells themselves can release soluble 

mediators that alter the expression of some viral proteins (Kis et al., 2010). This can 

offer a plausible explanation to the correlation seen between viral transcripts and 

cytokines expression in rabbits. For examples, IL-6 has been shown to influence EBV 

infected cells to downregulate the expression of the latent viral proteins EBNA-2 and 

LMP-1, and to undergo cell cycle arrest and subsequent death (Altmeyer et al., 1997). 

Additionally,  the release of IFN-α by newly infected cells is associated with EBERs 

expression (Jochum et al., 2012). Another example is that in in vitro experiments, 

diffused cytokines produced by CD4+ T cells including IL-4, IL-10, IL-13 and IL-21, 

have been shown to cause EBV infected cells to switch from one type of latency to 

another, depending on the type of infected cells (Kis et al., 2006, 2010, 2011; Nagy et 

al., 2012). In other words, T cell cytokines can trigger infected cells to downregulate 

certain viral proteins and upregulate others. Similarly, IL-4 expression can trigger 

EBV reactivation in some cell types but not in others (Wang et al., 2021). This suggests 

that cytokine-induced up-/ downregulation of certain viral proteins is cell-specific. 

Moreover, IL-4 and IL-13 can induce isotype switch to IgG4 and IgE in naïve B cells, 

the target of EBV (Punnonen et al., 1993). This may partly explain how EBV can be 

involved in autoimmunity and atopy.  
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4.4.2 Significance of Upregulated Inflammatory Cytokines During EBV Infection  

The expression of IL-1β, TNF-α and IFN-γ in the CNS is associated with  

impairment of BBB (Daniels et al., 2014; Förster et al., 2008; Phares et al., 2006; Tsao 

et al., 2001; Wong et al., 2004). CNS viral infections can trigger the production of 

these inflammatory cytokines, which compromises the integrity of BBB, for example 

by altering the expression of brain endothelia tight junction proteins (Bonney et al., 

2019; Chai et al., 2014; Li et al., 2015; Minagar et al., 2003). Thus, BBB breakdown 

could be both a pre-requisite and consequence of CNS viral infections (Cain et al., 

2017; Chai et al., 2014; Li et al., 2015). One could argue that increased mRNA levels 

of IL-1β, TNF-α at 28dpi may be followed by increased BBB permeability and 

recurrent influx of immune cells into the CNS. Whether EBV infection disrupts BBB 

integrity warrants further investigation. Additionally, TNF-α can enhance the 

expression of matrix metalloproteinases (MMPs) (Zeni et al., 2007). MMP2 and 

MMP9 proteolytically destroy dystroglycans; the receptors that secure the attachment 

of astrocytes end feet to brain parenchymal basement membrane (Agrawal et al., 

2006). This increases the leakage of CNS barriers allowing for the influx of leukocytes 

into the CNS.  

IL-1β is another cytokine that can be induced following viral infections and is 

required to control CNS infections (Ramos et al., 2012). Inflammasome activation and 

increased production of IL-1β has been shown in EBV infected human monocytes 

(Torii et al., 2017). Additionally, IL1-producing astrocytes were found to cause 

damage to neurons after recovery from flavivirus encephalitis (Garber et al., 2018). 

Administration of IL-1β has been demonstrated to render C57BL/6 mice susceptible 

to virus-induced EAE, although these mice are naturally EAE-resistant (Pullen et al., 
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1995). However, abrogation of IL1 signaling is associated with defective antiviral T 

cell response and aggravated burden of viral disease in the CNS (Kim et al., 2012; 

Menu & Vince, 2011). Therefore, IL-1β is vital in efficient response against viruses 

but can also contribute to exaggerated inflammatory response.  

Interferons are critical components of antiviral response and have been shown 

to play essential roles in halting the spread of viral infection within the CNS (Detje et 

al., 2009; Hwang & Bergmann, 2020). IFN-γ signaling in the CNS plays a role in 

limiting viral replication and enhancing clearance of viruses, particularly neurotropic 

viruses (González et al., 2006; Parra et al., 1999). For example, IFN-γ has been found 

to promote viral clearance from spinal cord neurons, and delay onset of CNS disease 

in alphavirus-infected mice (Baxter & Griffin, 2016; Binder & Griffin, 2001). On the 

other hand, IFN-γ may prolong the immunopathology and thus delay recovery from 

CNS viral infections (Baxter & Griffin, 2016). Persistent release of IFN-γ has been 

demonstrated to hinder the establishment of tissue-resident memory CD8+ T cells (TRM 

cells) leading to prolonged retention of viruses within the CNS (Baxter & Griffin, 

2020). While continuous production of IFN-γ after amelioration of flavivirus 

encephalitis in mice leads to sustained activation of microglia and damage to neurons 

and neuronal synapses resulting in post infectious CNS disease (Garber et al., 2019). 

Indeed, IFN-γ secreted by CNS infiltrating Th1 cells is highly efficient in activating 

microglia. Activated microglia proliferate, become bigger in size, and shift in 

morphology towards the less branching amoeboid cells (Ta et al., 2019). Under the 

influence of IFN-γ, microglia upregulates the expression of MHC II, CD86, and IL-6, 

and amplify the production of TNF-α and reactive nitrogen species, all of which 

accentuate tissue injury (Browne et al., 2013; Meda et al., 1995; Murphy et al., 2010; 

Ta et al., 2019; Tan et al., 1999).  
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IFN-γ is also indispensable for the prevention of exaggerated inflammatory 

response in the CNS. For instance, the loss of IFN-γ expression facilitates EAE 

development in BALB/c and enhances pro-inflammatory TNF-α expression in the 

CNS (Krakowski & Owens, 1996). Similarly, elimination of IFN-γ signaling during 

HSV-1 encephalitis in mice causes an abrupt surge in the levels of IL-6 and IL-17, 

boosts the influx of pathogenic neutrophils into the brainstem, and increases death in 

infected animals (Ramakrishna & Cantin, 2018).  

As for the role of IFN-γ during EBV infection, IFN-γ released by antiviral NK 

cells and T cells, is pronounced at the initial site of infection within the oral cavity, 

where IFN-γ limits EBV infection  (Jud et al., 2017; Lotz et al., 1985; Strowig et al., 

2008; Thorley-Lawson, 1981). During early days of infection, myeloid DCs recognize 

EBV infected cells and activate CD56bright CD16־ NK cells to produce high levels of 

IFN-γ. This cytokine is highly potent to obstruct the transformation of infected cells 

by EBV. It has also been shown to delay the expression of EBV latent protein, LMP-

1, during the first week of infection in vitro (Strowig et al., 2008). In cultures of EBV 

infected cells, protein levels of IFN-γ increases, and correlates negatively with the 

frequency of infected B cells (Sohlberg et al., 2013). The secretion of IFN-γ and TNF-

α by degranulating NK cells is also vital  in eliminating EBV lytically infected cells 

(López-Montañés et al., 2017).   

Additionally, proinflammatory IL-6 was markedly elevated in rabbits 

developing aggregates in the CNS. Thus, it can be argued that this cytokine is a major 

player in the pathogenesis of EBV-associated neuroinflammation. It is believed that 

IL-6 is instrumental in the development of TMEV-induced EAE disease, by promoting 

the generation of the pathogenic Th17 cell response, and supporting the survival of 

virus infected cells in the CNS (Hou et al., 2014; Kim, 2021). There were also 
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differences between the expression of IL-2 and IL-6 mRNAs and their protein levels 

in this study. This may be ascribed to short half-life of the protein, for instance when 

it is rapidly consumed right after its production. This can also occur when the 

availability of protein epitopes to capture antibody in the ELISA is suboptimal, or as 

a result of posttranslational modifications. Variations in biopsied region of the brain 

cortex, used for total RNA extraction and protein purification can also introduce 

discrepancies. 
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Chapter 5: Conclusion 

 

Viruses are believed to be associated with several neurodegenerative diseases; 

e.g., HSV in Alzheimer’s disease, HHV6 and EBV in MS, and influenza virus in 

Parkinson’s disease (De Chiara et al., 2012; Giovannoni et al., 2006; Mattson, 2004). 

Research on the link between latently persistent viral infections and the pathogenesis 

of CNS diseases is enormously expanding the understanding of possible disease 

pathways. The findings of this study support the role of peripheral EBV infection in 

promoting CNS inflammation and myelin injury.  

In spite of substantial efforts over the last 6 decades in studying EBV, there are 

still gaps in the understanding of the details of viral pathogenesis, and key aspects of 

the virus life cycle. There is a pressing need to understand how the virus behaves in 

the host and how that affects various organ systems. The work presented in this 

dissertation will hopefully serve as a foundation for future research into the viral 

dynamics and the impact of silent EBV infection. A number of outstanding questions 

emerge from this project:  

- Does EBV persist chronically in the CNS once it reaches there? If yes, does EBV 

cause recurrent bouts of immune influx into the CNS? 

- Do EBV infected cells damage the CNS barriers? 

- How does each cell population in the inflamed CNS contribute to viral disease or 

viral clearance? 

- What are the underlying mechanisms for demyelination in rabbits CNS? 

- What are the differences, if any, in the course of CNS viral infection between 

males and females, neonates and older animals?   


