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Abstract 

 
The development of autoimmune diseases is thought to involve both genetic and 

environmental factors. Epstein-Barr virus (EBV) has been associated with the 

development of both multiple sclerosis (MS) and systemic lupus erythematosus (SLE). 

My research projects aimed at identifying the mechanism that this virus is exploiting to 

cause autoimmunity. 

In the first project, the role of EBV infection of the blood brain barrier (BBB) as a 

trigger of MS was investigated. EBV was found to be able to infect human primary 

endothelial cells isolated from the BBB. EBV infected brain endothelial cells upregulated 

pro-inflammatory mediators and supported increased immune cell adhesion. These 

results suggest that EBV has the ability of increasing the BBB permeability. EBV latency 

and reactivation in endothelial cells could lead to initial inflammation and infiltration of 

the first wave of autoreactive immune cells during MS initiation.  

 The second and third research project were aimed at developing a mouse model to 

study the interactions between latent gammaherpesvirus infection and the host’s immune 

system that may lead to autoimmunity. The role of murine gamma herpesvirus 68 (γHV-

68), the murine equivalent to EBV, was analyzed in the experimental autoimmune 

encephalomyelitis (EAE) model, an experimentally induced model to study MS, and in the 

New Zealand Black and White (NZBW) model, a spontaneous SLE mouse model. Mice 

latently infected with γHV-68 developed more severe EAE that mirrored human MS more 

closely than EAE in uninfected mice. γHV-68 EAE mice developed lesions composed of 

CD4 and CD8 T cells, loss of myelin in the brain parenchyma and spinal cord. Further, T 

cells from the CNS of γHV-68 EAE mice were primarily Th1, producing heightened levels 

of IFN-γ and T-bet accompanied by IL-17 suppression and decreased regulatory T cells 

frequencies. γHV-68 NZBW mice exhibited a similar Th1 skewed response and they 

produced different types of autoantibodies, if compared to uninfected NZBW mice. 

Clearly, gammaherpesvirus latency polarizes the adaptive immune response in both 

mouse models, directs a heightened brain pathology following EAE induction reminiscent 

of human MS and portrays a novel mechanism by which EBV likely influences MS and 

other autoimmune diseases.  
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Epstein-Barr virus and Multiple Sclerosis. At Press in Multiple Sclerosis: Causes, 
Diagnosis and Management, Nova publisher, ISBN: 978-1-61324-848-5  
  



 2 

1.1 Herpesviruses 

 

 Herpesviruses are large enveloped DNA viruses that carry up to 100 different 

genes. Eight herpesviruses have been characterized as able to cause disease in 

humans, especially in children and in immunocompromised individuals [1, 2]. All 

herpesviruses are able to infect a permissive cell type, leading to lytic infection. These 

viruses enter inside the target cell via pH dependent endocytosis using three 

glycoproteins, present on the surface of the virus. The viral DNA is then released inside 

the cell’s nucleus where the viral replication process is initiated by the expression of 

immediate-early viral genes that act both as transactivators of early viral genes and 

have a role in evading the innate immune response. Expression of early viral proteins 

leads to viral DNA replication and expression of late proteins (capsid and envelope 

proteins) that compose the scaffold of the nascent virion. The new viral progeny is then 

released from the infected cells through lysis or exocytosis [1]. Lytic infection is usually 

controlled by the adaptive immune response in immunocompetent individuals. Upon 

acute infection clearance, these viruses are able to establish latency in specific cell 

types and they are carried through the entire life of the host. Under certain conditions or 

exogenous stimuli (i.e. stress, UV light, another infection, immunodeficiency), 

herpesviruses can reactivate the lytic cycle and be transmitted to a new host [2].   

 Herpesviruses are divided in three distinct subfamilies. Alphaherpesviruses (α-

herpesviruses) are herpes simplex virus (HSV) and varicella zoster virus (VZV). This 

subfamily infects epithelial cells and is then able to establish latency in neurons. 

Betaherpesviruses (β-herpesviruses), like cytomegalovirus (CMV) and human 

herpesvirus-6 (HHV-6), infect lymphocytes and establish latency in lymphocytes (T 

cells), monocytes and macrophages. Similarly, gammaherpesviruses (γ-herpesviruses) 

lead to a lytic infection in lymphocytes (B cells and T cells) and establish latency in 

lymphocytes, epithelial cells and other cell types of the immune system. Examples of 

this last subfamily are Epstein-Barr virus (EBV) and Kaposi’s Sarcoma virus (KSHV) [1].  
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1.2 Gammaherpesviruses 

 

The most extensively studied γ-herpesviruses, due to their association with human 

cancers, are Epstein-Barr virus (EBV) and Kaposi’s sarcoma herpesvirus (KSHV), 

respectively known also as human herpesvirus-4 (HHV-4) and human herpesvirus-8 

(HHV-8) [3-5]. Malignancies caused by these viruses are usually associated with 

immunodeficiency and the majority of latently infected individuals, that represent a large 

proportion of the human population (close to 90%), carry the infection without any 

consequences [5]. EBV genome is found in different types of lymphomas (African 

Burkitt’s lymphoma, Hodgkin and non-Hodgkin lymphomas, some T cell and NK cells 

lymphomas), nasopharyngeal carcinoma and gastric adenocarcinomas [5]. KSHV 

causes all forms of Kaposi’s sarcoma and some lymphoproliferative disorders such as 

multicentric Castleman disease and primary effusion lymphomas, found especially in 

HIV positive patients [3].  

 EBV infects mainly epithelial cells and B cells [6]. Additionally, there is evidence 

that it also has the ability to infect monocytes [7] and endothelial cells [8, 9]. In contrast, 

KSHV has the ability to infect more types of cells, including lymphocytes, macrophages, 

dendritic cells, endothelial cells, fibroblasts and keratinocytes [3].  

 These two viruses belong to the γ-herpesvirus sub-family and they both carry a 

similar protein that is a master regulator of the latent-lytic switch [3]. This protein is 

called the RTA immediate-early protein (encoded by BRLF-1 in the EBV genome and 

ORF-50 in the KSHV genome). RTA acts as a transcription factor that activates the 

expression of viral lytic genes and thus controls reactivation from latency. Moreover, 

EBV also requires another immediate early protein, called BZLF-1 to fully activate the 

lytic cycle [10], whereas ORF-50 is enough for KSHV.  
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1.3 Epstein-Barr virus 

 

 Epstein-Barr virus (EBV) was first described in 1964 through an electron 

micrograph of a Burkitt’s lymphoma biopsy [11].  

 EBV is transmitted through saliva and infects B cells and epithelial cells present 

in the oropharynx [12]. If the infection is acquired early in life, it is usually asymptomatic 

or is accompanied by a minor febrile illness. Conversely, if the encounter with EBV is 

delayed to adolescence or early adulthood, it causes infectious mononucleosis, which is 

a benign lymphoproliferative disease that is usually controlled by the immune system in 

immunocompetent individuals [5].  

 EBV initially infects epithelial cells and any kind of B cells in the tonsils and 

oropharynx and drives their differentiation into memory B cells. EBV infection is present 

only in memory B cells in the periphery and about 1-50/1 million B cells carry EBV 

genome in the blood [12]. During latency, the host cell expresses a limited number of 

EBV gene products: six nuclear protein (EBNA-1/2/3A/3B/3C/LP), three membrane 

proteins (LMP-1/2A/2B) and EBV-encoded small RNAs (EBER-1 and EBER-2). These 

viral proteins and transcripts control the cell cycle of the host cell and prevent its 

apoptosis; they can be upregulated all at the same time or only some of them can be 

expressed at a given time in a B cell. According to the types of EBV protein that are 

expressed in an infected cell, five different types of latency programs have been 

identified in EBV infected individuals (for a review [5]). These latency programs are 

associated with the stage of development of the infected B cell, with the different types 

of EBV-associated lymphomas and with the host immune status (immunocompromised 

or immunocompetent).  

 EBNAs and LMPs all have a critical role in the immortalization of B cells. EBNA-1 

is responsible for the replication of the viral genome during B cell replication and its 

correct partitioning into daughter B cells. EBNA-2 and EBNA-LP act in concert to 

transactivate several viral and cellular genes and EBNA-2 is absolutely required for cell 

immortalization. EBNA-3 family proteins act as EBNA-2 regulators. LMP-1 localizes at 

the plasma membrane and controls the upregulation of several activation markers, 

adhesion molecules and growth factor receptors acting as a constitutively active CD40 

homolog, physiologically required for B cell survival and proliferation. LMP-2A acts as a 

constitutively active B cell receptor, thus providing additional survival signals. LMP-2B 
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promotes motility and spreading of epithelial cells but its function in B cells is poorly 

characterized [12, 13]. Finally, EBERs, the most abundant transcripts detected in EBV 

infected cells, bind to several proteins of the type I interferon signaling cascade.  

 It is not entirely clear what signals reactivate the EBV lytic cycle. Stress or 

another infection have been shown to be potentially involved. During reactivation, 

immediate early (IE) lytic genes are expressed (BZLF-1 and BRLF-1). These are 

transactivators that promote the expression of both early (E) and late (L) lytic genes that 

encode for structural viral proteins. During the lytic phase, EBV genome is amplified up 

to 1000-fold and viral proteins stimulate the progression of the cell cycle of the host cell 

from phase G1 to phase S. This transition is essential for the expression of both IE and 

E genes [14].  

 EBV is intermittently shed in the saliva of the majority of EBV seropositive 

individuals. This allows transmission to another host but also continuous re-infection of 

more B cells within the host. Usually the start of the lytic cycle and production of new 

virions is associated with the transition from memory B cell to plasma cell [5, 12].  
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1.4 Host response to Epstein-Barr virus 

 

 EBV infection persists for the entire life of the host in the vast majority of the 

human population. The virus has evolved several mechanisms to evade the immune 

response (allowing the establishment of latency) and to permit intermittent reactivation 

(permitting spread to other hosts).  

 

1.4.1 Immune response during acute infection, mononucleosis and latency 

 

 Early during acute infection, natural killer cells (NK cells) have a role in limiting 

the infection [15, 16]. Subsequently, this role is played mainly by CD8+ cytotoxic T cells 

(CTLs).  During primary lytic infection, CTLs are specific for both latent and lytic EBV 

antigens [17]. During mononucleosis, up to 40% of the total CD8 response in the blood 

is directed against one lytic viral antigen, whereas around 2% is specific for latent 

antigens. The phenotype of these CTLs is mainly effector-memory [18]. Upon resolution 

of clinical mononucleosis, the CD8 response towards lytic antigens drops between 1-

18%, conversely, the frequency of CTLs specific for latent viral epitopes remains stable 

around 2% [18]. Studies conducted during EBV latency in EBV seropositive donors that 

never suffered from mononucleosis indicate that the frequency of EBV lytic antigens 

specific CD8 T cells is much lower (between 0.1 up to 5%), and the response to latent 

antigens is similar to mononucleosis patients (between 1 up to 4%) [19] [20]. EBV 

specific CD8 T cells have a major role in controlling EBV reactivation in B cells during 

latency [21, 22].  

 EBV specific CD4 T cells have been isolated as well [23, 24] but they have been 

less characterized than CD8s. Nonetheless, CD4 T cells are thought to play an 

important role in helping CD8 T cell responses during acute EBV infection. During 

latency, EBV specific CD4 T cells produce soluble mediators that act on both EBV 

specific CD8 T cells and EBV infected B cells [25].  

 Finally, EBV seropositive individuals produce large amounts of antibodies 

against different viral epitopes. However these antibodies are not protective, since an 

individual can be super-infected by multiple EBV strains during life [26] and 

immunocompromised individuals develop lymphoproliferative disorders caused by 
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uncontrolled EBV replication, despite an increase in titer of EBV specific antibodies [27]. 

This is likely due to the fact that EBV can spread through cell-cell contact. Increases in 

antibody titers are often used as a diagnostic marker for EBV associated disease [28-

32].  

 

1.4.2 Viral strategies of immune escape during latency and lytic infection  
 

 The first immune avoidance mechanism is the establishment of latency itself. 

Upon clearance of acute infection, only two-three viral proteins, responsible for the 

maintenance of the viral genome in the infected cells, are expressed at a given time. 

This limits the numbers of epitopes that can be seen by the immune system [21, 22]. 

Additionally, the glycine-alanine repeats present in the sequence of EBNA-1 play an 

important role in inhibiting the proteasomal pathway and thus antigen presentation, 

allowing infected B cells to remain invisible to the immune system [33]. Antigenic 

variation that leads to CTL mutant escapes has also been shown to play a role in EBV 

immune evasion [34, 35]. Finally, during latency, EBV transformed lymphocytes 

produce high levels of EBV induced gene 3 (EBI3) that is a homolog of the p40 subunit 

of IL-12. EBI3 has an inhibitory effect on IL-12 that is critical to sustain a T helper type 1 

(Th1) response and NK cell activity that are responsible of identifying and killing EBV 

infected lymphocytes [36, 37].  

 EBV exploits several mechanisms to dampen both the innate and the adaptive 

immune response during lytic infection. Several reports have demonstrated that EBV 

abortive infection of neutrophils triggers apoptosis [38] and secretion of different 

cytokines [39-41]. EBV has also been shown to infect monocytes in vivo [7] and block 

their differentiation towards DCs [42]. Additionally, the EBV gene called BCRF-1 

encodes for a viral homolog of human IL-10. Viral IL-10 suppresses the development of 

effector functions of CTLs, promotes the proliferation of infected B cells [43] and 

interferes with the functions of DCs, inhibiting their migration to regional lymph nodes 

[44]. Another viral product, BHRF-1, is a homolog of bcl-2, a cellular protein that inhibits 

apoptosis. The expression of BHRF-1 during lytic infection can confer resistance to EBV 

infected B cells to CD8 CTLs mediated killing [45]. Finally, EBV specific CD8 T cells 

show a lower expression of homing receptors that allow entrance in the lymph nodes 
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(CCR7 and CD62L) [46, 47]. This observation explains why the frequency of EBV 

specific T cells is much lower in the lymph nodes [46] than in the periphery and why 

EBV is strictly latent in the peripheral blood and replicates only in the epithelium and in 

secondary lymphoid tissues as described in paragraph 1.3.  
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1.5 Modeling Epstein-Barr virus in rodents with murine gamma herpesvirus-68 

 

 Human γ-herpesviruses do not infect rodents, thus the study of the immune 

response towards these viruses as well as viral pathogenicity have been hampered by 

the lack of a robust small animal model. Some pathogenicity studies have been 

performed using non-human primates and γ-herpesviruses that are able to infect these 

animals and are closely related to the human γ-herpesviruses. However these studies 

are limited by high costs and lack of host genetic systems. Additionally, even if 

considerable progress has been made in the generation of humanized mice where 

human γ-herpesviruses infection could be investigated using a small animal model, 

these mice still have significant limitations since they are not able to mount very strong 

antigen-specific responses [48]. For these reasons, the isolation of γ-herpesviruses from 

rodents made feasible a deeper and more comprehensive study of γ-herpesviruses 

pathogenesis. Murine gamma herpesvirus-68 (γHV-68) has been originally isolated from 

bank voles and yellow-necked field mice captured in Slovakia [49] and it has been 

extensively used to study Epstein-Barr virus in mice [50].  

 

1.5.1 Murine gamma herpesvirus-68 genome: differences and similarities to 

human gammaherpesviruses 
 

 The genome of γHV-68 has been sequenced and extensively compared to the 

genome of human gammaherpesviruses [51]. As expected, γHV-68 carries some genes 

that are unique to the murine gammaherpesviruses and some that are also conserved 

in the human gammaherpesvirus family and have the same function.  

 Examples of homolog genes are: mLANA encoded in the γHV-68 genome is 

critical for the establishment of latency and the maintenance of the viral genome, thus 

performing the same function as EBNA-1 in EBV [52, 53]. V-cyclins that control the 

cellular cycle, thus functioning as cellular cyclins, are encoded by both murine and 

human gammaherpesviruses [54]. Another γHV-68 protein, called M11, is a viral 

homolog of Bcl-2 (also designated as vBcl-2) and can inhibit apoptosis [55, 56]; all 

human gammaherpesviruses encode at least one vBcl-2. Finally γHV-68 K3 protein 

inhibits antigen presentation by MHC class I [57] and M1 is a superantigen that is 
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responsible for the expansion of Vβ4+CD8+ T cells and thus for the modulation of host 

T cell functions during gammaherpesvirus infection [58]. These activities are two other 

features common to all human gammaherpesviruses [59-61].  

 However γHV-68 has some unique genes that are not carried by human 

gammaherpesviruses. For example, M3 is a chemokine binding protein [62, 63] that can 

inhibit chemokine function and thus modulate inflammatory responses. M3 can bind a 

wide range of chemokines, including CC, CXC, C and CX(3)C chemokines. Considering 

the importance that chemokines have in directing immune cells to the site of infection, it 

is surprising that there is no evidence that M3 is critical for the establishment of latency 

or for γHV-68 reactivation. Additionally, little is known about the chemokines that are 

important during γHV-68 infection and how the virus is modulating them.  

 Another unique γHV-68 protein, called M2, is necessary for both establishment of 

latency and reactivation from latency [64, 65]. M2 is able to induce IL-10 expression by 

infected cells [66] and M2 expression in B cells leads to the upregulation of germinal 

center markers [66] to promote differentiation towards plasma cells that is linked to γHV-

68 reactivation from latency [67]. Notably, a viral homolog of IL-10 is encoded by EBV 

and EBV reactivation is linked as well to plasma cell differentiation.  

 In summary, even if γHV-68 is encoding for some unique proteins, some of them 

are playing a similar role and have the same final effect in the host as other proteins 

encoded by human gammaherpesviruses. These observations, along with the 

conserved nature of the immune system between mice and humans, make γHV-68 a 

valuable model to study human gammaherperviruses in a mouse model [68].  

 

1.5.2 Viral replication kinetics and cell targets 

 

 γHV-68 establishes latency in B cells, macrophages and splenic DCs [69-71]. 

The vast majority of studies employ either intranasal or intraperitoneal inoculation. 

Regardless of the route of infection, γHV-68 establishes latency mainly in the spleen. 

Acute replication is controlled by day 14-16 post infection. Spontaneous viral 

reactivation is still high between day 16-18 post infection. This is defined as “peak of 

viral latency” during which the expression of both lytic and latent viral proteins is still 

detectable inside infected cells but new viral particles are not produced. However, five 
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to six weeks post infection, only very few infected splenocytes can reactivate γHV-68 

and express viral proteins, suggesting that “true” latency is established few weeks after 

the clearance of acute infection [72]. During the peak of viral latency, γHV-68 infection is 

found mainly in naïve and germinal center B cells [73, 74]. Later on, the viral genome is 

found only in isotype-switched B cells that appear to be memory B cells that have 

undergone a germinal center reaction [74]. This cell tropism is very similar to the one 

observed during EBV infection.   

 Another site of γHV-68 latency, besides the spleen, is the peritoneal cavity. In 

fact, γHV-68 is found also in peritoneal macrophages during latency [71]. Finally, it is 

worth noting that B cells are not required for establishment of γHV-68 infection. 

However, intraperitoneal infection of B cell deficient mice, results in higher levels of viral 

reactivation that eventually leads to death by day 100 post infection, due to impaired 

control of viral latency [72]. The cause of death of these mice is unknown but exudative 

process in the lungs and arteritic lesions are detected, both likely due to chronic viral 

reactivation.  

 

1.5.3 Innate immune responses to murine gamma herpesvirus-68 infection 

  

 Early responses to pathogens are mediated by the recognition of pathogen’s 

structures by toll like receptors (TLRs) and other intracellular sensors (like RIG-I) that 

are expressed by innate immune cells. TLR-9 recognizes unmethylated CpG DNA that 

is found in the genome of DNA viruses like γHV-68. Despite this, it has been shown that 

TLR-9 has only a modest role in the development of γHV-68 specific immunity [75]. 

Additionally MyD88, a key molecule used by almost all TLRs to signal, is also 

dispensable for the control of acute infection [76], but it is required for the establishment 

of latency. These findings indicate that the primary role of TLRs during γHV-68 infection 

is not the activation of an antiviral immune response but, instead, TLRs are exploited by 

the virus to promote latency. Additionally, TLRs triggering during latency, paradoxically, 

promotes viral reactivation [77]. Interestingly, KSHV reactivation is also induced by 

TLRs ligands, indicating that this is a common feature shared by all 

gammaherpesviruses [78].  
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 Type I interferons (IFN-αβ) are the first line of innate cytokines that control viral 

infection. As such, mice lacking IFN-αβ receptor are not able to efficiently control acute 

γHV-68 infection and mice infected with high doses (more than 100 pfu) of γHV-68 

succumb to acute infection. Mice infected with lower viral doses (100 pfu) can survive 

the acute infection phase but infected splenocytes reactivate γHV-68 with more 

efficiency in these mice [79]. Another observation that underscores the importance of 

IFN- αβ for the control of γHV-68 infection is that the virus has developed strategies to 

block interferon regulatory factors (IRFs) that are critical to activate the IFN- αβ cascade 

[80]. This is another evasion strategy that γHV-68 shares with EBV [81, 82].  

  

1.5.4 Adaptive immune responses to murine gamma herpesvirus-68 infection 

 

 As has been shown for EBV, the control of lytic acute γHV-68 infection is mainly 

mediated by CD8 T cells. CD8 T cells specific for γHV-68 lytic antigens start to appear 

around day 6 post infection, peak around day 10 and contract upon resolution of acute 

infection [83, 84]. Later, a second wave of late lytic antigen specific CD8 T cells is 

generated at the peak of latency due to differential expression of viral antigens during 

acute infection and the peak of latency. This CD8 response is maintained for two 

months after viral clearance [85, 86]. γHV-68 specific CD8 T cells retain high levels of 

function, showing an effector memory and central memory phenotype, with production 

of IFN-γ and TNF-α [87]. CD8 T cells control γHV-68 infection through perforin-

granzyme and Fas-dependent cyotoxicity [88, 89]. Oligoclonal CD8 T cells responses 

are found in γHV-68 mice, as it has been shown in EBV infected individuals (see 

paragraph 1.4.1). This oligoclonal response preferentially uses a Vβ4 TCR and it arises 

in response to the viral protein M1 as described in paragraph 1.5.1. In the C57Bl/6 

mouse, all the class I restricted γHV-68 epitopes belong to lytic proteins, indicating that 

latently infected cells are not presenting to CD8 T cells any epitope belonging to viral 

proteins expressed during latency [68]. This is likely due to γHV-68 immune escape 

mechanisms that target the MHC I pathway during lytic infection (see paragraph 1.5.1).   

 CD8 T cell responses are necessary and sufficient to control acute γHV-68  

infection, even in the absence of CD4 T cell help or B cells [90]. Thus, these two last 

components of the adaptive immune response are dispensable for the control of lytic 
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infection. On the other hand, CD4 T cells play a crucial, non-redundant role in the 

control of viral reactivation along with CD8 T cells, B cells and IFN-γ signaling (for a 

review [91]). All these components are required to avoid a chronic viral reactivation that 

leads to tissue damage, culminating in the death of the infected animals. CD4 T cells 

specific for γHV-68 can produce IFN-γ for several months following infection [92] and 

they also display cytolytic function [92]. Finally, the antibody response against γHV-68 is 

slow to develop [93, 94] but has a role in controlling viral reactivation [95, 96]. 

 

1.5.5 Immune modulation during murine gamma herpesvirus-68 latency 

 

 Different studies have shown that some inflammatory diseases can be 

modulated by γHV-68 infection. Experimental autoimmune encephalomyelitis is 

exacerbated by γHV-68 infection [97]. Worse disease is also observed in γHV-68 

infected mice in the context of pulmonary fibrosis [98], atherosclerosis [99, 100], 

inflammatory bowel disease [101] and Crohn’s disease [102]. In all these studies, the 

mechanisms that the virus is exploiting to lead to this enhanced autoimmune phenotype 

were not addressed.  

 Additional work has demonstrated that γHV-68 infection can protect from a lethal 

challenge with other intracellular pathogens such as Listeria monocytogenes [103], 

Yersinia pestis [103], Plasmodium [104] and adenovirus [105]. This cross-protection is 

not antigen specific and it is mediated by innate immunity activation that displays 

enhanced activation in γHV-68 infected mice and it is thus more efficient in controlling 

infections with other intracellular pathogens [103].  

 These findings point towards a complex and long-lasting interaction between the 

immune system of the host and latent infections, indicating that gammaherpesviruses 

can have both harmful (autoimmunity, chronic inflammation and tumors) and beneficial 

(cross-protection) consequences for human immunology.  
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1.6 Epstein-Barr virus and autoimmunity 

 
 A wide array of autoimmune diseases have been linked to EBV infection: 

systemic lupus erythematosus (SLE), multiple sclerosis (MS), rheumatoid arthritis (RA), 

Sjogrens syndrome, autoimmune thyroiditis, autoimmune hepatitis, cryptogenic 

fibrosing alveolitis and pure red cell aplasia [106-108].  

 Different studies analyzing EBV specific immunity in patients affected by these 

autoimmune diseases have shown that molecular mimicry could be implicated. As such, 

T cells and antibodies specific for both self-antigens and EBV antigens (but also other 

pathogens, both viruses and bacteria) have been isolated from MS, SLE and RA 

patients. These data show that many different pathogens have the potential to generate 

molecular mimicry. So, why is EBV more tightly associated with these autoimmune 

diseases than other pathogens? Other mechanisms, besides molecular mimicry, can be 

exploited by this virus to cause autoimmunity. In fact, EBV also has the unique ability to 

immortalize B cells [107] and affect different arms of the immune system both at the 

level of antigen presentation and T cell memory responses (see paragraph 1.4.2). 

Additionally, EBV continuously stimulates the immune system that has to remain vigilant 

to suppress reactivation from latency. In this regard, it has been proposed that chronic 

EBV infection at the site of autoimmunity development (i.e. brain for MS and synovium 

for RA) can lead to initial inflammation that causes the first insult leading to the onset of 

autoimmunity [107]. Intriguingly, EBV infection has been detected in both the central 

nervous system and joints of MS and RA patients respectively, even if these 

observations are still a matter of controversy.  

 Despite all these findings and the unique ability that EBV has to immortalize B 

cells and manipulate the immune system of the host, the mechanism that EBV would 

exploit to trigger autoimmunity is currently not clear.  

  



 15 

1.7 Epstein-Barr virus and multiple sclerosis 

 

 Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous 

system (CNS) that leads to myelin disruption and progressive disability. MS is believed 

to be triggered by environmental factors in genetically susceptible individuals but the 

etiology is still unknown. Myelin damage is thought to be mediated by autoreactive T 

cells. These T cells are able to cross the blood-brain barrier (BBB), recognize myelin 

epitopes and produce pro-inflammatory mediators that recruit a second wave of 

immune cells into the CNS. It is still not clear what is the first event that triggers myelin 

recognition, BBB breach and T cell entry into the CNS [109].  

 A number of different viruses have been implicated as etiologic agents of MS 

since its first description. Jean-Martin Charcot, a French neurologist that first described 

and named the disease in 1868, related infections with disease onset in some patients 

[110]. In the past 20 years, increasing evidence has indicated EBV as a potential trigger 

of MS. 

 

1.7.1 The development of a hypothesis from 1970 to 2000 

 

 The first observations of a link between EBV and MS date back to the 1970’s and 

1980’s. In 1979, Fraser and colleagues noticed that lymphoid-cell lines (i.e. B cells 

transformed by EBV) are established more easily with lymphocytes isolated from 

patients with clinically active MS than with those from healthy donors. The authors 

recognized that: “even if there is no primary role for EBV in the immunology of MS, a 

secondary role of reactivated EBV in its pathogenesis should be considered” [111]. 

Later, Craig and colleagues published a series of articles in which they demonstrated 

that T cells from MS patients fail to suppress EBV transformed cells whereas all 

lymphocytes cultures from healthy controls (except those from EBV seronegative and 

cord blood donors) are able to suppress EBV immortalized cells. They also found that 

MS patients have reduced numbers of CD8+ T cells and higher ratio of CD4+/CD8+ T 

cells [112-114]. 

 During the same years, other papers were published showing increased EBV 

seropositivity and increased anti-EBV antibody titers among MS cohorts [115-117]. 
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Interestingly, the prevalence of herpes simplex virus (HSV), cytomegalovirus (CMV), 

varicella zoster virus (VZV), rubella and mumps infections in these cohorts did not differ 

between MS patients and controls. Moreover, according to a case-control study, MS 

patients that had infectious mononucleosis before the age of 18 years, have an 

increased relative risk of multiple sclerosis [118]. The authors of this article pointed out 

that: “the pathogenesis of multiple sclerosis may involve an age-dependent host 

response to Epstein-Barr virus infection”. To further corroborate this theory, immigrant 

studies suggested that the risk of acquiring MS is determined by the area of residence 

during the first 15 years of life: people moving from a high risk to a low risk area after 

childhood retain the MS risk of their former area of residence. So, people living in an 

area where EBV is acquired during childhood and then moving to an area where EBV is 

more often acquired during/after adolescence would have a reduced risk of developing 

MS if compared to people that spent the first 15 years of their lives in areas in which 

EBV infection occurs later in life [119, 120]. There are also striking similarities between 

MS and mononucleosis prevalence: they both follow the same latitude gradient and 

affect people with high socio-economic status [119]. 

 Finally, evidence of molecular mimicry between EBV and myelin antigen was 

demonstrated through a series of articles. Wucherpfennig and colleagues showed that 

three T cells clones isolated from MS patients and specific for myelin basic protein 

(MBP) can be also activated by both bacterial and viral peptides, including one EBV 

DNA polymerase peptide [121]. Additionally, anti-EBV antibodies were found to be 

cross-reactive for neuroglial cells epitopes [122] and transaldolase, a protein expressed 

in olygodendrocytes [123].  

 

1.7.2 Association between EBV and MS in epidemiological studies 

 

 Early studies identified increased prevalence of EBV seropositivity among MS 

patients. Ascherio and colleagues reviewed eight studies [124], including 1,005 cases 

and 1,060 controls, demonstrating that EBV seroprevalence among MS patients is 

virtually 100%, whereas it is 95-85% among the general population. More compelling 

results came subsequently from MS pediatric cohorts. In fact, EBV seropositivity is 

lower in children than in the adult population and differences in EBV seroprevalence in 
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MS pediatric cases against controls are even more striking than in adults: 80-90% of 

children with MS have also been infected by EBV. In contrast, only 40-50% of children 

in the control groups were EBV seropositive [125-127]. Importantly seropositivity for 

other herpesviruses did not differ between the groups.  

 Additionally, EBV seropositivity and history of mononucleosis further increases the 

risk of developing MS [128-131]. A large Canadian study analyzed over 14,000 MS 

cases and 7,600 spouse controls asking about history of measles, mumps, rubella, 

varicella and infectious mononucleosis. They found no differences between the groups 

for all the other infectious diseases except for mononucleosis: 699 cases and 165 

controls indicated a history of infectious mononucleosis [130]. Moreover, a review of 

previously published articles about the link between MS and mononucleosis, including 

over 19,000 cases and 16,000 controls, showed that MS risk is strongly associated with 

mononucleosis with a relative risk of 2.17 (p=10-54) [128]. Another recent interesting 

study showed that MS risk increases if EBV seroconversion occurs. The authors found 

that all EBV negative cases converted into EBV positive before MS onset. On the other 

hand only 35.7% of controls seroconverted in the same period of time [131]. 

 

1.7.3 EBV strains in MS patients 
 
 The prevalence of EBV infection is very high in adults that never developed MS. 

So it is conceivable that MS patients are infected by a particular EBV strain that is able 

to cause MS. Only few article in the last years have addressed this question. In 2008, 

Lindsey and colleagues sequenced EBV using blood collected from MS patients and 

healthy controls. They sequenced EBV latent membrane protein-1 (LMP-1) because 

variations in this gene are associated with lymphoproliferative diseases. Different LMP-

1 sequences were isolated from both cases and controls but there was no difference 

between the groups [132]. Similar results were obtained in a subsequent study that 

sequenced the N- and C-terminus regions of EBNA-1 and, again, LMP-1 [133]. Another 

group sequenced EBNA-1 and BRRF-2 because of their ability to induce dysregulated 

immune responses in MS patients. Different polymorphisms were identified in both 

genes, in both cases and controls. Two SNPs were found to occur slightly more 

frequently in MS patients, but the study was not conclusive [134]. More studies with 

larger numbers of cases and controls are likely needed to better address this question. 
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1.7.4 EBV replication control and reactivation in MS patients 

 

 Another mechanism that EBV could exploit to trigger MS is the ability to replicate 

better or reactivate more often in MS patients. This frequent reactivation could 

constantly stimulate the immune system leading to impairments in the maintenance of 

peripheral tolerance. Serological and genetic markers of EBV infection and reactivation 

were analyzed monthly for one year on MS patients. Patients with clinical symptoms 

due to progression or relapses have frequent EBV reactivation and EBV genome is 

detected in 100% of these cases but in none of the MS patients with stable diseases. 

[135]. These data were partially confirmed by another study that measured EBV RNA 

and DNA levels in peripheral blood leukocytes (PBMCs) from cases and controls using 

quantitative PCR. There was no significant difference between the two groups, but 

paired samples showed EBV increase before and during relapses [136]. EBV plasma 

viral loads were also measured in a small group of MS patients and controls in another 

study. In this case, the authors did not find any difference between MS patients and 

control [137]. Discrepancies in these studies maybe due to the small numbers of cases-

controls analyzed, to the different type of starting material (plasma, blood or PBMCs) 

and different methodology (PCR or serology) employed to detect EBV reactivation.  

 

1.7.5 EBV humoral responses in MS patients 

 

 Oligoclonal bands (OCB), are found in the cerebrospinal fluid (CSF) of MS 

patients. Their presence is used as a diagnostic criteria for MS [109]. The specificity of 

these antibodies is still largely unknown but some groups have investigated the 

possibility that they are specific for EBV proteins. In one of the early articles, OCB were 

found to be enriched in antibodies specific for EBV proteins, especially EBNA-1, in a 

subset of MS patients [138, 139]. Following investigations detected EBV reactivity along 

with reactivity against other herpesviruses; or did not find any reactivity; or found the 

same EBV reactivity in MS and other neurological inflammatory diseases [140-142]. 

This indicates that EBV humoral response in the CSF may be only part of the 

multispecific antibody production in MS that targets different viruses.  
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 On the other hand, studies on sera samples have produced more consistent 

results. In fact, patients affected by MS show a dysregulated humoral immune response 

against EBV in the serum both before the onset and during the course of the disease. 

This observation was first made in 2001, when Ascherio and colleagues analyzed blood 

samples collected before MS onset and they showed that MS patients have higher 

serum titers of anti-EBV antibodies but not anti-CMV antibodies [143]. Following studies 

confirmed and further strengthened these results. Prospectively collected serum 

samples were analyzed for EBV EBNA-1, CMV, HHV-6, HSV, VZV and measles 

reactivity. Only high activity to EBNA-1 significantly increases the risk of MS and it is 

more pronounced five years before onset of clinical symptoms [28, 144]. Another study 

determined that EBNA-1 antibodies start to be elevated in comparison with matched 

controls even up to fifteen to twenty years before disease initiation. The antibody titer 

then remains elevated until clinical manifestations occur [145]. Interestingly, these 

findings have been shown to be specific for MS. EBNA-1 antibodies levels are not 

increased in the CSF or in the serum of patients suffering from other inflammatory and 

non-inflammatory neurological diseases [146].  Overall, these results indicate that 

elevated IgG responses against EBNA-1 are strongly linked to MS onset and they can 

predict conversion to MS. This has been observed in a study that analyzed humoral 

immune responses against EBV and other viruses (HHV-6, CMV and measles) in 

patients with clinically isolated syndrome (CIS) to assess if viral antibody titers can 

predict conversion to MS. EBNA-1 IgG titers were the only ones that correlate with 

number of brain lesions, disability severity and predict conversion to MS [147]. 

 Finally higher anti EBNA-1 antibody titers are associated with increased 

presence of new MS lesions in the brain [148], with increased disability and increased 

loss of brain volume and grey matter atrophy [149].  

 

1.7.6 EBV T cell responses in MS patients 

 

 Molecular mimicry between EBV and myelin antigens was demonstrated for the 

first time in 1995 with the isolation of a cross-reactive T cell clone from a MS patient 

[121]. The authors showed that the TCR of this T cell clone can bind and recognize with 

high degree of structural equivalence two different MHC alleles/peptide complexes: 
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DRB1*1501 presenting a myelin antigen and DRB5*0101 presenting an EBV antigen. 

Intriguingly both MHC alleles are associated with MS risk [150]. Cross-reactive T cells 

can be also detected in the CSF fluid of MS patients, indicating that these lymphocytes 

can gain access to the CNS: CD4+ T cells specific for both an EBV polymerase peptide 

and a myelin basic protein peptide were in fact isolated from two MS patients [151].  

 Another mechanism that EBV could exploit to trigger MS is through an increased 

or decreased EBV specific CD8 or CD4 response. Increased EBV specific immunity 

with more cytotoxic activity or more IFN-γ production can lead to a bystander activation 

of auto-reactive T cells. On the other hand, decreased T cell immunity against EBV 

could lead to frequent viral reactivation and chronic stimulation of the immune system 

with loss of peripheral tolerance. Different studies have shown that both scenarios could 

be possible. CD8 T cells responses against two EBV antigens HLA-B7 restricted have 

been found increased in MS patients if compared to healthy controls. CD8 responses to 

these epitopes were measured by an ELISPOT assay detecting IFN-γ production [152]. 

Different results were obtained in another article in which the authors tested the 

frequency of CD8 T cells specific for other HLA-B7 restricted EBV peptides. The 

authors did not find any significant difference between MS patients and healthy controls 

[153]. This might be due to the fact that different peptides were tested. On the other 

hand, increased frequency of EBV specific CD8 T cells in MS patients was again 

confirmed by another group with a different experimental approach: T cells from cases 

and controls were incubated with autologous EBV-transformed B cells and then stained 

for IFN-γ production [154]. All the studies mentioned above examined patients with 

established disease. Additional studies looking at earlier time points, closer to MS 

onset, were performed: for example, it has been shown that EBV specific CD8 

responses are more elevated at MS onset and then tend to decrease over time [155]. 

Moreover, higher numbers of EBV specific CD8 T cell in the CSF of MS patients at early 

disease stage were detected using a CFSE-based cytotoxic assay [156] and EBV 

specific CD8 T cells isolated from MS patients expressed higher levels of both IFN-γ 

and IL-4 [157]. This might indicate that EBV has an important role as initial disease 

trigger. The results of these studies are specific for MS and EBV infection only, since 

dysregulation of EBV immunity is not detected in other inflammatory and non-

inflammatory neurological diseases. Additionally CMV specific responses are equivalent 

between MS patients and controls.  
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 All these studies point in favor of the hypothesis that MS patients have an 

increased and dysregulated immune response against EBV that could lead to bystander 

activation of an autoimmune response. On the other hand, as mentioned at the 

beginning of this paragraph, there is also evidence that MS patients may have a 

decreased EBV specific T cells response, leading to impairment in EBV infection 

control. Pender and colleagues analyzed the frequency of PBMCs that produce IFN-γ 

when exposed to autologous EBV infected B cells isolated from MS patients and EBV 

positive controls. They found decreased CD8 T cell responses against transformed B 

cells in MS patients. They also showed that this impairment was not due to decreased 

HLA expression on B cells or a primary defect in the function of the CD8 compartment 

[158]. A similar result was found by another group that detected decreased EBV specific 

CD8 responses in MS patients using the same experimental approach of Pender and 

colleagues [159]. All the studies on EBV specific CD8 T cell responses mentioned in 

this paragraph examined a heterogeneous population of MS patients, at different stages 

of disease (relapsing-remitting MS and/or secondary progressive MS and/or primary 

progressive MS). Additionally, the authors of these articles do not always specify if the 

blood samples were collected during active or inactive disease. This is likely the reason 

why different results were obtained from different groups. It is conceivable that EBV 

specific CD8 immunity changes over time in MS patients; i.e. increased responses 

closer to disease onset, followed by a decrease at later time points or during remission.  

 Finally other published work analyzed EBV specific CD4 T cells responses, 

especially EBNA-1 specific response, since MS patients have dysregulated antibody 

response against EBNA-1 and EBNA-1 specific CD4 T cells have been shown to be 

important for EBV control in healthy subjects. A first study showed increased frequency 

of EBNA-1 specific CD4+ memory T cells in MS patients. These cells are also able to 

proliferate more and produce more IFN-γ. T cell responses against other EBV latent and 

lytic immunodominant peptides and CMV epitopes did not differ between cases and 

controls [160]. A second article further characterized EBNA-1 specific CD4 T cells as 

central memory Th1 helper precursors and Th1 polarized effector memory T cells. 

Intriguingly these T cells are able to cross-recognize myelin epitopes more frequently. 

Additionally myelin cross-reactive CD4 cells are able to produce both IFN-γ and IL-2; 

whereas EBNA-1 specific, non cross-reactive CD4 cells are producing IFN-γ only [161]. 

This IL-2 and IFN-γ polyfunctional phenotype is typical of persistent infections and gives 
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credit to the theory that both molecular mimicry and bystander activation, through 

dysregulated cytokine production, can have a role in MS onset.   

 

1.7.7 EBV infection in the MS brain 

 

 Since MS was first described in 1868, different investigators postulated that 

myelin damage was caused by a virus infecting the CNS. As soon as EBV was 

implicated in MS pathogenesis, the quest to find EBV in MS plaques started. Few 

negative articles were initially published [162, 163]. The main technique used to detect 

EBV infection in these articles was in situ-hybridization using probes against EBER, an 

EBV RNA transcript expressed during latency. The authors recognized some caveats of 

this approach: RNA degradation was present in some of the samples analyzed and the 

majority of lesions tested were chronic lesions, not representative of the initial stages of 

the disease [163]. Another group employed a highly sensitive PCR approach, to detect 

EBV infection in paraffin embedded active demyelinating MS lesion collected at 

autopsy. All the lesions analyzed with this approach tested negative for EBV infection 

[164].  

 In 2007, Aloisi’s group published for the first time evidence that EBV is able 

indeed to infect the MS brain [165]. Eight cases of MS patients with ectopic follicles in 

the meninges and B cells/plasma cells infiltration in the white matter were analyzed. 

Additionally, brain specimens from other twelve MS cases and two cases of acute MS 

were stained. Ectopic follicles are lymphoid structures in the meninges and have 

germinal centre features: they are composed of CD20+ cells surrounded by 

stromal/dendritic cells. Moreover CXCL13 expression, proliferation and differentiation of 

B cells into plasma cells are detected in the follicles. Both intrameningeal ectopic 

follicles and perivascular cuffs of acute and chronic active white matter lesions stained 

positive for EBER through in situ-hybridization. The author termed the brain specimen 

from these MS patients as “EBV high”. Lower levels of EBV infection are also detected 

in all the other brain samples analyzed (termed as “EBV low”) except one. The negative 

brain sample was also negative for B cells infiltrations, while in the EBV low cases, EBV 

infection was present in B cells and plasma cells scattered in the parenchyma or close 

to the perivascular area. Brain section of other inflammatory and non-inflammatory CNS 
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diseases tested negative for EBV infection. Immunofluorescence and 

immunohistochemistry for different EBV proteins showed that only latency proteins are 

generally expressed. But, in some EBV high cases and in acute MS cases lytic EBV 

protein were also detected, mainly in plasma cells, indicating EBV reactivation. EBV 

replication is likely abortive since viral glycoprotein expression was not detected. EBV 

high cases presented with CD8+ T cells that are producing perforin and IFN-γ and they 

co-localize with infected B cells. This indicates that the presence of a lytic EBV infection 

in the CNS is recruiting pro-inflammatory immune cells, both T cells and antigen 

presenting cells (APCs) to counteract the infection. This response could start a pro-

inflammatory loop with initial myelin damage, recruitment and bystander activation of 

myelin autoreactive T cells. A second article by Aloisi’s group, that further confirms EBV 

infection, employed laser–capture microdissection to isolate and analyze a fraction of 

the tissue of interest [166]. The presence of other viruses, apart from EBV, in the CNS 

of MS patients was not investigated by Aloisi’s group. Other groups were not able to 

reproduce these findings and they did not find evidence of EBV infection in the MS brain 

[167-169].  

 How can these different results be reconciled? It is unlikely that these results are 

false negative or false positive: Aloisi’s tissue sections were selected from patients with 

prominent B cells infiltration and high levels of inflammation (in the case of the two 

acute MS cases). On the other hand, the articles with disparities are looking at less 

well-selected tissues that are not enriched in B cells infiltrations or ectopic follicles 

structures. Future studies should focus on the prevalence of B cells infiltration and 

ectopic follicles by screening plaques from different patients at different disease stages 

to confirm if EBV infection is a common feature of a certain subset of MS patients.  

 

1.7.8 EBV infection of cell types other than B cells 

 

 Inconsistent EBV detection in the CNS of MS patients indicates that EBV might 

be triggering disease by infecting a small subset of cells in the CNS or by another 

mechanism. The presence of autoreactive myelin-specific lymphocytes is not 

sufficient to cause MS and such cells have been isolated from healthy individuals 

[170, 171]. In mouse models, MS-like disease can be triggered only after a leakage of 
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the blood brain barrier (BBB) is induced [172, 173]. The BBB is critical for 

maintenance of brain homeostasis.  Brain vessels are composed of a specialized type 

of endothelial cell that protects the brain by preventing the passage of molecules and 

immune cells.  In MS patients, the formation of new demyelination plaques is 

associated with a disruption of the BBB [174]. Intriguingly, EBV has been shown to 

infect other types of cells like epithelial cells [6], endothelial cells [8, 9] and monocytes 

[7]. EBV infection and reactivation in these cells may work in concert with EBV 

influence on B cells.  

 In conclusion, there is convincing epidemiological evidence that EBV is involved 

in MS but the pathogenic mechanisms remain elusive. It is conceivable that genetically 

susceptible individuals infected by this virus could respond differently to other infections 

leading to the development of an autoimmune response. Previous studies focused 

mainly on the humoral and cellular immune response against EBV in MS patients and 

on the presence of EBV infection in the CNS. EBV infects and transforms B cells, so 

future studies should investigate the effect that EBV infection has on antigen 

presentation and its ability to influence polarization and cytokine expression by B cells, 

within the CNS or the periphery. Most notably, this should be followed in individuals that 

have had mononucleosis and carry genes linked to MS susceptibility.  
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1.8 A mouse model of multiple sclerosis: experimental autoimmune 

encephalomyelitis 
 

 Experimental autoimmune encephalomyelitis (EAE) was first described as a 

model to study MS in vivo over 50 years ago [175]. To induce active disease, mice are 

immunized with a myelin peptide emulsified in complete Freund’s adjuvant (CFA). The 

type of peptide used depends on the mouse strain that it is chosen. CFA is composed 

of mineral oil and desiccated Mycobacterium tuberculosis. Two injections of pertussis 

toxin (PTX) may also be required depending, again, on the mouse strain. PTX has been 

hypothesized to be important to both facilitate the entry of T cells in the CNS [172] and 

to activate a strong T cell response to break tolerance [176, 177]. Two mouse strains 

have been most commonly used: SJL mice immunized with a peptide derived from 

myelin proteolipid protein (PLP) [178] and C57Bl/6 mice immunized with a peptide 

derived from myelin oligodendrocyte glycoprotein (MOG) [179]. Mice usually develop 

ascending paralysis starting at day 10-12 post EAE induction. SJL mice develop a 

relapsing-remitting disease course, conversely, C57Bl/6 mice develop a chronic 

progressive disease [179]. Besides active EAE, passive EAE can also be induced by 

injecting mice with myelin-reactive T cells that have been isolated from an active EAE 

host and expanded in vitro [180].  

 In this thesis, only active EAE in C57Bl/6 mice has been employed. The C57Bl/6 

model has been preferred over SJL mice, because the vast majority of knockouts and 

transgenic mice are available only on the C57Bl/6 background.  

 EAE pathogenesis in C57Bl/6 mice is mainly driven by MHC-II-restricted CD4+ T 

cells [181-183]. A percentage of MOG specific CD4+ T cell has a T helper 1 (Th1) 

phenotype and secretes IFN-γ and TNF-α. Additionally another subset of T helper cells 

that produces IL-17, known as Th17, has been shown to play an equally important role 

in EAE pathology [184, 185]. During the induction phase of EAE, MOG autoreactive 

CD4+ T cells, that escaped central tolerance and are naturally present in the T cell 

repertoire of C57Bl/6 mice [186], are primed and expanded in the periphery. During the 

effector phase, activated autoreactive T cells migrate into the CNS, where they are 

locally reactivated by APCs [187, 188], thus starting a pro-inflammatory loop that 

recruits additional immune cells. C57Bl/6 mice immunized with MOG present with CD4 

T cell and macrophage infiltrations in the white matter of the spinal cord, with minimal 
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brain inflammation. In MS patients, however, the vast majority of myelin lesions are 

found within the brain parenchyma and equivalent numbers of CD8 T cells are found 

alongside with CD4 T cells, both playing critical roles in the disease pathology [109, 

189].  

 EAE has proven to be a valuable tool in the development of therapies that are 

now being successfully used to treat MS [190] but, since EAE does not mirror all the 

features found in MS patients, many successful EAE treatments are not effective in MS 

patients. This indicates that a better mouse model that recapitulates all MS feature is 

needed to improve our ability to develop effective drugs.  
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1.9 Epstein-Barr virus and systemic lupus erythematosus 

 
 Systemic lupus erythematosus (SLE) is a heterogeneous multi-organ 

autoimmune disease. It affects between 2 and 4 million people worldwide [191]. It has 

been calculated that between 400 and 800 SLE patients die every day world-wide [191]. 

SLE patients, 90% of whom are women, develop autoantibodies against different 

components of the cell’s nucleus such as DNA, histones and chromatin. Deposition of 

immune complexes (antibody and cognate antigens complexes) starts an immune 

response in the target organ leading to tissue inflammation and damage [192].  Skin, 

kidneys, lungs, brain and heart are the most affected organs. Anti-DNA autoantibodies 

bound to nuclear material preferentially deposit in the kidneys leading to 

glomerulonephritis and kidney failure in SLE patients [193]. 

 Genetic predisposition and environmental factors have both been shown to be 

important contributors to SLE. However, the trigger that leads to the production of 

autoantibodies and immune dysregulation is currently unknown [192, 194]. The 

concordance rate of SLE between monozygotic twins is 24% [195, 196] indicating that 

genetic susceptibility alone is not enough to start the disease process but it is clearly 

important since the concordance rate of SLE between dizygotic twins is only 2%. 

Different viruses have been indicated as environmental triggers of SLE [197, 198] and 

Epstein-Barr virus is the most closely associated with SLE development.  

 

1.9.1 Association between SLE and EBV in epidemiological studies 

 

 EBV seropositivity has been measured in different studies to investigate if an 

association is present between EBV exposure and development of SLE. Since EBV 

seropositivity in the adult population is around 90-95%, pediatrics cohorts, which have a 

lower EBV prevalence, can be more informative, as it has been proven for multiple 

sclerosis. One of the first studies published showed that 99% of pediatric SLE patients 

have been exposed to EBV. In contrast only 70% of children in the control cohort have 

been infected by EBV [199]. Interestingly there was no difference in prevalence 

between the two cohorts when other herpesviruses were tested. Subsequent serologic 

results on both children and adults confirmed these early results [196, 200].  
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1.9.2 EBV replication control and reactivation in SLE patients 

 

 Another mechanism by which EBV could trigger SLE is the ability to replicate 

better or reactivate more frequently in SLE patients. To address this, different studies 

have been performed in order to assess the EBV viral load in the blood of SLE patients 

and healthy controls. EBV positive B cells rate normally declines with age but not in 

SLE patients [201]. Intriguingly SLE flares correlates with increases in the frequency of 

EBV positive PBMCs [202]. Two additional studies have found that SLE patients have 

from 15 fold [203] to 40 fold [204] higher EBV viral loads than healthy individuals. In 

another study, the levels of EBV infected cells in SLE patients were similar to the ones 

normally found only in immunosuppressed patients, even if the SLE patients included in 

the study were not taking any immunosuppressive drugs [202]. Additionally, in the same 

study, an abnormal expression of BZLF-1, LMP-1 and LMP-2a was found in the blood 

of SLE patients [202]. These findings have been also reconfirmed by more recent work 

[205]. In this study, Larsen et al also show that increases in EBV viral load always occur 

one week or more after the onset of a SLE flare. Higher percentages of EBV infected B 

cells in the blood of SLE patients could contribute to the enhanced autoantibody 

production.  

 

1.9.3 EBV humoral responses and molecular mimicry in SLE patients 

 

 Anti-Sm autoantibodies (where Sm stands for Smith antigen, a set of nuclear 

proteins) are found in SLE patients and used as diagnostic criteria. Up to 20% of total 

IgGs is specific for Sm in the sera of some lupus patients [206]. Analysis of serum 

samples collected before and after SLE diagnosis discovered that SLE patients are 

initially producing anti-Sm antibodies against the same epitope (PPPGMRPP) [207, 

208]. This epitope was found to have homology with EBNA-1 and anti- PPPGMRPP 

antibodies isolated from SLE patients were able to bind EBNA-1 [208]. Additionally, 

immunization of rabbits with the EBNA-1 peptide was enough to initiate an anti-Sm 

antibody response in the immunized animals, thus suggesting that an autoimmune 

response could start in response to a viral protein structure. This discovery made EBV 

and its protein EBNA-1 good candidates as SLE environmental triggers. Further work 
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showed similar results when the Ro antigen, another nuclear antigen, was analyzed 

[209-211]. Anti-Ro antibodies are produced by SLE patients at an early stage of the 

disease. The initial epitope recognized by the anti-Ro antibody response cross reacts 

again with an EBNA-1 peptide, even if there is no sequence homology in this case. 

Intriguingly, mice immunized with the viral peptide progressively develop antibodies 

specific for multiple Ro epitopes and other autoantigens, developing symptoms of SLE 

such as renal dysfunction [209]. Interestingly, it has been shown that the antibody 

response against EBNA-1 is directed to the large alanine-glycine repeat in healthy 

individuals infected by EBV. On the other hand, EBNA-1 specific antibodies in SLE 

patients are directed against other EBNA-1 epitopes that are cross-reactive with Ro and 

Sm [210]. These cross-reactive antibodies have also been found in mononucleosis 

patients [211]. However anti-EBNA-1/autoantigen cross-reactive antibodies disappear 

after mononucleosis resolution in healthy individuals but they persist in SLE patients 

[211].  

 Intriguingly, there are some reports that show that mononucleosis can induce the 

onset of SLE symptoms [212-214]. One can speculate that, after EBV infection, SLE 

patients are not able to control the production of autoantibodies that continue on 

increasing in number and on expanding their specificities to other antigens over time, 

until overt clinical disease manifests.  

 

1.9.4 EBV T cell responses in SLE patients 

 

 As discussed above, SLE patients have an impaired control of EBV replication. 

This could be due to an impaired ability of the EBV specific T cell response to control 

viral reactivation in SLE patients. In fact, an early study found that T cells from SLE 

patients are not as efficient as T cells from healthy controls in controlling EBV infection 

of autologous B cells [215]. Kang et al. detected increased frequencies of EBV-specific 

CD4+ IFN-γ+ T cells in SLE patients but decreased frequencies of EBV-specific 

CD8+positive IFN-γ+ T cells suggesting that impaired control of EBV replication could 

be due to impaired EBV specific CD8 immunity [204]. Similar results were found in a 

subsequent study [216] where the absolute frequency of EBV-specific CD8 T cells were 

increased in SLE patients but their function was impaired, especially in IFN-γ 
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production, as detected by Kang et al.  

 More recent work have shown that the frequency of polyfunctional EBV specific 

CD8 T cells capable of producing IFN-γ, TNF-α, IL-2 and MIP-1β upon antigen 

stimulation is decreased in SLE patients. Moreover EBV specific CD8 T cells from SLE 

patients are less efficient in the exocytosis of cytotoxic granules than CD8s isolated 

from healthy control. This functional impairment was shown to be due to increased 

expression of PD-1 on EBV specific CD8 T cells and could be reversed through PD-1 

blockade [205]. 

 

 Overall, these data show that EBV is closely linked to SLE development. 

Additionally several EBV proteins make this virus a good candidate to be the 

environmental trigger of SLE. EBV produces a homologue of IL-10 than can stimulate 

antibody production and also it carries a homologue of bcl-2 that is a survival factor and 

it can thus render B cells that are secreting autoantibodies resistant to apoptosis. 

Finally, both LMP-1 and LMP-2a inhibit apoptosis and promote B cell survival. In fact 

LMP-1 is a homologue of CD40 (provides a co-stimulatory signal when is activated) and 

LMP-2a interacts with the BCR receptor providing enhanced survival signal to the B cell 

that is expressing it [217, 218].  
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1.10 A mouse model of lupus: New Zealand black and white hybrid mouse 

 

 New Zealand black/white hybrid (NZBWF1 or NZBW) mice are a F1 hybrid 

obtained from the crossing of a New Zealand black (NZB) with a New Zealand white 

(NZW) mouse. The hybrid was first described in 1961 by Heyler and Howie [219] as the 

first mouse model that resembled human SLE. While both NZB and NZW display limited 

autoimmunity, NZBW hybrids develop an autoimmune disease that includes: 

lymphadenopathy, splenomegaly, elevated serum antinuclear (DNA, histones and 

chromatin) autoantibodies and immune complex-mediated glomerulonephritis [220, 

221]. As in SLE patients, disease in NZBW mice is biased in favor of females. In fact, 

the mean survival time for female NZBW mice is 245 days, conversely it is 406 days for 

male NZBW mice [221]. For the first three months of life, NZBW mice are clinically 

normal [220], but starting from 4-5 months of age the titer of anti-nuclear antibodies 

increases and switches from IgM to IgG and subsequently from IgG1 to IgG2 

subclasses. The onset of glomerulonephritis is associated with the appearance of anti-

nuclear antibodies IgG2a and IgG3, which are the most pathogenic [222-224]. 

Glomerulonephritis appears in females around 6 months of age, with 50% mortality at 

8.5 months of age [225]. Moreover both the production of autoantibodies and the 

development of glomerulonephritis are dependent on IFN-γ [226-228] and CD4 T cells. 

In fact, depletion of CD4 T cells, either through depleting antibody administration or 

development of CD4 KO in NZBW mice, leads to downregulation of autoantibody 

production and protection from glomerulonephritis development [229-234]. On the other 

hand the role of CD8 T cells in NZBW mice is still controversial. In fact CD8s have been 

shown to have both a pathogenic and a regulatory function [229, 235]. A number of 

studies have investigated the cytokine profiles of cloned T cells from NZBW mice to 

identify if a skewing towards a certain type of T helper response was present [236-238]. 

From these studies, it emerged that a distinct skewing of cytokines towards either a Th1 

or a Th2 phenotype was not evident before SLE development. A number of B cell 

defects have been also characterized in the NZBW mouse [221, 239]. Increase in B cell 

numbers has been detected early in life. This is accompanied by premature maturation 

at an accelerated rate that results in increased percentages of mature B cells earlier in 

life and an accelerated loss of B cell precursors later in life [240, 241]. Interestingly, if a 

nuclear autoantigen, such as DNA, binds simultaneously a self reactive DNA specific 
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BCR and a TLR (like TLR-9) on the same B cell, it can trigger both BCR and TLR 

signaling pathways, reinforcing activation of autoreactive B cells [242]. As such, TLR-9 

that synergistically activates B cells along with BCR engagement has been shown to be 

important for the production of autoantibodies. Activation of TLR-9 leads to enhanced 

disease [243], conversely TLR-9 KO have decreased autoantibody levels [244].  
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1.11 Objectives, hypothesis and aims 

 

 The overall objective of this thesis is to determine the link between latent 

gammaherpesvirus infection and the development of autoimmunity.  

 Two different mechanisms could be exploited by EBV to trigger autoimmune 

diseases: a direct mechanism or an indirect mechanism. The direct mechanism relies 

on the infection of the organ or a subset of cells in the organ where autoimmunity 

develops. As such, I hypothesized that EBV could trigger MS by infecting endothelial 

cells of the BBB. Reactivation from latency could upregulate an inflammatory response 

in endothelial cells and permeabilize the barrier leading to the recruitment of the first 

wave of inflammatory cells that will start to damage myelin, resulting in the first MS 

insult. The indirect mechanism relies on EBV influence on antigen presentation in the 

periphery. As such, I further hypothesized that EBV could affect antigen presentation. In 

individuals that already have a critical number of autoreactive T cells or other immune 

genes that predispose them to the development of autoimmunity, an alteration of 

antigen presentation, especially autoantigens presentation, could affect the skewing of 

the T helper response and the frequencies of regulatory T cells, thus tipping the balance 

towards autoimmunity. 

 Experiments were designed to determine if EBV was able to infect human primary 

endothelial cells isolated from the blood brain barrier of healthy individuals and whether 

EBV infection was able to cause a pro-inflammatory response in these cells. To address 

this, after having confirmed the ability of EBV to infect these cells, I measured the levels 

of different pro-inflammatory markers on EBV infected brain endothelial cells and I 

tested the degree of immune cell adhesion on an EBV infected endothelial monolayer.  

 In order to fully address the global interaction between latent 

gammaherpesviruses, the host’s immune system and development of autoimmunity, I 

developed two in-vivo models to study the role of EBV infection in the development of 

MS and SLE. I infected with the murine homolog of EBV two previously described 

mouse models of MS and SLE, EAE and NZBW mice respectively. I then studied the 

development of autoimmunity in these latently infected mice assessing disease 

progression, organ damage and different aspects of the immune response. Additionally, 

in the EAE model, experiments were designed to address the role of specific APCs in 

the modulation of the T helper response in a latently infected host. Finally, I also 
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performed the same experiments using different herpesviruses to demonstrate that 

acceleration of autoimmunity was a phenomenon specific for latent gammaherpesvirus 

infection only.  
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2 Materials and methods 
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2.1  Primary cultures of human brain microvascular endothelial cells (HBMECs) 

and other cell lines 
 

 Primary cultures of HBMECs were established from normal brains at autopsy as 

previously described [245]. The endothelial origin and purity of these cells were 

confirmed by the strong positive staining for Factor VIII-related antigen and binding of 

Ulex europeaus agglutinin. Primary HBMECs cultures retained important morphological 

and functional characteristic of their in vivo counterparts, mainly, interendothelial tight 

junctions that are impermeable to proteins, high electrical resistance and paucity of 

cytoplasmic vesicles [245, 246].  All experiments were performed using primary 

HBMECs cultures at passage 0-1 from six different donors. HBMECs were plated on 

fibronectin coated tissue culture plates and cultured in medium 199 (M199) (Invitrogen) 

supplemented with 10% horse serum (Cocalico Biologicals), 2 mM L-glutamine, 100 

U/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B (all from Invitrogen), 

20 µg/ml endothelial cell growth supplement and 100 µg/ml heparin (both from Sigma). 

B95.8, a marmoset EBV positive B cell line, and an EBV positive human lymphoblastoid 

cell line (LCL) were obtained from Dr. R. Tan and were maintained in RPMI 1640 with 

L-glutamine (Invitrogen) supplemented with 10% FBS (Invitrogen). PBMCs were 

isolated from human blood using Histopaque-1077 (Sigma) according to manufacturer’s 

instruction and stored in liquid nitrogen. 

 

2.2 EBV viral stock  

 

 EBV was harvested from the supernatant of B95.8 cells by centrifugation at 1200 

rpm for 10 min and stored at -80°C. SYBR green real-time PCR was performed to 

quantify the number of EBV genome copies in the viral stock. Briefly, DNA was 

extracted from the viral stock using a QIAamp DNA Mini Kit (Qiagen) following 

manufacturer’s instructions. Quantitated EBV DNA for the standard curve was 

purchased from Advanced Biotechnologies. Primers specific for the EBER gene were 

used [247]. Ten fold serial dilutions of the standard and the viral stock DNA were run in 

triplicate with 0.4 µM of each primer and 12.5 µl of IQ SYBR green mix (Biorad) in a 

final volume of 25 µl. The reaction was incubated at 95°C for 3 min followed by 35 
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cycles at 94°C for 15 sec, 60°C for 30 sec, 72°C for 30 sec. Fluorescence was 

measured after the extension step. Melting curve analysis (65-95°C at a rate of 

0.5°C/sec) and visualization of the PCR products on a 2% agarose gel were performed 

to ensure specific amplification.  

 

2.3 EBV infection of HBMECs, DNA extraction and PCR  
 

 HBMECs were grown to 40-50% confluence on a 24-well plate and infected with 

5 copies of EBV genome per each plated cell for 1 hour at 37°C or mock-infected with 

M199 alone for 1 hour at 37°C. After incubation, cells were provided with fresh media to 

ensure removal of viral nucleic acid contamination. Subsequently media was changed 

every other day. At 5 days PI, after several PBS washes, DNA was extracted using a 

QIAamp DNA Mini Kit (Qiagen) following manufacturer’s instructions. A PCR was 

performed using primers specific for EBV genome [247]. 5 µl of DNA were added to a 

PCR mix composed of 0.2 mM dNTPs, 0.4 µM of each primer and 2.5 U of Pwo 

SuperYield DNA polymerase (Roche). The reaction was incubated at 95°C for 2 min 

followed by 45 cycles at 94°C for 30 sec, 65°C for 30 sec, 72°C for 1 min.  

 

2.4 HBMECs viability assay 

 

 The LIVE/DEAD viability/cytotoxicity kit for mammalian cells (Invitrogen) that 

measures esterase activity was used according to the manufacturer’s instruction 

following the fluorescence microscopy protocol.  

 

2.5 RNA extraction from HBMECs and RT-PCR  

 

 HBMECs were infected as described above. At day 9 PI, RNA was extracted 

using an RNeasy Mini kit (Qiagen) following manufacturer’s instructions. On-column 

DNA digestion was performed using an RNAse-free DNase set (Qiagen). 2 µg RNA was 

reverse-transcribed into cDNA with a reverse transcription system using random 

hexamers (Promega) following manufacturer’s instructions. 4 µl of cDNA were added to 
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a PCR mix composed of 0.2 mM dNTPs, 0.4 µM of each primer [7, 248, 249] and 2.5 U 

of Pwo SuperYield DNA polymerase (Roche). The reaction was incubated at 94°C for 2 

min followed by 45 cycles at 94°C for 1 min, a gradient of 60-67°C or 55-62°C (see 

below for single annealing temperatures) for 1 min, 72°C for 1 min: EBNA-1 (60°C); 

EBNA-2 (61.3°C); LMP-1 (60.5°C); LMP-2A (55°C); LMP-2B (55°C); EBER-1 (62°C); 

BZLF-1 (62.5°C); BCLF-1 (65.6°C); GAPDH (61.3°C). 

 

2.6 Cytokines and chemokine analysis of HBMECs and B95.8 supernatants 

 

 Protein levels of cytokines and chemokines were measured in HBMECs 

supernatants and B95.8 supernatants using a human inflammation CBA kit (BD 

Bioscience) or a human flex set (BD Bioscience), both cross-reactive with non-human 

primates. Samples were prepared according to the manufacturer's instructions and 

analyzed on a BDFacsArray with FCAP software (BD Bioscience). 

 

2.7 HBMECs surface ELISA  

 

 Confluent HBMECs cultures were infected with EBV as described above. Cells 

were fixed with 0.025% glutaraldehyde for 10 min and incubated for 1 hr with a mouse 

anti-human ICAM-1 or VCAM-1 monoclonal antibody (Beckam-Coulter) diluted 1:40 in 

PBS containing 5% BSA and 4% NGS. Cells were washed and incubated with a 

peroxidase-conjugated goat anti-mouse IgG (1:2,000, Jackson ImmunoResearch) for 1 

hr. After three PBS washes, OPD dissolved in citrate phosphate buffer pH 5 was added 

for 45 minutes. The reaction was stopped with 2M H2SO4 and the absorbance was read 

at 490 nm. 

 

2.8 HBMECs adhesion assay 

 

 Confluent HBMECs cultures were infected with EBV as described in paragraph 

2.3. 48 hours post infection and 24 hours post TNF-α treatment (100U/ml, used as 
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positive control to maximize the expression of adhesion molecules), HBMECs cultures 

were washed with 10% horse serum in M199 twice. The media was then replaced with 

50 µl of PBMCs suspension (106 cells/ml) in RPMI 1640 with 10% AB serum. HBMECs 

were incubated with PBMCs for 1hr at 37°C. Cell monolayers were washed three times 

with M199, once with PBS to remove non-adherent PBMCs and then fixed with 3% 

paraformaldehyde for 20 min at RT. Adherent PBMCs were stained as previously 

described [250]. Briefly, the endogenous peroxidase was blocked for 30 minutes at RT 

with 3% H2O2 in methanol. HBMECs were incubated with a mouse anti-human CD45 

(1:70, Dako) for 1 hr and then with a peroxidase-conjugated goat anti-mouse IgG for 1 

hr (1:200, Jackson ImmunoResearch). Finally DAB was added for 20 min at 4°C and 

the monolayers were counterstained with hematoxylin (Vector Laboratories). The 

number of lymphocytes bound per mm2 was determined by counting the number of 

adherent lymphocytes in five randomly selected fields.   

 

2.9 Animals 

 

Chapter 4: IL-6 deficient C57BL/6 (IL-6KO); C57BL/6 wild type and 2D2 mice 

were purchased from Jackson Laboratory (Bar Harbor, ME).  These mice were 

maintained in the Wesbrook Animal Facility or in the Centre for Disease Modeling at the 

University of British Columbia (Vancouver, Canada). 

 Chapter 5: NZBWF1 (called NZBW for brevity in the rest of the text) mice were 

purchased from Jackson Laboratory (Bar Harbor, ME). These mice were maintained in 

the Centre for Disease Modeling at the University of British Columbia (Vancouver, 

Canada). For kidney failure assessment, the levels of proteins in the urine were 

measured using Chemstrip GP (Roche).  

 

2.10 Infections, cidofovir administration and EAE induction  

 

 Mice were infected intraperitoneally (i.p.) between 7-10 weeks of age with 104 pfu 

of γHV-68 WUMS strain (purchased from ATCC, propagated on BHK cells); or 104 pfu 

of LCMV Armstrong strain 53b (originally acquired from Dr. M.B. Oldstone, propagated 

on BHK cells); or 2,500 pfu of MCMV (from ATCC, generous gift of Dr. S.M. Vidal); or 
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104 pfu of HSV-1 McIntyre strain (generous gift of Dr. E. Pryzdial, propagated on Vero 

cells); or 200 µl of MEM as a control.  

 Cidofovir (Vistide; Gilead Sciences) was diluted in PBS and filter sterilized. It was 

administered subcutaneously in the scruff of the neck at a dose of 25 mg/kg or 15 

mg/kg as previous reports [251, 252]. Mice were given a two days loading dose four 

weeks post γHV-68 infection and 10 days before EAE induction. After, mice were 

injected every 3rd day until day 15 post EAE induction when they were euthanized.   

 EAE was induced 35-40 days post infection by injecting subcutaneously each 

mouse with 100µl of emulsified complete Freund’s adjuvant (DIFCO) with 200µg of 

MOG 35-55 (GenWay biotech, purity > 95%) and 400 µg of desiccated Mycobacterium 

tuberculosis H37ra (DIFCO).  Mice also received two i.p. injections with 200 ng of 

pertussis toxin (List Biologicals) at the time of immunization and 48 hours later. Mice 

were scored on a scale of 0 to 5: 0, no clinical signs; 0.5, partially limp tail; 1, paralyzed 

tail; 2 loss of coordinated movements; 2.5; one hind limb paralyzed; 3, both hinds limbs 

paralyzed; 3.5, hind limbs paralyzed, weakness in the forelimbs; 4, forelimbs paralyzed; 

5, moribund or dead.  

 

2.11 Limiting dilution assay for γHV-68 

 

 At indicated time points post EAE, mice were euthanized and spleen harvested. 

A single cell suspension was generated after RBC lysis. A limiting dilution assay was 

performed, as previously described [253], to analyze the amount of ex-vivo reactivation 

(using live splenocytes) and the amount of pre-formed virus (using lysed splenocytes 

through one cycle of freeze-thaw). Splenocytes were plated on a 96 well plate on a 

monolayer of mouse embryonic fibroblasts (MEF). Twelve 2-fold serial dilutions were 

prepared starting at 105 cells/well. Twelve wells were plated for each dilution. Plates 

were incubated at 37°C for 15-20 days and then scored for cytopathic effect. 
 

2.12 Nested PCR for γHV-68 

 

 DNA was extracted from brains, spinal cords and spleens of perfused mice at 

indicated time points before and post EAE induction using QIAamp DNA mini kit 



 41 

(QIAGEN) following manufacturer’s instruction. A nested PCR to detect γHV-68 was 

performed as previously described [97]. Briefly, 2 µl of DNA were added to a PCR mix 

composed of 0.2 mM dNTPs, 0.4 µM primers and 2.5 U of Taq polymerase. PCR cycles 

were the following: 95°C for 2 min, followed by 20 cycles at 95°C for 1 min, 63°C for 1 

min and 72°C for 1 min followed by 7 minutes at 72°C. The primers used were 5’ CCA 

TCT AGC GGT GCA ACA TTT TCA TTA C 3’ (forward) and 5’ TTT ACT GGG TCA 

TCC TCT TGT TTG GG 3’ (reverse). Then, 2.5 µl from the previous PCR reaction were 

used for the second PCR reaction using the following internal primers with the same 

cycles: 5’ CGA ACA ACA ATC CCA CTA CAA TTA TGC G 3’(forward) and 5’ GTA TCT 

GAT GTG TCA GCA GGA GCG TC 3’ (reverse). The samples were run on a 2% 

agarose gels (Invitrogen) and the 462 bp expected band was visualized using SYBR 

safe (Invitrogen).   

 

2.13 Immune cell isolation, staining and flow cytometry 

 

 Chapter 4: mice were perfused with 30cc of PBS and spinal cords, brains, 

spleens, inguinal and cervical lymph nodes were isolated at indicated time points post 

EAE induction. A single cell suspension was generated from all the organs. Immune 

cells were further isolated from the CNS using a 30% Percoll gradient.  

 Chapter 5: at the onset of kidney failure (8 months of age), mice were 

euthanized, spleens were harvested and a single cell suspension was generated.  

 For intracellular staining, CNS mononuclear cells, splenocytes and lymph node 

cells were stimulated for 4 hours in IMDM (Gibco) containing 10% FBS (Gibco), 

GolgiPlug (BD Biosciences), 10 ng/ml PMA and 500 ng/ml ionomycin; or for 24 hours 

with MOG peptide (100 µM) with addition of GolgiPlug during the last 5 hours of 

incubation.  

 Cells were incubated with Fc block (BD Biosciences) on ice for 15 minutes for 

both surface and intracellular staining. Antibodies for the cell surface markers were 

added to the cells in PBS with 2% FBS for 30 min on ice. After washing, if intracellular 

staining needed to be performed, cells were resuspended in Fix/Perm buffer 

(eBiosciences) for 30-45 min on ice, washed twice and incubated with Abs for 

intracellular antigens (cytokines and transcription factors) in Perm buffer (30 min, on 
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ice). Fluorescently conjugated antibodies directed against CD11b (clone M1/70), CD11c 

(clone N418), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD19 (clone eBio1D3), CD3 

(clone eBio500A2), CD45 (clone 30-F11), CD44 (clone IM7), CD62L (clone MEL-14), 

CD69 (clone H1. 2F3), CD21 (clone eBio809), CD23 (clone B3B4), IgM (clone eB121-

15F9), CD80 (clone 16-10A1), CD86 (clone GL1), CD40 (clone 1C10), MHC I (clone 

28-14-8), MHC II (clone M5), IL-6 (clone MP5-20F3), IL-10 (clone JES5-16E3), IL-17 

(eBio17B7), IL-4 (clone 11B11), IFN-γ (clone XMG1.2), TNF-α (clone MP6-XT22), T-bet 

(clone eBio4B10), ROR-γt (clone AFKJS-9), Foxp3 (clone FJK-16s), granzyme B (clone 

16G6) were all purchased from eBiosciences. Anti IL-12 antibody (clone C15.6) was 

purchased from BD Biosciences. Anti-CCR5 (clone HM-CCR5), CXCR3 (clone CXCR3-

173) and CD138 (clone 281-2) antibodies were purchased from Biolegend. Samples 

were acquired using a FACS LSR II (BD Biosciences) and analyzed using FlowJo 

software (Tree Star, Inc).  

 

2.14 Tetramer staining 

 

 Immune cells were isolated as detailed above. One million cells were incubated 

with a mixture of two class I tetramers, both conjugated with APC (provided by the 

Trudeau Institute Molecular Biology Core Facility). Tetramer p56 (Db/ORF6487-495 

AGPHNDMEI) was diluted 1:300 and tetramer p79 (Kb/ORF61524-531 TSINFVKI) was 

diluted 1:400. Cells were incubated for 1 hour at RT and then washed. Surface staining 

was then performed and cells were fixed in 1% PFA for 20 min on ice before 

acquisition.  

 

2.15 Histology and immunohistochemistry 
 

 Spinal cords and brains harvested from perfused EAE mice and kidneys 

harvested from NZBW mice were formalin fixed and paraffin embedded. Six-micron 

thick sections were stained with eosin and hematoxylin (kidneys and spinal cords) or 

luxol fast blue (spinal cords and brains) (all from Sigma) following standard protocols. 

Brains from perfused mice and kidneys from NZBW mice were frozen in OCT (Fisher 

Scientific) and ten-micron thick sections were processed for immunohistochemistry. 
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Briefly, sections were fixed in ice cold 95% ethanol for 15 min and washed in PBS 

several times. This was followed by washes in TBS with 0.1% Tween (TBST) and 

incubation for 10 min with 3% H2O2 to block endogenous peroxidase. After washing, 

blocking buffer was added for 1 h (10% normal goat serum in PBS). Primary antibody 

was added overnight at 4°C: purified rat anti-mouse CD4, anti-mouse CD8, anti-mouse 

F4/80 (all from eBiosciences) or biotinylated-anti-mouse IgG (Vector), diluted 1:100 in 

PBS 2% normal goat serum. After washes in TBST, biotinylated secondary antibody 

(anti-rat IgG, mouse absorbed, Vector) was added for 1 h, if needed, diluted 1:200 in 

PBS 2% normal goat serum. After washes in TBST, Vectastain ABC reagent was used 

(Vector) following manufacturer’s instruction. Then, DAB (Sigma) was added as a 

substrate and, after incubation for 8 min in the dark and several washes in distilled 

water, sections were counterstained with Harris hematoxylin for 20 seconds, in lithium 

carbonate for 30 sec, washed in several changes of distilled water and mounted with 

VectaMount AQ (Vector).  

 

2.16 Cytokines and chemokines analysis 

 

 Serum cytokine and chemokine levels were measured at the indicated time 

points using a mouse inflammation CBA kit (BD Bioscience) for detection of IL-6, IL-10, 

MCP-1, IFN-γ, TNF-α and IL-12p70 or a cytokine flex set (BD Bioscience) allow for 

detection of CXCL-9 (MIG), CCL-3 (MIP-1α), CCL-4 (MIP-1β), CCL-5 (RANTES), IL-

17A, GM-CSF and G-CSF. Samples were prepared according to manufacturer's 

instructions and analyzed on a BDFacsArray equipped with FCAP software (BD 

Biosciences). Serum levels of IFN-β were measured using a VeriKine Mouse interferon 

beta kit (PBL interferon source) according to the manufacturer's instructions. For CNS 

supernatant analysis, brains and spinal cords were homogenized in 10 mls of FACS 

buffer to obtain a single cell suspension. The suspension was then centrifuged for 10 

min at 1200rpm. A total of 10 mls of CNS supernatant was obtained for each sample, 1 

ml was frozen at -80°C and then 50 µl were analyzed using the mouse inflammation 

CBA kit as detailed above.  
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2.17 Auto-antibodies ELISA 

 

 Nunc immunoplates were coated with 10 µg/ml of MOG peptide, 10 µg/ml of 

brain extract (purchased from Santa Cruz Biotechnology), 8 µg/ml of histones 

(purchased from Worthington Biochemical Corporation), 40 µg/ml of dsDNA (purchased 

from Worthington Biochemical Corporation) or 20 µg/ml of ssDNA (obtained by boiling 

for 10 min dsDNA) in carbonate buffer and incubated overnight at 4°C. Plates were 

washed three times with wash buffer (PBS, 0.05% Tween). Blocking buffer (PBS with 

1% BSA; 0.05% Tween and 10% FBS) was added in each well for 1 h. After removal of 

the blocking buffer, day 28 post EAE induction sera samples diluted 1:20 and 1:40 in 

blocking buffer or NZBW sera samples diluted 1:50 in blocking buffer were added for 

1.5 h at RT. After washing, anti-mouse IgG-HRP or IgM-HRP (Sigma), diluted 1:1000 in 

blocking buffer, were added for 1 h. After washing, OPD (0.2 mg/ml, Sigma) and UPO 

(0.2 mg/ml) in citrate buffer were added for 30 min and the reaction was either stopped 

or not with 25% H2SO4. Absorbance was read at 490 nm or 450nm respectively. For 

IgG1/IgG2a ELISA the following antibodies were used: biotin anti-mouse IgG1 (diluted 

1:10000 in blocking buffer) and biotin anti-mouse IgG2a (diluted 1:6250 in blocking 

buffer), both from Jackson Immunoresearch (generous gift of Dr. J. Quandt). In this 

case, after washing and before adding the substrate, streptavidin-HRP was added 

(diluted in blocking buffer 1:1000, Jackson Immunoresearch). No secondary antibody 

controls, sera from healthy mice (for lupus) or sera from non-immunized mice (for EAE) 

were added as negative controls in each ELISA plate.  

 

2.18 Direct intracellular staining, mixed assays and cell transfers 

 

 Sterile Brefeldin A was purchased from Sigma and 250 µg were injected 

intravenously in mice at day 4 post EAE induction [254]. Six hours later mice were 

euthanized and spleens and inguinal lymph nodes were harvested. Cells were prepared 

and stained to detect IL-6, IL-12, TNF-α, IFN-γ and IL-10 as described above. 

Intracellular staining was performed without any further ex-vivo restimulation.  

 For mixed assays, spleens and inguinal lymph nodes were harvested at day 4 

post EAE induction. A single cell suspension was prepared and stained with anti-CD11c 
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and anti-CD11b antibodies (see above for details). CD11c+ CD11b+ cells were sorted 

with a FACSAria cell sorter (BD Biosciences). CD4 T cells from 2D2 mice were isolated 

from spleens with a CD4 T cells negative selection kit following manufacturer’s 

instructions (STEMCELL technologies). Isolated CD11b+CD11c+ (2x104/well) and 2D2 

CD4 T cells (5x105/well) were seeded on a 24 well plate in RPMI, 10% FBS and 

Pen/Strep (all from GIBCO) with or without 10 or 100 µM MOG peptide. After 72 hours, 

T cells were restimulated with PMA, ionomycin and GolgiPlug and stained for CD4 and 

IFN-γ as described above.  

 For cell transfers, CD11b+CD11c+ cells were sorted as described above. Each 

mouse received 100,000 cells intra peritoneally. EAE was induced 24 hours post-

transfer.  
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3 Epstein-Barr virus infection of human brain microvascular endothelial cells2 

 
  

  

 

                                            
2A version of chapter 3 has been published: Costanza Casiraghi, Katerina Dorovini-Zis 
and Marc S. Horwitz. Epstein-Barr virus infection of human brain microvessel 
endothelial cells: A novel role in Multiple Sclerosis. J. Neuroimmunol. 230(1-2):173-7 
(2011).  
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3.1 Introduction  

 

 Despite decades of focused biomedical research, the etiology of multiple 

sclerosis (MS) is currently not well understood. Epidemiological data and geographic 

patterns imply that MS is caused by an environmental insult in genetically predisposed 

individuals [109]. Epstein-Barr virus (EBV) has been identified as a putative 

environmental trigger of MS. The risk of MS is 20 times greater among people who 

have contracted infectious mononucleosis, a disease caused by EBV, as compared with 

seronegative individuals [255]. A steep increase in the titer of antibodies specific for 

EBV has been detected in the serum of some MS patients: it begins to elevate 10-20 

years prior to the onset of symptoms and correlates with the risk of developing the 

disease [28]. CD4+ T cells that cross-react with both EBV and myelin basic protein and 

co-produce IFN-γ and IL-2 have been isolated from MS patients [161]. Interestingly, a 

recent study detected a decreased T cell reactivity against EBV infected B cells in MS 

patients indicating a dysregulated EBV immune response [158]. Despite this evidence, 

the mechanism by which EBV would trigger MS remains elusive [256]. Intriguingly, the 

infection of endothelial cells by other herpesviruses such as cytomegalovirus or 

Kaposi’s sarcoma virus upregulates the expression of cytokines, chemokines and 

adhesion molecules [257]. Taking a fresh approach, we reasoned that EBV infection of 

atypical target cells such as endothelial cells may be an essential component to 

pathogenesis in MS. 

 In transgenic TCR mouse models, MS is triggered only after the blood-brain 

barrier (BBB) is compromised [172]. The presence of autoreactive myelin-specific 

lymphocytes is not sufficient to cause MS since such cells have been isolated from 

healthy individuals [170]. In MS patients, lesion and plaque formation are associated 

with a disruption of the BBB. Thus, an increase in BBB permeability, along with 

autoreactive T cells activation, is a requirement for the development of MS. However, it 

is unclear how changes in the BBB are initiated prior to the initial immune cell entry into 

the brain [258].  

 We hypothesized that EBV infection of a subset of brain endothelial cells would 

increase the potential for an inflammatory breach of the BBB, particularly following 

reactivation of latent virus. Prior work has established that EBV can infect 

macrovascular endothelial cells both in human tissues [259, 260] and in culture with 
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human umbilical vein endothelial cells (HUVECs) [8, 9]. However, the BBB is composed 

of microvascular endothelial cells that differ significantly from macrovascular endothelial 

cells, such as HUVECs, in a number of characteristics, most importantly in terms of 

susceptibility to viral infection by Herpesviridae [261]. To investigate our premise, we 

asked whether EBV could infect primary human brain microvascular endothelial cells 

(HBMECs) leading to increased endothelial cell activation that would be relevant for MS 

pathogenesis.  
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3.2 Results 

 

3.2.1 EBV infects HBMECs 

 

 HBMECs isolated from three different donors were successfully infected with 

EBV (Figure 3.1) under standard laboratory culture conditions. The viral genome was 

detected by standard PCR in infected HBMECs and was absent from mock-infected 

HBMECs, indicating that the donors’ endothelial cells were EBV negative (Figure 3.1). 

 EBV infection did not diminish the viability of HBMECs and this was confirmed 

using esterase activity assays (Figure 3.2).  

 Further, EBV gene expression was detected by RT-PCR 9 days post infection 

(PI). To ensure removal of viral nucleic acid contamination, media was changed every 

other day between infection and RNA harvest; a non-HBMEC control (virus added on 

fibronectin coated wells) was performed and primers were designed on different exons 

[7]. Moreover infection with heat-inactivated EBV [262] did not lead to any detectable 

viral gene expression (data not shown). Latency and immediate early gene expression 

were detected in separate experiments with cells derived from two different donors 

(Figure 3.3), thereby demonstrating viral replication and EBV gene splicing. Expression 

of BZLF-1 and EBNA-1, both involved in the transactivation of the transcription of other 

viral genes, were detected PI in HBMECs from one donor; whereas LMP-2B and EBNA-

1 were found to be expressed PI in HBMECs from a second donor (Figure 3.3). 
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Figure 3.1. EBV is able to infect HBMECs 
PCR to detect the presence of viral genome using DNA extracted from mock-infected 

HBMECs (HBMECs, incubated for 1h with M199), EBV infected HBMECs 

(EBV+HBMECs) 5 days post infection (PI) and EBV viral stock (+). 
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Figure 3.2. HBMECs remain viable after EBV infection 
Live-dead cell assay performed 7 days post EBV infection in (A) mock-infected HBMECs 

(left panel); EBV infected HBMECs (right panel) and (B) HBMECs treated with 0.1% 

saponin for 10 minutes, as a positive control for cytotoxicity. The assay is composed of 

two dyes: calcein AM and EthD-1. Live cells will appear green thanks to the presence of 

intracellular esterase activity which converts the non-fluorescent calcein AM into the 

green fluorescent calcein. Conversely, dead cells will appear orange due to the binding 

of EthD-1 to the nucleic acids. EthD-1 is excluded by the intact plasma membrane of live 

cells.  
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Figure 3.3. Infected HBMECs express both latent and lytic EBV genes 

RT-PCR for EBV genes expression (EBNA-1, EBNA-2, LMP-1, LMP-2A, LMP-2B, 

EBER-1, BZLF-1 and BCLF-1) using RNA extracted from a human lymphoblastoid cell 

line transformed with EBV (+), EBV infected HBMECs (EBV+HBMECs) 9 days PI  and 

mock-infected HBMECs (HBMECs). A-B are two different donors, RNA were pooled 

from triplicate wells. Results representative of four separate experiments. 
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3.2.2 HBMECs infected by EBV upregulate pro-inflammatory molecules and 

support increased immune cell adhesion 
 
 We next investigated whether EBV infection of HBMECs could lead to activation 

and increased production of pro-inflammatory molecules. Uninfected HBMECs 

expressed basal levels of CCL-2 (MCP-1) and IL-8 (data not shown) consistent with 

previous reports [263, 264]. Increased CCL-5 (RANTES) production was observed at 24 

and 48 hours PI in the culture supernatants (Figure 3.4). Further, the surface 

expression of the adhesion molecule, ICAM-1, was significantly increased 48 hours PI, 

whereas VCAM-1 expression was very low in either naive or EBV infected HBMECs 

(Figure 3.5). Importantly, both ICAM-1 and CCL-5 are involved in firm adhesion of 

leukocytes to the endothelium [246, 250, 265].  

 To determine whether the observed EBV-mediated upregulation of ICAM-1 and 

CCL-5 was sufficient to increase the adhesion of peripheral blood mononuclear cells 

(PBMCs), we performed PBMC adhesion assays. While only a few PBMCs adhered to 

naive HBMECs (Figure 3.6A and 3.6D), significantly greater numbers of PBMCs 

adhered to EBV infected HBMECs (Figure 3.6B and 3.6D, p<0.0001). As a positive 

control, HBMECs treated with TNF-α for 24 hours showed significant levels of PBMC 

adhesion (Figure 3.6C and 3.6D).  

 The supernatant used for the infection was obtained from a marmoset B cell line 

(B95.8) transformed by EBV. To rule out the possibility that cytokines produced by 

B95.8 cells are contributing to the observed changes in HBMECs, B95.8 supernatant 

was tested for the presence of proinflammatory mediators using a human kit with cross-

reactivity to non-human primates (see Materials and Methods). B95.8 supernatant was 

positive for IL-10 but negative for IL-6, IL-1β, TNF-α and CCL-5. In summary, EBV 

infection upregulates inflammatory molecules in HBMECs.  
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Figure 3.4. EBV infected HBMECs secrete increased amounts of CCL-5 (RANTES) 
24-48 hours post infection 
CCL-5 expression detected in the supernatant of mock-infected HBMECs (mock, 

HBMECs incubated for 1h with M199) and EBV infected HBMECs (EBV) before 

infection (day 0) and every subsequent 24 hours PI (day 1, 2, 3; ∗∗ p=0.0018; ∗∗∗ 

p<0.0001) (triplicate wells from four separate experiments using four different donors). 

Data analyzed with t-test. 
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Figure 3.5. EBV infected HBMECs express increased levels of ICAM-1 48 hours 
post infection 

ICAM-1 (A) and VCAM-1 (B) expression detected with a surface ELISA in EBV infected 

HBMECs (EBV) and mock-infected HBMECs (mock) 48 hours PI (triplicate wells from 

three separate experiments using three different donors). An irrelevant antibody control 

with the same isotype of the ICAM/VCAM primary antibody (isotype) and only 

secondary antibody control (secondary) were added. Data analyzed with t-test. 

 
 
 



   56 
 

 

 
 
 
 

Figure 3.6. Increased PBMCs 
adhesion on an EBV infected 
HBMECs monolayer 48 hours 
post infection 

A-C: Adherent PBMCs (brown 

spots) on 1 mm2 fields acquired 

with a 20X objective and a digital 

camera with a 4X zoom: mock-

infected HBMECs monolayer 

(A), EBV infected HBMECs 

monolayer 48 hours PI (B) and 

TNF-α (100U/ml for 24 hours) 

treated HBMECs monolayer (C) 

as positive control. Scale bar 200 

µm. D: Quantification of the 

amount of adherent PBMCs/mm2 

from 5 randomly selected fields 

(with 1 mm2 grid) from triplicate 

wells (three separate 

experiments using three different 

donors). Data analyzed with t-

test. 
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3.3 Discussion 

 

 This is the first report demonstrating successful EBV infection and gene 

expression in HBMECs. We found that distinct EBV genes are expressed in HBMECs 

from different donors (BZLF-1 and EBNA-1 in HBMECs from the first donor and LMP-

2B and EBNA-1 from the second donor). BZLF-1 is an immediate early gene that is 

responsible for the transition from latency to lytic cycle reactivation [12]. EBNA-1 is a 

latency gene responsible for maintenance of the viral genome during host cell 

replication [12]. LMP-2B is a latency gene that promotes motility and spreading of 

epithelial cells [13], while its function in EBV infected B cells is poorly understood [12]. 

Although these patterns are different from those observed in infected B cells, they are 

similar to what is found in EBV infected epithelial cells. In fact, primary epithelial cells in 

vitro have been shown to express EBNA-1, LMPs, and BZLF-1 at day 5 PI with similar 

levels of variability at the single cell level and with primary cultures from different donors 

[249, 266].  

 We also found increased production of pro-inflammatory molecules, such as 

CCL-5 and ICAM-1, in EBV infected HBMECs that support increased adhesion of 

PBMCs on their surface. Intriguingly, both CCL-5 and ICAM-1 have been associated 

with MS. Polymorphisms in CCL-5 and its receptor, CCR5, modify the course and the 

outcome of MS [267]. The low-producer CCL-5 allele is associated with reduced risk of 

axonal loss; whereas the high-producer CCL-5 allele is associated with more severe 

clinical disease. CCL5 expression is upregulated in BBB cells before clinical signs 

appear [268]. MS derived HBMECs express higher levels of ICAM-1 and circulating 

leukocytes of MS patients express higher levels of LFA-1, the ligand of ICAM-1 [269]. 

Therefore, the ability of EBV to upregulate CCL-5 and ICAM-1 in HBMECs in a similar 

manner to what is observed in the BBB of MS patients, could in part describe the 

mechanism of MS pathogenesis.  

 Herein, we demonstrate that EBV infection of HBMECs leads to endothelial cell 

activation and PBMC adhesion. Based on our observations and the work of others [8, 9, 

266], it is our expectation that only a minority of cells is infected by EBV and expresses 

viral genes. We propose that reactivation of latent EBV infection in brain endothelial 

cells could upregulate cytokines, chemokines and adhesion molecules that would 

induce a local breach in the BBB and attract autoreactive lymphocytes into the brain. In 
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an individual with an increased level of peripheral autoreactive T cells, this could lead to 

an initial localized entry of immune cells and the development of CNS lesions. In this 

manner, EBV would only need to infect a small population of HBMECs and reactivation 

would be required to occur within a minority of these cells. This proposed model would 

serve to explain the inconsistent detection of EBV infection in MS brains [165-169]. This 

mechanism further accounts for important features of MS including: lack of detectable 

virus in the MS plaques; infiltration by macrophages, and both viral and myelin specific 

lymphocytes; the presence of oligoclonal antibodies in the cerebrospinal fluid and the 

success of anti-viral treatments like interferon-β on preventing MS relapses. 
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4 Gammaherpesvirus latency accentuates experimental autoimmune 

encephalomyelitis pathogenesis3 
 
 
 

 

                                            
3 A version of chapter 4 has been published: Costanza Casiraghi, Iryna Shanina, 
Sehyun Cho, Michael L. Freeman, Marcia A. Blackman and Marc. S. Horwitz. 
Gammaherpesvirus latency accentuates EAE pathogenesis: relevance to Epstein-Barr 
virus and multiple sclerosis. PLoS Pathog 8(5): e1002715 (2012).  
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4.1 Introduction  

 

 Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous 

system (CNS). In MS, the myelin sheath, which insulates and protects neurons, is 

attacked and destroyed by the host’s immune system leading to progressive disability 

[109]. MS is considered to be the result of an environmental influence in genetically 

susceptible individuals. Different environmental triggers have been associated with MS 

development and viral infections are the most common suspects [109, 255].  

 To date, Epstein-Barr virus (EBV) has the strongest correlation with MS 

development [255]. EBV is a DNA virus of the γ-herpesvirus family. It establishes a life-

long latent infection mainly in B cells [12], but it has been shown to have the ability to 

infect other cell types such as epithelial cells, endothelial cells and monocytes [7, 8]. It 

infects 90% of the human population and it is usually acquired during childhood. When 

primary infection takes place during adolescence or in adulthood, it leads to infectious 

mononucleosis [5]. All MS patients are EBV seropositive [124] and individuals with a 

history of mononucleosis have a 20-fold higher risk of developing MS later in life [255]. 

Moreover the EBV-specific humoral and cellular immunity seems dysregulated in MS 

patients: there is an increase in anti-EBV antibodies titer years before MS onset [147], a 

decreased CD8+ EBV response [158] and the presence of polyfunctional myelin/EBV 

cross-reactive CD4+ T cells in MS patients [161]. Finally, although still controversial, 

EBV infected B cells have been found in ectopic follicles in the brain of MS patients 

[165, 167-169]. Despite all this evidence, it is still not clear how EBV would trigger CNS 

autoimmunity. Although EBV does not infect rodents, murine gamma herpesvirus-68 

(γHV-68) has been a useful tool in studying the relationship between the immune 

system and latent γ-herpesvirus infection in mice [50].   

 Experimental autoimmune encephalomyelitis (EAE) is a well-studied and 

accepted model for the study of MS in rodents [179]. After immunization with myelin 

peptides emulsified with adjuvants, mice develop ascending paralysis and present with 

CD4 T cell and macrophage infiltrations in the white matter of the spinal cord, with 

minimal brain inflammation. In MS, however, the vast majority of myelin lesions are 

found within the brain parenchyma and equivalent numbers of CD8 T cells are found 

alongside CD4 T cells, both playing critical roles in the disease pathology [109, 189]. 
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Despite these differences and others, EAE has proven to be a valuable tool in the 

development of therapies that are now being successfully used to treat MS [190].  

 Although γHV-68 genome differs from that of EBV, it elicits an immune response 

in mice that shares many features with EBV. In fact both viruses establish a life long 

infection in B cells, modulating the immune response of the host, leading to the 

expansion of a potent CD8 response similar to that detected in humans during 

mononucleosis [270]. Because of these similarities, we decided to test the impact of a 

γHV-68 latent infection during the development of EAE. When EAE is induced, mice 

latently infected with γHV-68 showed a significantly modified disease phenotype that 

recapitulated aspects of human MS not typically observed in EAE. γHV-68 EAE mice 

presented with greater ascending paralysis, more neurological symptoms, brain 

inflammation with myelin lesions driven by a potent Th1 response and CD8 T cell 

infiltration.  
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4.2 Results 

 

4.2.1 Latent infection with γHV-68 enhances EAE symptoms without CNS 

infection or increased viral reactivation 
 

 To determine the impact of γHV-68 latency on the development of EAE in mice, 

C57Bl/6 mice were infected with γHV-68 and allowed to recover for five weeks to enable 

complete clearance of the acute infection and establishment of latency prior to EAE 

induction. Viral clearance was demonstrated by absence of plaques on viral plaque 

assays on spleens harvested on day 35 post infection (p.i.). When tested, mice 

previously infected with γHV-68 presented with earlier onset of EAE (around day 7-8 

post induction), compared with naïve mice induced for EAE that developed paralysis 

around day 10-12 post EAE induction (Figure 4.1). Moreover γHV-68 EAE mice 

presented with worse clinical EAE scores (Figure 4.1) and this includes a heightened 

mortality rate (15%) between day 12-18 post EAE induction (Figure 4.2). To 

demonstrate the specificity of the disease phenotype to γHV-68 infection, EAE was 

induced in mice previously infected with lymphocytic choriomeningitis virus (LCMV). 

LCMV induces a strong well-characterized Th1 response as well as a strong memory 

CD8 T cell response similar to γHV-68. Mice previously infected with LCMV (LCMV 

EAE), showed a clinical disease course similar to uninfected EAE mice (Figure 4.3A). At 

the dose given, LCMV does not establish a latent or persistent infection, so to further 

test the γHV-68 specificity of our phenotype, mice were infected with a β-herpesvirus 

(murine cytomegalovirus, MCMV), capable of establishing a latent infection similar to 

γHV-68. MCMV EAE mice developed EAE with the same clinical disease course as 

uninfected EAE mice and showed 100% survival after immunization (Figure 4.3B). 

Additionally, EAE was induced in γHV-68 mice without administering pertussis toxin 

(γHV-68 MOG CFA). Interestingly, γHV-68 MOG CFA mice (Figure 4.4, blue line) 

developed milder paralysis than γHV-68 EAE mice, yet still displayed a disease course 

similar to EAE alone (Figure 4.4, black line). These data clearly demonstrate that this 

phenotype is a feature specific for γHV-68 latent infection as only latent γHV-68 infection 

confers susceptibility to a more severe form of EAE that includes a heightened level of 

mortality.  
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Figure 4.1. γHV-68 enhances EAE symptoms 

Mice were infected with γHV-68 (dashed line) or MEM only (solid line). Five weeks p.i. 

EAE was induced (day 0 on the graph). The graph shows EAE scores up to day 28 post 

EAE induction (three separate experiment, n=16/group). Data analyzed with two-way 

ANOVA followed by Bonferroni’s post test; *** p<0.001; ** p<0.01 * p<0.05. 

 
Figure 4.2. γHV-68 EAE mice show increased mortality 

Mice were infected with γHV-68 (dashed line) or MEM only (solid line). Five weeks p.i. 

EAE was induced (day 0 on the graph). The graph shows survival up to day 18 post 

EAE induction (four-five separate experiments, n=28/group). Data analyzed with 

Kaplan-Meier analysis.  
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Figure 4.3. Infections with other viruses do not alter EAE clinical course 
Mice were infected with γHV-68 (dashed line) or LCMV (A) or MCMV (B) (solid lines). 

Five weeks p.i. EAE was induced (day 0 on the graph). The graphs show EAE scores 

up to day 28 or 14 post EAE induction (three separate experiment, at least n=16/group). 

Data analyzed with two-way ANOVA followed by Bonferroni’s post test; *** p<0.001; ** 

p<0.01 * p<0.05.  
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Figure 4.4. γHV-68 enhances EAE symptoms also when EAE is induced without 

pertussis toxin 

Mice were infected with γHV-68 (dashed black line and blue line) or MEM only (solid 

black line and red line). Five weeks p.i. EAE was induced (day 0 on the graph) with 

(EAE) or without (MOG CFA) pertussis toxin. The graph shows EAE scores up to day 

28 post EAE induction (three separate experiment, n=16/group).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 66 

 Previous work has demonstrated that reactivation of γHV-68 in latently infected 

mice occurs following treatment with toll like receptors (TLR) ligands such as poly I:C or 

LPS [77]. For EAE induction, mice are injected with complete Freund’s adjuvant (CFA) 

and pertussis toxin (PTX), which contain TLR ligands. To determine whether the 

increased EAE signs observed were due to increased viral reactivation and replication, 

limiting dilution assays were performed to allow for the simultaneous quantification of 

ex-vivo γHV-68 reactivation (Figure 4.5A) and pre-formed virus (Figure 4.5B). γHV-68 

EAE mice showed a similar extent of ex-vivo reactivation and similar amount of pre-

formed virus in the spleen both at day 7 and day 14 post EAE induction when compared 

to γHV-68 infected mice (5-7 weeks post infection) without EAE induction. TLR ligands 

present in the CFA are not reactivating more γHV-68 and enhanced EAE scores are not 

due to increased viral replication.  

 To further confirm the lack of dependence on viral replication/reactivation, EAE 

was also induced in uninfected IL-6KO mice and in γHV-68 IL-6KO mice. IL-6KO mice 

are resistant to EAE induction and both latently infected and uninfected mice retained 

this resistance (Figure 4.6). IL-6 is not required to control γHV-68 infection but it is 

critical for EAE induction. γHV-68 IL-6KO mice retain EAE resistance indicating that the 

heightened clinical disease observed in γHV-68  mice is not solely due to an increased 

viral replication upon EAE induction. Moreover, γHV-68 mice were treated with cidofovir, 

a drug known to suppress γHV-68 replication [251], before and after EAE induction. 

γHV-68 mice treated with cidofovir showed no differences in phenotype and clinical 

disease as compared to untreated γHV-68 mice (data not shown).  

 Finally, to ask whether virus replication was detectable in the CNS, DNA was 

extracted from brains and spinal cords and the presence of viral DNA was assessed 

using the most sensitive PCR approach (nested PCR; Figure 4.7). All brains and spinal 

cords tested negative for γHV-68 DNA following EAE induction. Overall these results 

indicate that the observed phenotype is not the result of a reactivated replicating virus 

and that latent γHV-68 infection is inducing greater disease through an indirect 

mechanism.  
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Figure 4.5. γHV-68 does not reactivate more upon EAE induction 

Mice were infected with γHV-68. Five weeks p.i., EAE was induced (red line with 

triangles, black bar) or not induced (black line with squares, open bar). At day 7 (left 

panel) and day 14 (right panel) post EAE induction, spleens were harvested and a 

limiting dilution assay was performed using (A) live splenocytes to assess the amount of 

ex-vivo viral reactivation and (B) lysed splenocytes to assess the amount of pre-formed 

virus (three separate experiments using 3-4 mice/group).  
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Figure 4.6. γHV-68 IL6-KO mice are resistant to EAE induction 

C57Bl/6 mice IL6-KO were infected with γHV-68 (right panels) or MEM only (left 

panels). Five weeks p.i., EAE was induced. Both groups did not develop any signs up to 

day 40 post EAE induction. At this timepoint, mice were perfused and spinal cords were 

harvested and fixed in formalin. Upper panels show H&E staining, lower panels show 

luxol fast blue staining to assess myelin damage. Two separate experiments with 6 

mice/group. Scale bar: 100 µm. 
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Figure 4.7. γHV-68 does not infect the CNS 

Brain and spinal cords were harvested from perfused γHV-68 EAE mice at different 

timepoints pre and post EAE (day 0 before EAE induction; day 3; day 7 and day 14 post 

EAE). DNA was extracted and a nested PCR was performed to detect γHV-68 DNA. A 

spleen was used as a positive control. The figure shows a representative gel of three 

separate experiments (15 brains/spinal cords harvested at day 14 post EAE induction 

have been loaded on the gel displayed here; 37 brains and 39 spinal cords were 

analyzed in total).  
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4.2.2 γHV-68 EAE mice have increased CD8 and CD4 T cells infiltrations, 

increased inflammation and MS-like lesions in the brain  
 

 Since in addition to severe ascending paralysis, γHV-68 EAE mice also displayed 

unusual symptoms such as loss of balance, ataxia and hunched posture; we 

investigated both spinal cord and brain histopathology. During the course of EAE, mice 

develop ascending paralysis due to spinal cord inflammation. Immune infiltrations in the 

brain cortex are atypical and, if present, are restricted to the meninges. To assess the 

composition and to quantify infiltrating immune cells in γHV-68 EAE mice and in EAE 

mice, CNS infiltrates were isolated and stained at day 14-16 post EAE induction (mean 

clinical score of 3 for γHV-68 EAE mice, EAE mice were harvested at the same time). 

γHV-68 EAE mice presented with an increased number of T cells in the CNS, both in 

the brains and in the spinal cords when compared to EAE mice (Figure 4.8A). On the 

other hand, the number of infiltrating macrophages was similar in both groups (Figure 

4.8B). CD4 T cells are the primary T cells type infiltrating the CNS during EAE (Figure 

4.9B).  Surprisingly, increased percentages of CD8 T cells were detected in both the 

spinal cords and the brains of γHV-68 EAE mice (Figure 4.9A).  

 To confirm the FACS data and demonstrate that T cells in the brain were 

infiltrating into the parenchyma and were not confined to the meninges, 

immunohistochemistry on brain sections was performed both at day 15 and day 28 post 

EAE induction. Figure 4.10 shows data from day 28, equivalent results were obtained at 

day 15 post EAE. γHV-68 EAE mice (upper left panels) showed heightened CD4 (Figure 

4.10A) and CD8 (Figure 4.10B) T cell infiltrations inside the brain parenchyma. Brain 

sections were also stained for F4/80 that is expressed both on infiltrating macrophages 

and on activated microglia, indicating areas of inflammation in the CNS (Figure 4.10C). 

γHV-68 EAE mice showed heightened staining in multiple areas of the brain. 

Conversely, the brains from EAE mice (lower left panels) showed fewer infiltrating CD4 

T cells, mostly lining the blood vessels and the meninges, no CD8 infiltrations and 

weaker F4/80 staining when compared to brains from γHV-68 EAE mice. Additionally, 

EAE was induced in γHV-68 mice without administering pertussis toxin (γHV-68 MOG 

CFA). Pertussis toxin has been shown to be important both as an adjuvant to prime the 

MOG specific response and to permeabilize the blood-brain barrier [172]. γHV-68 MOG 
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CFA mice developed milder paralysis than γHV-68 EAE mice but still showed T cells 

infiltrations into the brain parenchyma and inflammation (Figure 4.10A-B-C, upper right 

panels). Further, LCMV EAE mice did not display any observable lymphocyte 

infiltrations in the brain and had an EAE course equal to that observed in uninfected 

mice (Figure 4.10D-E). MCMV EAE mice showed localized CD4 T cell infiltrations, 

fewer in number and size than the ones observed in γHV-68 EAE (Figure 4.10D). 

However, no CD8 T cell infiltrations were detectable in MCMV EAE mice (Figure 

4.10E).  

 Spinal cords were analyzed at the same time points as brains. Hematoxylin and 

eosin staining showed increased amounts of immune cells infiltrating in the spinal cords 

of γHV-68 EAE mice, thus confirming the FACS data (Figure 4.11).  

 Finally and most importantly, the development of lesions in the brain parenchyma 

similar to MS was observed in γHV-68 EAE mice with localization of infiltrating 

CD4/CD8 T cells and increased inflammation (F4/80 staining) on consecutive sections 

(Figure 4.12). Similar to MS, multiple pronounced yet small lesions of mononuclear cells 

with areas of myelin loss were observed within the white matter of both the cerebellum 

(Figure 4.12) and corpus callosum. These lesions were found only in γHV-68 EAE mice 

at day 28 post EAE induction (two separate experiments with 8 mice/group/experiment). 

This demonstrates that γHV-68 latent infection leads to strong T cell activation post EAE 

induction with infiltrations inside the white matter of the brain leading to myelin damage.  
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Figure 4.8. γHV-68 EAE mice have increased numbers of T cells inside the CNS 

Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced. At day 14-16 post EAE induction (mean clinical score of 3 for γHV-68 

EAE mice, EAE mice were harvested at the same time), mice were perfused, brains 

(right panels) and spinal cords (left panels) were harvested and processed to isolate 

immune infiltrates. (A) Total number of infiltrating T cells (CD45+ CD11b- CD3+). (B) 
Total numbers of infiltrating macrophages (CD45+ CD11b high). Three separate 

experiments with 8-6 mice/group; data were analyzed with t-test: ** p<0.01, * p<0.05. 
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Figure 4.9. γHV-68 EAE mice show increased percentages of CD8 T cells 

infiltrating into the CNS 
Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced. At day 14-16 post EAE induction (mean clinical score of 3 for γHV-68 

EAE mice, EAE mice were harvested at the same time), mice were perfused, brains 

(right panels) and spinal cords (left panels) were harvested and processed to isolate 

immune infiltrates. (A) Percentage of infiltrating CD3+ CD8+ lymphocytes and (B) CD3+ 

CD4+ lymphocytes. Three separate experiments with 8-6 mice/group; data were 

analyzed with t-test: *** p<0.001; ** p<0.01.  
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Figure 4.10. Immunohistochemistry after EAE induction shows enhanced 

inflammation and immune cell infiltrations inside the brain parenchyma only after 
γHV-68 infection 

Mice were infected with γHV-68 (A-B-C upper panels: γHV-68 EAE and γHV-68 MOG 

CFA); or MEM only (A-B-C bottom panel: EAE); or MCMV or LCMV (D-E: MCMV EAE 

and LCMV EAE). Five weeks p.i. EAE was induced with (EAE) or without (MOG CFA) 

pertussis toxin.  At day 28 post EAE induction (day 28 shown here, similar results 

obtained at day 15 post EAE induction), mice were perfused and brains were 

embedded in OCT, snap frozen, cut and stained with antibodies specific for CD4 (A-D), 
CD8 (B-E) and F4/80 (C). The pictures are representative of three separate 

experiments (n=16/group). Scale bar: 100 µm. 
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Figure 4.11. γHV-68 EAE mice show increased amount of immune cell infiltrations 

in the spinal cords 

Mice were infected with γHV-68 (right panels) or MEM only (left panels). Five weeks p.i. 

EAE was induced. At day 28 post EAE induction mice were perfused and spinal cords 

were harvested, fixed in formalin and paraffin embedded (similar results obtained at day 

15 post EAE induction). Cross-sections were stained with H&E (upper panels) and luxol 

fast blue (lower panels). Representative pictures of three separate experiments 

(n=16/group). Scale bar = 100 µm. 
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Figure 4.12. γHV-68 EAE mice show MS-like lesions in the white matter of the 

cerebellum and in the corpus callosum 
Mice were infected with γHV-68 or MEM only. Five weeks p.i. EAE was induced.  At day 

28 post EAE induction mice were perfused and brains were embedded in OCT, snap 

frozen, cut and stained with antibodies specific for CD4, CD8 and F4/80; or were 

formalin fixed and embedded in paraffin and stained with luxol fast blue. (A-B) The 

images displayed for CD4-CD8-F4/80 staining are consecutive sections cut from the 

same cerebral hemisphere of the same mouse (all images from γHV-68 EAE mice). 

Scale bar: 50 µm. (C) The arrows show an area of demyelination in the cerebellum of a 

γHV-68 EAE mouse and the asterisks highlight immune cell infiltrations. The right panel 

shows a normal cerebellum from a naïve EAE mouse. Scale bar: 100 µm. All pictures 

are representative of two separate experiments (n=16/group).  
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4.2.3 CD8 T cells infiltrating in the CNS of γHV-68 EAE mice express granzyme B 

and are specific for viral proteins 
 

 CD8 T cell infiltrations, usually not present in the CNS of EAE mice, were 

detected in the brain and spinal cords of γHV-68 EAE mice in significantly higher 

percentages (Figure 4.9 and Figure 4.13A). CD8 T cells were further characterized for 

granzyme B production, which has the potential to damage oligodendrocytes [271]. 

γHV-68 EAE mice presented with higher levels of CD8+ Granzyme B+ T cells in both 

the brain and the spinal cord (Figure 4.13B).  

 As it was possible that γHV-68 specific memory CD8 T cells could become 

activated in a bystander manner upon EAE induction and driven into the site of 

inflammation in the CNS, the specificity of the CD8 T cells in γHV-68 EAE mice was 

investigated. A percentage of CD8 T cells infiltrating in both the brains (4.9 ± 0.5%) and 

the spinal cords (3.4 ± 0.5%) of γHV-68 EAE mice (Figure 4.14) were specific for the 

two immunodominant viral epitopes (p56 and p79). The first epitope is from ORF 6 

(p56) that encodes a single stranded DNA binding protein. The second epitope is from 

ORF 61 (p79) that encodes the large ribonucleotide reductase subunit [86]. Both are 

lytic genes and are expressed during γHV-68 acute infection. The percentages of p56 

and p79 specific CD8 T cells detected in the CNS post EAE (49 days post infection) 

were equivalent to their respective percentages in spleens (4.3 ± 3.2%) of γHV-68 

infected mice at day 40 post primary infection (Figure 4.14, upper right panel); 

consistent with previously published results [86].  

 These results demonstrate that infiltrating CD8 T cells expressing granzyme B in 

γHV-68 EAE mice provide a considerable potential for CNS pathology. Moreover, the 

size of the population of virus specific CD8 T cells found in the CNS post EAE is similar 

to that observed in the spleens during latency and before EAE induction. This indicates 

that EAE induction is not eliciting an expansion of γHV-68 specific CD8 memory T cells. 

Their migration into the brain in the absence of γHV-68 infection inside the CNS is likely 

due to the fact that memory T cells express higher levels of adhesion molecules (like 

CD44) and they are able to enter any inflammation site (i.e. the CNS if EAE has been 

induced). It is not clear if γHV-68 specific CD8 T cells are then retained into the brain 

and contribute to the pro-inflammatory loop or if they enter and then readily re-exit the 

CNS because they do not encounter the antigen they are specific for.  
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Figure 4.13. Granzyme B is upregulated in CD8 T cells isolated from the CNS of 
γHV-68 EAE mice 

Mice were infected with γHV-68 or MEM only. Five weeks p.i. EAE was induced. At day 

14-16 post EAE induction (mean clinical score of 3 for γHV-68 EAE mice, EAE mice 

were harvested at the same time), mice were perfused, brains and spinal cords were 

harvested and processed to isolate immune infiltrates. (A) Representative FACS plots 

showing the percentages of CD8 T cells infiltrating in the spinal cords (similar results 

were obtained in the brains) and histogram (B) showing the number of CD8+ granzyme 

B+ T cells infiltrating in the spinal cords and in the brains (immune cells were not 

restimulated before granzyme B staining). Two separate experiments with 6 

mice/group, data analyzed with t-test. 

 

 

 

 



 80 

 
 

Figure 4.14.  A percentage of CD8 T cells isolated from the CNS of γHV-68 EAE 

mice is specific for viral proteins 
Mice were infected with γHV-68 or MEM only. Five weeks p.i. EAE was induced. At day 

14-16 post EAE induction (mean clinical score of 3 for γHV-68 EAE mice, EAE mice 

were harvested at the same time), mice were perfused, brains and spinal cords were 

harvested and processed to isolate immune infiltrates. The figure shows representative 

FACS plots displaying percentages of CD8+ T cells with TCR specific for γHV-68 

epitopes (p56 and p79) in the spleen of EAE mice (negative control); in the spleen of 

γHV-68 EAE mice (positive control; 3.3 ± 1.6%), in the spinal cord (3.4 ± 0.5%) and in 

the brain (4.9 ± 0.5%) of γHV-68 EAE mice. Two separate experiments with 6 

mice/group. Errors indicated in brackets in this figure legend are s.d. 
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4.2.4 T cells infiltrating in the CNS of γHV-68 EAE mice produce higher amounts 

of IFN-γ  and T-bet along with IL-17 downregulation 

 

 To determine the cytokines produced by the T helper response after EAE 

immunization, T cells were isolated from the CNS and restimulated ex-vivo (Figure 4.15 

and Figure 4.16). The T cell response primed upon EAE induction in naïve mice is a 

mixed Th1-Th17 CD4 T cell response with production of both IFN-γ and IL-17 primarily 

in spinal cords [272]. In contrast, in γHV-68 EAE mice, CD4 T cells produced 

significantly increased amounts of IFN-γ (Figure 4.15A-B) particularly within the brain 

parenchyma, along with suppressed levels of IL-17 (Figure 4.16). Moreover increased 

percentages of these CNS CD8 T cells from γHV-68 EAE mice produced IFN-γ (Figure 

4.15C-D). As expected, the amount of CD8 T cells infiltrating the CNS of naïve EAE 

mice was too low to perform the assay. When restimulated with the MOG specific 

peptide, similar results were observed with T cells from the CNS (Figure 4.15B and D; 

Figure 4.16B). These results indicate that, upon EAE induction in γHV-68 mice, the T 

helper response is skewed towards a Th1 phenotype, whereas the Th17 response is 

suppressed.  

 Additionally, infiltrating T cells were stained for T-bet and ROR-γt (Figure 4.17). 

In γHV-68 EAE mice, T-bet was significantly upregulated in all CNS infiltrating T cells 

compared to EAE mice. Strikingly, in γHV-68 EAE mice, T cells not producing IFN-γ 

(Figure 4.17, upper left panels) still showed T-bet upregulation. Conversely, ROR-γt 

was upregulated only in IL-17 secreting T cells and the levels were comparable 

between EAE and γHV-68 EAE mice (Figure 4.17, upper right panel). Finally, γHV-68 T 

cells, in the periphery, secreted increased amounts of IFN-γ (Figure 4.18A) and 

exhibited an effector memory phenotype with increased expression of CD44 and 

downregulation of CD62L (Figure 4.18B), when compared to T cells from naïve mice 

either before or after EAE induction (data before EAE induction are not shown here).  

This demonstrates that mice latently infected with γHV-68 skew a more potent Th1 

response upon immunization with suppression of the classical EAE Th17 response. 
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Figure 4.15.  T cells infiltrating in the CNS of γHV-68 EAE mice produce higher 

amounts of IFN-γ   

Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced. At day 14-16 post EAE induction (mean clinical score of 3 for γHV-68 

EAE mice, EAE mice were harvested at the same time), mice were perfused, brains 

(left panels) and spinal cords (right panels) were harvested and processed to isolate 

immune infiltrates that were restimulated ex-vivo with PMA/ionomycin (A-C) or MOG (B-
D) before performing FACS intra cellular staining. (A-B) Percentages of infiltrating 

CD3+ CD4+ IFN-γ+ lymphocytes. (C-D) Percentages of infiltrating CD3+ CD8+ IFN-γ 

lymphocytes (EAE CD8 infiltrations were not enough to perform FACS). Three separate 

experiments with 8-6 mice/group. Data were analyzed with t-test: ** p<0.01.  
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Figure 4.16. Th17 responses are suppressed in γHV-68 EAE mice 

Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced. At day 14-16 post EAE induction (mean clinical score of 3 for γHV-68 

EAE mice, EAE mice were harvested at the same time), mice were perfused, brains 

(left panels) and spinal cords (right panels) were harvested and processed to isolate 

immune infiltrates that were restimulated ex-vivo with PMA/ionomycin (A) or MOG (B) 
before performing FACS intra cellular staining. (A-B) Percentages of infiltrating CD3+ 

CD4+ IL-17+ lymphocytes. Three separate experiments with 8-6 mice/group. Data were 

analyzed with t-test: * p<0.05.  
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Figure 4.17. γHV-68 EAE mice upregulate T-bet in CD4 T cells 

Mice were infected with γHV-68 (shaded histograms) or MEM only (open histograms). 

Five weeks p.i. EAE was induced. At day 14-16 post EAE induction (mean clinical score 

of 3 for γHV-68 EAE mice, EAE mice were harvested at the same time), mice were 

perfused and spinal cords were harvested and processed to isolate immune infiltrates 

that were restimulated ex-vivo with PMA/ionomycin. The figure shows T-bet (left panels) 

and ROR-γt levels (right panel) in CD3+ CD4+ IFN-γ±  IL-17± lymphocytes in the spinal 

cords (similar results obtained from the brains) of γHV-68 EAE mice (grey shaded 

histograms) or EAE mice (open histograms). Representative histograms of two 

separate experiments with 6-8 mice/group.  
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Figure 4.18. T cells in the periphery of γHV-68 EAE mice show increased 

activation and enhanced production of IFN-γ  

Mice were infected with γHV-68 (shaded histograms) or MEM only (open histograms). 

Five weeks p.i. EAE was induced. At day 14-16 post EAE induction (mean clinical score 

of 3 for γHV-68 EAE mice, EAE mice were harvested at the same time), spleen were 

harvested and processed to isolate immune cells that were either restimulated ex-vivo 

with PMA/ionomycin (A) or stained directly without any stimulation (B). This figure 

shows data post EAE induction, similar results were obtained before EAE induction. 

Panel A shows the percentages of splenic CD4 T cells (upper panels) and CD8 T cells 

(lower panels) producing IFN-γ and IL-17 in EAE mice (left panels) or γHV-68 EAE mice 

(right panels). Panel B shows the levels of CD62L (upper panels) and CD44 (lower 

panels) in splenic CD4 T cells (left panels) or CD8 T cells (right panels) of γHV-68 EAE 

mice (shaded histograms) or EAE mice (open histograms). Representative data of 

three-four separate experiments with 6-8 mice/group.  
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4.2.5 γHV-68 EAE mice have increased levels of pro-inflammatory cytokines in 

the serum and a decreased anti-MOG IgG1/IgG2a ratio 
 

 Since γHV-68 EAE mice showed a strong Th1 response, the level of Th1 

cytokines in the serum was measured. Sera was harvested at different time points post 

EAE induction and the following cytokines and chemokines were analyzed: IFN-γ, IL-

12p70, TNF-α, IL-6, IL-10, IL-17A, GM-CSF, G-CSF, MCP-1 (CCL2), MIP-1α (CCL-3), 

MIP-1β (CCL-4), MIG (CXCL-9) and RANTES (CCL-5). IFN-γ and TNF-α were 

significantly increased in the serum of γHV-68 EAE mice, when compared to EAE mice, 

at day 10, 15 and 28 post EAE induction (Figure 4.19A-C). On the other hand, the 

chemokines RANTES (CCL-5) and MIG (CXCL-9) were statistically significant different 

only at day 10 post EAE induction, when mice started to develop symptoms (Figure 

4.20). All the remaining cytokines tested and listed above were not differentially 

expressed between the sera of the two mouse groups. Levels of cytokines and 

chemokines were also analyzed in the supernatants obtained from brain and spinal 

cords homogenates (see Materials and Methods 2.16 for CNS supernatant 

preparation). At day 14-16 post EAE induction, MCP-1 was detected in the brains and 

spinal cords of both EAE and γHV-68 EAE mice at similar levels (data not shown). 

Increased levels of IFN-γ were detected in the brains and spinal cords of γHV-68 EAE 

mice when compared to EAE mice (Figure 4.19D). All the remaining cytokines analyzed 

in the CNS were below the detection limit.  Considering the importance of type I 

interferons in controlling acute γHV-68 infection [273], the levels of IFN-β in the sera 

were also tested. IFN-β was detected at a similar level in the sera of both γHV-68 EAE 

mice and uninfected EAE mice (data not shown). 

 Since CCL-5 and CXCL-9 were found to be upregulated in the sera of γHV-68 

EAE mice, the levels of their respective chemokine receptors (CCR5 for CCL-5 and 

CXCR3 for CXCL-9) were analyzed at day 10 post EAE induction in the spleen. No 

difference was detected in the expression of CCR5 in both CD4 and CD8 T cells. On 

the other hand, greater numbers of CD4 and CD8 T cells from γHV-68 EAE mice 

expressed CXCR3, compared to cells from uninfected EAE mice (Figure 4.21).  
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Figure 4.19. γHV-68 EAE mice have increased amounts of IFN-γ  and TNF-α  in the 

serum and in the CNS at different time points post-EAE induction 
Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i., 

EAE was induced. At day 10 (A), 15 (B) and 28 (C) post EAE induction blood was 

harvested through a cardiac puncture; or at day 14-16 post EAE induction (D) (mean 

clinical score of 3 for γHV-68 EAE mice, EAE mice were harvested at the same time), 

mice were perfused and brains and spinal cords were homogenized and the 

supernatants were analyzed. The levels of cytokines were evaluated using BD 

Cytometric Bead Array kits. Three-two separate experiment for each time point with 3-6 

mice/group. Data were analyzed with t-test: *** p<0.001; ** p<0.01, * p<0.05. 
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Figure 4.20. γHV-68 EAE mice show upregulation of RANTES and MIG in the 

serum at day 10 post EAE induction 
Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i., 

EAE was induced. At day 10, blood was harvested through a cardiac puncture. The 

levels of chemokines were evaluated using BD Cytometric Bead Array kits. Three-two 

separate experiments with 3-6 mice/group. Data were analyzed with t-test: * p<0.05. 
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Figure 4.21. CXCR3 is upregulated on splenic T cells at day 10 post EAE 
induction in γHV-68 EAE mice 

Mice were infected i.p. with γHV-68 (black bars) or MEM only (open bars). Five weeks 

p.i., EAE was induced. At day 10 post EAE induction, spleens were harvested and the 

levels of CXCR3 were assessed through FACS analysis. The histograms show the 

numbers of CD4+CXCR3+ cells (left panel) or CD8+CXCR3+ cells (right panel) One 

experiment with 5-6 mice/group. Data were analyzed with t-test: *** p<0.001; ** p<0.01. 
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 These results show that the Th1 response triggered by EAE induction in γHV-68 

EAE mice is sustained even at later time points post immunization and high levels of 

IFN-γ and TNF-α are likely responsible for perpetuating this Th1 response. Moreover, 

as RANTES and MIG control leukocyte adhesion and migration into the target tissue 

[274], their upregulation at day 10 post EAE, coincident with the upregulation of CXCR3 

on T cells, is likely responsible for the increased T cell infiltrations in γHV-68 EAE mice. 

 Since γHV-68 infects B cells and B cells infiltrating the CNS were not detected 

(results confirmed by both FACS analysis of CNS infiltrates and immunohistochemistry 

at day 15 and 28 post EAE using anti-CD19 antibodies), the hypothesis that the viral 

infection could precipitate EAE by increasing the production of anti-MOG autoantibodies 

was investigated. Sera harvested at day 28 were tested for the presence of both MOG-

specific and brain-extract specific IgGs (Figure 4.22). There was a slight increase in the 

amount of anti-MOG and anti-brain extract antibody in γHV-68 EAE mice. This indicates 

that MOG autoantibodies are not likely playing a role in the increased clinical score of 

γHV-68 EAE mice and the increased presence of brain-extract specific antibodies is 

likely due to epitope spreading to CNS proteins due to increased CNS inflammation in 

γHV-68 EAE mice. Since anti-MOG IgGs were not different between infected and 

uninfected mice, differences in IgG isotype were tested. γHV-68 EAE mice showed a 

decreased anti-MOG IgG1/IgG2a ratio (Figure 4.23). This is consistent with the high 

concentrations of IFN-γ detected in the serum that are likely inhibiting isotype switching 

towards IgG1 [275], thus confirming the presence of a strong Th1 response in γHV-68 

EAE mice.  
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Figure 4.22. γHV-68 EAE mice secrete more brain extract specific autoantibodies 

but not anti-MOG autoantibodies 
Mice were infected i.p. with γHV-68 (black bars) or MEM only (open bars). Five weeks 

p.i., EAE was induced. Serum was harvested at day 28 post EAE and the levels of total 

anti-MOG IgG (left panel), total anti-brain extract IgG (right panel) were quantified 

through ELISA. Two separate experiments with 8 mice/group. Data were analyzed with 

t-test: ** p<0.01. 
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Figure 4.23. γHV-68 EAE mice have a decreased Ig1/IgG2a anti-MOG antibodies 

ratio 
Mice were infected i.p. with γHV-68 (black bars) or MEM only (open bars). Five weeks 

p.i., EAE was induced. Serum was harvested at day 28 post EAE and the levels of anti-

MOG IgG1 and IgG2a were quantified through ELISA. Two separate experiments with 8 

mice/group. Data were analyzed with Mann-Whitney U test: * p<0.05.  
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4.2.6 γHV-68 EAE mice are protected from EAE during acute γHV-68 infection 

and develop paralysis and CD8 T cell infiltrations in the brain parenchyma 
only upon establishment of γHV-68 latency 

 

 Next we decided to investigate if an acute infection with γHV-68 could precipitate 

EAE symptoms as we observed during γHV-68 latency. In order to address this, mice 

were infected with γHV-68, MCMV or HSV two days before EAE induction. Surprisingly, 

γHV-68 EAE mice were protected from EAE during acute infection (Figure 4.24). In fact, 

mice acutely infected with γHV-68 started to develop paralysis between day 16-20 post 

EAE induction, 18-22 days post γHV-68 infection when the virus is cleared and has 

started to establish latency. Conversely, MCMV and HSV acutely infected EAE mice 

developed paralysis symptoms between day 6 and 10 post EAE induction. MCMV mice 

displayed earlier onset and worse clinical scores than HSV mice. This indicates that 

γHV-68 mice are protected from EAE during acute infection and that latency is required 

to lead to enhanced EAE. To further corroborate this, CD8 T cell infiltrations inside the 

brain parenchyma were detected only in γHV-68 EAE mice after 20 days post EAE 

induction, at the onset of clinical disease and establishment of viral latency (Figure 4.25, 

left panel). The brains of mice acutely infected with either HSV (Figure 4.25, central 

panel) or MCMV (Figure 4.25, right panel) were free from CD8 T cells at any time points 

post paralysis onset.  

 These results indicate that CD8 T cell infiltrations inside the brain parenchyma 

require the establishment of γHV-68 latency. It is possible that CD8 T cells need to 

acquire a memory phenotype with upregulation of CD44 (see Figure 4.18) and interact 

with viral specific T helper CD4 T cells before they are able to infiltrate the CNS. This 

process (i.e. a complete adaptive immune response with generation of memory) is 

completed only upon resolution of acute γHV-68 infection and establishment of latency. 

Additionally, since it has been shown by other groups that high levels of IFN-γ are 

protective during EAE [276-278], it is conceivable that the immune response during 

acute γHV-68 protects the mice from EAE through the high levels of IFN-γ that are 

produced to control and clear acute infection.  
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Figure 4.24. γHV-68 EAE mice are protected from EAE development during acute 

infection and start to develop EAE symptoms during the establishment of γHV-68 

latency 
Mice were infected with γHV-68 (black line) or HSV (blue line) or MCMV (red line). Two 

days p.i. EAE was induced (day 0 on the graph). The upper graph shows EAE scores 

up to day 14-16 post EAE induction. The lower graph shows the mean day of onset of 

clinical symptoms post EAE induction in the three different groups: γHV-68 EAE (black 

bar); HSV EAE (dark grey bar) and MCMV EAE (light grey bar). Two separate 

experiment, n=10/group. Data were analyzed with t-test comparing γHV-68 EAE with 

HSV EAE and γHV-68 EAE with MCMV EAE : ** p<0.01; *** p<0.001.  
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Figure 4.25. Only γHV-68 EAE mice show CD8 T cell infiltrations in the brain 

parenchyma at the onset of EAE symptoms, after γHV-68 acute infection 

clearance and establishment of γHV-68 latency 

Mice were infected with γHV-68 (left panel) or HSV (middle panel) or MCMV (right 

panel). Two days p.i.; EAE was induced. Each group of mice was euthanized when it 

reached a mean clinical score between 2 and 3. Mice were perfused and brains were 

embedded in OCT, snap frozen, cut and stained with antibodies specific for CD8. The 

pictures are representative of two separate experiments (n=10/group). Scale bar: 100 

µm. 
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4.2.7 CD11b+ CD11c+ cells from γHV-68 EAE mice are able to prime an enhanced 

Th1 response both in vitro and in vivo 
 

 Collectively our results indicate that γHV-68 EAE mice are polarizing a distinct T 

helper response post MOG immunization in comparison with typical EAE. We 

hypothesized that a subset of antigen-presenting cells (APCs), as a result of a direct 

infection or under the influence of other signals received by other immune cells during 

the infection, was able to skew a Th1 phenotype upon MOG presentation. The levels of 

different cytokines (IFN-γ, TNF-α, IL-12, IL-10 and IL-6) produced by B cells, CD11b+ 

and CD11c+ cells were assessed during the antigen presentation phase of EAE (day 4 

post EAE, Figure 4.26). In γHV-68 EAE mice, CD11b+ CD11c+ cells from the inguinal 

lymph nodes produced IFN-γ at day 4 post EAE (7-8%); conversely, CD11b+CD11c+ 

cells from uninfected EAE mice produced less IFN-γ (3-4%). No differences were 

detected for the other cytokines analyzed. To test the ability of these antigen-presenting 

cells to prime a Th1 phenotype during MOG presentation, T cells from 2D2 T cell 

receptor (TCR) transgenic mice, that express a MOG- specific TCR, were isolated and 

incubated with MOG peptide and CD11b+ CD11c+ cells isolated either from an 

uninfected EAE mouse or a γHV-68 EAE mouse at day 4 post EAE induction. γHV-68 

EAE CD11b+ CD11c+ cells induced an increased production of IFN-γ in these MOG 

specific transgenic T cells (Figure 4.27), while IL-17 was not detectable. Further, a 

nested PCR on CD11b+ CD11c+ cells isolated from γHV-68 mice did not find any γHV-

68 DNA, indicating that the ability of these antigen-presenting cells to prime a Th1 

response was not dependent on direct γHV-68 infection or replication. Additionally, the 

expression levels of co-stimulatory molecules and MHC class I- II on CD11b+ CD11c+ 

cells were analyzed at day 4 post EAE induction. Splenic CD11b+CD11c+ cells isolated 

from γHV-68 EAE mice expressed higher levels of CD40, MHC I  and MHC II when 

compared to EAE mice (Figure 4.28), whereas the levels of CD80 and CD86 were 

similar between the two groups. Finally, to assess if these CD11b+CD11c+ cells were 

able to prime a stronger Th1 response also in vivo, CD11b+CD11c+ cells isolated from 

either γHV-68 EAE mice or EAE mice were adoptively transferred into naïve mice and 

24 hours later EAE was induced. Mice transferred with γHV-68 EAE CD11b+CD11c+ 

cells presented with increased percentages of infiltrating CD4+ IFN-γ+ T cells into the 
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CNS and decreased percentages of CD4+ IL-17+ T cells (Figure 4.29 shows data 

obtained from the spinal cords, a similar trend was observed in the brains).  

 These results indicate that a subset of CD11b+ CD11c+ antigen-presenting cells 

found in γHV-68 EAE mice, without being directly infected by the virus, induced the 

production of increased levels of IFN-γ in T cells both in vivo and in vitro. This cell 

subset is likely responsible for the polarization of the potent Th1 response that is 

observed in γHV-68 EAE mice.  
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Figure 4.26. CD11b+CD11c+ cells in the periphery of γHV-68 EAE mice produce 

more IFN-γ  at day 4 post EAE induction 

Mice were infected with γHV-68 (black bar) or MEM only (open bar). Five weeks p.i. 

EAE was induced. At day 4 post EAE induction, mice were injected i.v. with brefeldin A. 

Six hours later, inguinal lymph nodes were harvested and immune cells were stained for 

cytokine production without any further restimulation. Three separate experiments, 

n=10/group, data were analyzed with t-test: * p<0.05. 

 

 

 



 102 

 
 
Figure 4.27. CD11b+ CD11c+ cells isolated from γHV-68 EAE mice are able to 

prime an enhanced IFN-γ  response in 2D2 CD4+ T cells in vitro 

Mice were infected with γHV-68 or MEM only. Five weeks p.i., EAE was induced. At day 

4 post EAE induction, spleens and lymph nodes were harvested and CD11b+CD11c+ 

cells were isolated. CD4 T cells from 2D2 mice were isolated at the same time. 

CD11b+CD11c+ were incubated with 2D2 CD4 T cells and different concentrations of 

MOG peptide for 72 hours. T cells were restimulated and stained to assess the 

production of IFN-γ. (A) Representative FACS plot showing IFN-γ production in 2D2 

CD4 T cells after incubation with CD11b+CD11c+ cells isolated from a γHV-68 EAE 

mouse (upper right panel) or a naïve EAE mouse (upper left panel) and MOG peptide 

(100 µM). Lowers panels show the negative controls with/without MOG and with/without 

restimulation. (B) Histograms showing the percentages of 2D2 CD4 T cells producing 

IFN-γ after incubation with CD11b+CD11c+ cells from a γHV-68 EAE mouse (black 

bars) or a naïve EAE mouse (open bars) and 10 µM (upper panel) or 100 µM (lower 

panel) MOG peptide. Three separate experiments with triplicate wells for each group. 

Data were analyzed with t-test: *** p<0.001. 
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Figure 4.28. CD11b+CD11c+ cells isolated from γHV-68 EAE mice express higher 

levels of CD40 and MHC II 

Mice were infected with γHV-68 or MEM only. Five weeks p.i., EAE was induced. At day 

4 post EAE induction, spleens were harvested and CD11b+CD11c+ cells were isolated. 

The figure shows the levels of MHC II, MHC I and CD40 expressed on CD11b+CD11c+ 

isolated from the spleens of γHV-68 EAE mice (grey shaded histograms) or a naïve 

EAE mice (open histograms). Two separate experiments.  
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Figure 4.29. CD11b+ CD11c+ cells isolated from γHV-68 EAE mice are able to 

prime an enhanced Th1 response in vivo. 
CD11b+CD11c+ isolated from both γHV-68 EAE and naïve EAE mice at day 4 post 

EAE were transferred into naïve mice. Twenty-four hours later EAE was induced in both 

groups. At day 14-16 post EAE induction (mean clinical score between 2 and 3 for both 

groups) brains and spinal cords were harvested and the production of IFN-γ and IL-17 

by CD4 T cells in the CNS of mice that received CD11b+CD11c+ cells from γHV-68 

EAE mice (black bars) or from naive EAE mice (open bars) was assessed after in-vitro 

restimulation with PMA and ionomycin. Results obtained from the spinal cords are 

shown, a similar trend was observed in the brain. Three separate experiments with 5 

mice/group. Data were analyzed with t-test: * p<0.05.  
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4.2.8 Regulatory T cells are decreased in both the CNS and the periphery of γHV-

68 EAE mice even before EAE induction 
 

 It has been previously shown that mice infected with γHV-68 present with 

decreased expression of Foxp3 and diminished T cell regulatory activity up to day 15 

post γHV-68 infection [279]. Additionally, we detected increased expression of CD40 on 

APCs and CD40 has been shown to control regulatory T cells (Tregs) development 

[280, 281]. For these reasons, we decided to investigate the frequency of Tregs both in 

the periphery and the CNS before and after EAE induction. Spleens from latently 

infected γHV-68 mice were harvested before or after EAE induction. The frequencies of 

Tregs were decreased in the spleens of γHV-68 mice at 40-50 days post acute infection 

before and after EAE induction when compared to naïve and EAE mice (Figure 4.30, 

upper and lower left panels). Conversely, the percentages of Tregs found in the cervical 

lymph nodes after EAE induction were similar between γHV-68 EAE and EAE mice 

(Figure 4.30, upper right panel). Despite this accumulation in the cervical lymph nodes, 

the frequencies of Tregs in the CNS of γHV-68 EAE mice were decreased (Figure 

4.31), thus indicating that Tregs lost the ability to migrate at the site of inflammation in 

γHV-68 EAE mice or converted to an inflammatory phenotype when they enter the CNS 

of γHV-68 EAE mice, losing Foxp3 expression.  

 These results show for the first time that γHV-68 mice have decreased splenic 

percentages of Tregs at late time points post primary infection, during latency (day 40-

50 p.i.). Additionally, these results demonstrate that γHV-68 EAE mice have decreased 

frequencies of Tregs in both brains and spinal cord during EAE, despite their 

accumulation in the cervical lymph nodes.  
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Figure 4.30. Regulatory T cells are decreased in the spleens but not in the 
cervical lymph nodes of γHV-68 mice both during EAE and before EAE induction 

Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced (upper panels) or not (lower panel). At day 14-16 post EAE induction 

(mean score of 3 for γHV-68 EAE mice, EAE mice were harvested at the same time), 

mice were perfused, cervical lymph nodes (right upper panel) and spleens (left upper 

and lower panel) were harvested and stained. The graphs show the percentage of 

regulatory T cells (CD4+ CD3+ Foxp3+). Two separate experiments with 8-6 

mice/group; data were analyzed with t-test: ** p<0.01; *** p<0.001. 
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Figure 4.31. Regulatory T cells are decreased in brains and spinal cords of γHV-68 

mice during EAE 
Mice were infected with γHV-68 (black bars) or MEM only (open bars). Five weeks p.i. 

EAE was induced. At day 14-16 post EAE induction (mean score of 3 for γHV-68 EAE 

mice, EAE mice were harvested at the same time), mice were perfused, brains (right 

panel) and spinal cords (left panels) were harvested and processed to isolate immune 

infiltrates. The graphs show the percentage of infiltrating regulatory T cells (CD4+ CD3+ 

Foxp3+). Two separate experiments with 8-6 mice/group; data were analyzed with t-

test: * p<0.05. 
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4.3 Discussion 

 

 The study of the “viral etiology of MS” has been challenging because of the 

absence of a mouse model that could be exploited to dissect the relationship between 

candidate MS viruses and development of CNS autoimmunity. EBV has been strongly 

linked to MS development even if the mechanisms by which EBV triggers autoimmunity 

are not understood [256]. We demonstrated that a latent infection with a 

gammaherpesvirus changes the polarization of the myelin specific T cell response after 

EAE induction leading to a potent Th1 response with more severe paralysis, atypical 

neurological symptoms, different composition and localization of the CNS infiltrates and 

myelin lesions in the white matter reminiscent of human MS.  

 Brain inflammation accompanied by T cell infiltrations within the brain 

parenchyma is rarely detected in EAE, although it is a critical characteristic of human 

MS [109]. Further, during EAE, CD4 T cells are the predominant T cell type to invade 

the CNS, whereas in humans, CD8 T cells are equally present in the MS plaques [109, 

189]. In γHV-68 EAE mice, CD8+ IFN-γ+ granzyme+ cells infiltrate the brain 

parenchyma and a minority of these is specific for γHV-68 proteins. Thus, activated 

CD8 T cells that are not specific for CNS epitopes are able to enter the brain 

parenchyma and likely participate in sustaining a pro-inflammatory loop that recruits 

additional immune cells. These findings are similar to those recently shown by Matullo 

et al. in which a polymicrobial challenge leads to the recruitment of LCMV specific T 

cells in the CNS despite the absence of LCMV infection in the CNS [282]. Interestingly, 

this phenotype is dependent on the establishment of latency. In fact, acute infection with 

γHV-68 protects mice from EAE induction and CD8 T cell infiltrations inside the brain 

parenchyma appear only when acute infection is cleared and latency is established.  

We suggest that our model could potentially be used to study the behavior of CD8 T 

cells in CNS autoimmunity and elucidate the signals that guide CD8 infiltrations inside 

the brain during demyelinating diseases.  

 It has long been described that MS patients have a potent CNS Th1 response 

[283, 284]. The potent Th1 response observed in γHV-68 EAE mice not only includes 

higher amounts of IFN-γ but also an upregulation of T-bet in all T cells, including those 

not actively producing any cytokines. Interestingly T cells from MS patients exhibit 

preferentially a Th1 phenotype [283, 284], T-bet levels are predictive of IFN-β therapy 
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efficacy in MS patients [285] and T-bet is upregulated in patients with active disease 

and is downregulated during remission [286].  

 Our data demonstrate that, upon MOG peptide presentation, CD11b+CD11c+ 

cells from γHV-68 EAE mice are able to induce, both ex vivo and in vivo, an increased 

production of IFN- γ in T cells with a suppression of the Th17 response. Intriguingly, 

CD11b+CD11c+ cells from γHV-68 EAE mice have increased expression of MHC class 

I and II as well as CD40. It has been shown that the strength of signal upon antigen 

presentation dictates the fate of the T helper response [287]. A weaker signal 

preferentially primes a Th17 response. Thus, increased expression of MHC II and CD40 

on the surface of CD11b+CD11c+ cells likely provides a strong activation signal and 

could be responsible for the suppression of the Th17 response and the skewing 

towards the observed Th1 phenotype found in γHV-68 EAE mice. Additionally, it has 

been shown that CD40 is important for cytotoxic CD8 T cell activation [288-291], 

suggesting that increased CD40 expression in γHV-68 EAE mice may have a role in 

CD8 T cell enhanced activation and CNS infiltration. Finally, CD40 upregulation could 

lead to decreased percentages of Tregs in γHV-68 EAE mice since CD40 signaling 

suppresses the development of Tregs [280, 281].  

 CD11b is found mainly on the surface of monocytes/macrophages, but it can also 

be co-expressed, along with CD11c, on the surface of dendritic cells and NK cells [292, 

293]. Moreover, IFN-γ is mainly produced by T cells and NK cells but macrophages 

[294] and dendritic cells [295] have also been shown to produce IFN-γ in response to 

both endogenous and exogenous stimuli. So it is conceivable that CD11b+ CD11c+ 

IFN-γ+ cells isolated from the inguinal LNs of γHV-68 mice (see Figure 4.26) could be 

NK cells. Further analysis of surface markers on this cell subset is ongoing to better 

characterize it. Interestingly, γHV-68 activates macrophages and this phenotype 

protects mice from lethal infections by another intracellular pathogen, Listeria [103]. 

This mechanism is independent from T cells but dependent on IFN-γ, showing that a 

latent infection with γHV-68 confers a broad innate cross protection that does not 

require IFN-γ produced by memory T cells. In our model, it is possible that 

macrophages and/or dendritic cells with an activated phenotype that are secreting more 

pro-inflammatory Th1 skewing cytokines are responsible for the priming of the potent 

Th1 response in γHV-68 EAE mice.  

 Lastly and significantly, the ability to discover EBV in the brains of MS patients has 
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been controversial [165, 167-169]. In the γHV-68 EAE mouse model, γHV-68 is no 

longer detectable in the CNS tissue (by PCR) during disease and yet, it is indirectly 

influencing the autoimmune response and immune cell polarization. It is easy to 

imagine that EBV may well be acting similarly as the first trigger of the second hit 

hypothesis. It is intriguing that mice latently infected with the murine homologue of EBV 

are developing an EAE that is more reminiscent of human MS. From this model, 

experiments can be designed to ask how γHV-68 is acting to allow T cells to 

preferentially enter the brain during MS, specifically addressing the signals that are 

required and where they arise.  

 In conclusion, we propose that EBV latent infection in patients is influencing the 

development of disease following a second hit. In this case, EAE induction results in a 

stronger disease as the result of polarization of the adaptive T cell response and a 

decrease in Tregs. In MS patients, a second trigger also leads to the skewing of the 

immune system towards a Th1 biased phenotype and an increased activation status 

resulting in MS lesions. As such, a patient’s history of infection and, specifically, EBV 

latent infection are as important as genetics in determining an individual’s susceptibility 

to autoimmune diseases.  
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5 Gammaherpesvirus latency affects plasma cells and anti-nuclear 

autoantibodies production in a spontaneous mouse model of systemic lupus 
erythematosus4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
4 A version of chapter 5 will be submitted for publication: Costanza Casiraghi, Iryna 
Shanina and Marc S. Horwitz. Gammaherpesvirus latency affects plasma cells and anti-
nuclear autoantibodies production in a spontaneous mouse model of systemic lupus 
erythematosus. 
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5.1 Introduction  

 

 Systemic lupus erythematosus (SLE) is a multi-organ autoimmune disease. It 

affects between 2 and 4 million people worldwide [191]. SLE patients, 90% of whom are 

women, develop autoantibodies against nuclear self-antigens (DNA, histones, 

chromatin). Deposition of self reactive antibodies bound to nuclear material starts an 

immune response in the target organ leading to tissue inflammation and damage [192]. 

Genetic predisposition and environmental factors have both been shown to be 

important contributors to SLE. However, the trigger that leads to the production of 

autoantibodies and immune dysregulation is currently unknown [192, 194]. Different 

viruses have been indicated as environmental triggers of SLE [197, 198] and Epstein-

Barr virus (EBV) is the most closely associated with SLE development.  

 EBV is a DNA virus of the γ-herpesvirus family. It establishes a life-long latent 

infection in B cells [12]. It infects 90% of the human population and it is usually acquired 

during childhood. When primary infection takes place later in life, it leads to infectious 

mononucleosis [5]. 

 EBV seropositivity is higher in SLE patients than in the general population in both 

adult and pediatric cohorts [196, 199, 200]. SLE patients have from 15 fold [203] to 40 

fold [204] higher EBV viral loads than healthy individuals. Intriguingly, increases in EBV 

viral loads always occur one week or more after the onset of a SLE flare [205]. This 

impaired control of EBV replication could be due to an impaired ability of the EBV 

specific T cell response to control viral reactivation in SLE patients. EBV specific CD8 

responses have been documented to be decreased in number and impaired in cytotoxic 

function in SLE patients [204, 205, 216]. Finally cross-reactive antibodies between 

nuclear self-antigens and EBV proteins have been isolated from SLE patients [208-

211]. These cross-reactive antibodies are typical of both SLE patients and 

mononucleosis patients [211]. However anti-EBV cross-reactive antibodies disappear 

after mononucleosis resolution in healthy individuals but they persist in patients that 

later develop SLE [211]. Additionally some reports have shown that mononucleosis can 

induce the onset of SLE symptoms [212-214]. It is conceivable that, after EBV infection, 

SLE patients cannot control the production of autoantibodies that increase in titer and 

expand their specificities to other nuclear epitopes until the onset of clinical disease. 

Despite all these findings, it is still not clear how EBV would trigger SLE.  
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 New Zealand black/white hybrid (NZBW) mice are a F1 hybrid obtained from the 

crossing of a New Zealand black (NZB) with a New Zealand white (NZW) mouse and it 

is a well studied spontaneous model of human SLE. NZBW hybrids develop an 

autoimmune disease that includes: lymphadenopathy, splenomegaly, elevated 

antinuclear autoantibodies and immune complex-mediated glomerulonephritis that 

closely resemble the kidney pathology observed in SLE patients [220, 221]. As for SLE 

patients, disease in NZBW mice is biased in favor of females. Starting around 4-5 

months of age, NZBW mice start to develop anti-nuclear antibodies that subsequently 

switch from IgM (less pathogenic) to IgG (more pathogenic) isotype. Glomerulonephritis 

develops in females around 6 months of age [225].  

 EBV does not infect rodents but murine gamma herpesvirus-68 (γHV-68) is 

considered the murine homolog of EBV and it has been extensively employed to study 

the relationship between the immune system and latent γ-herpesvirus infection in mice 

[50]. EBV’s and γHV-68 genomes are different, however both viruses elicit a similar 

immune response. They are both capable of establishing a life long infection in B cells 

and they both modulate the immune response of the host through the expansion of a 

viral specific CD8 response similar to that detected in humans during mononucleosis 

[270]. We have previously shown that mice latently infected with γHV-68, after EAE 

induction, develop a clinical disease that resembles human MS and it is driven by a 

potent Th1 response, indicating that γHV-68 is a good model to study the interaction 

between autoimmunity development and γ-herpesvirus latency. Because of these 

similarities, we decided to test if a γHV-68 latent infection had an impact on the 

development of SLE in NZBW mice. NZBW mice latently infected with γHV-68 

presented with a different composition of anti-nuclear autoantibodies driven by an 

enhanced Th1 response.  
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5.2 Results 

 

5.2.1 γHV-68 NZBW mice have a decreased number of plasma cells and produce 

different types of anti-nuclear autoantibodies 
 

 Female NZBW mice were infected intraperitoneally with γHV-68 between 8-10 

weeks of age. An equal number of uninfected mice were used as a control. Around day 

200 post infection (8 months of age), NZBW mice started to develop proteinuria and 

kidney failure (mean value of 1g/L in both groups). The development of autoreactive 

antibodies was monitored over time. Sera were harvested before infection and every 

two-three weeks subsequently. The levels of both anti-ssDNA and anti-dsDNA IgGs and 

IgMs were measured before infection and at days 30, 70, 100 post infection (p.i.). No 

differences between the groups were detected at these earlier time points (data not 

shown). Conversely, at 200 days p.i. (endpoint), γHV-68 NZBW mice presented with 

decreased amounts of anti-dsDNA, ssDNA and histones IgM antibodies and similar 

levels of anti-dsDNA, ssDNA and histones IgG antibodies (Figure 5.1).  

 Since similar levels of anti-nuclear IgGs were detected in both γHV-68 and naïve 

NZBW mice, we further characterized the IgG autoreactive response by analyzing the 

amount of IgG1 and IgG2a produced against the same nuclear antigens. The levels of 

autoreactive IgG1 and IgG2a before infection and at days 50, 90 and 130 p.i. were 

similar between the groups (data not shown). In contrast, at the endpoint (200 days 

p.i.), γHV-68 NZBW mice presented with an increased, but not statistically significant, 

IgG2a/IgG1 ratio of anti-dsDNA and ssDNA autoantibodies (Figure 5.2). No differences 

were found when anti-histone antibodies were analyzed (data not shown).  
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Figure 5.1. γHV-68 NZBW mice secrete less IgM anti-nuclear antibodies but 

similar amounts of IgG anti-nuclear antibodies at 8 months of age  
Mice were infected with γHV-68 (black circles) or MEM only (open circles) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), serum was harvested through cardiac puncture. The levels of IgG (left 

panels) and IgM (right panels) specific for dsDNA (A), ssDNA (B) and histones (C) were 

quantified by ELISA. Two separate experiments with 5 mice/group, data were analyzed 

with t-test: * p<0.05; ** p<0.01.  
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Figure 5.2. γHV-68 NZBW mice have an increased IgG2a/IgG1 anti-DNA antibodies 

ratio at 8 months of age 
Mice were infected with γHV-68 (black circles) or MEM only (open circles) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), serum was harvested through cardiac puncture. The levels of IgG1 (left 

panels) and IgG2a (right panels) specific for dsDNA (A), ssDNA (B) were quantified by 

ELISA. Panel (C) shows IgG2a/IgG1 ratios for either γHV-68 infected (black bars) or 

naïve (open bars) NZBW mice. Two separate experiments with 5 mice/group, data were 

analyzed with t-test: * p<0.05.  
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 Since we found a difference in autoantibody production between γHV-68 and 

naïve NZBW mice, the composition of B cell subsets in the spleen was analyzed at the 

endpoint (200 days p.i.). No differences in the percentages of marginal zone B cells 

(CD19+ IgMhigh CD21high CD23-), follicular B cells (CD19+ IgMhigh CD21low CD23high), T1 

B cells (CD19+ IgMhigh CD21- CD23-) and T2 B cells (CD19+ IgMhigh CD21+ CD23high) 

were found between the spleens of γHV-68 and naïve NZBW mice (data not shown). 

Surprisingly, γHV-68 NZBW mice presented with decreased percentages of plasma 

cells (CD138+) and decreased B cell activation (CD19+ CD69+) in the spleen (Figure 

5.3).  

 These results indicate that at earlier time points p.i., there are no differences in 

autoantibody production if mice are infected with γHV-68. Conversely, at later time 

points, at the onset of kidney damage and after five months of γHV-68 interaction with 

the host’s immune system, γHV-68 NZBW mice are producing different types of anti-

nuclear antibodies and have decreased frequencies of plasma cells and activated B 

cells in the spleen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 118 

 
 

Figure 5.3. γHV-68 NZBW mice show decreased numbers of plasma cells and 

activated B cells at 8 months of age  
Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), spleens were harvested. FACS analysis was performed to quantify the 

percentages of CD138+ plasma cells (A-B) and the percentages of activated B cells 

(CD19+ CD69+; (B)) in either γHV-68 infected (black bars) or naïve (open bars) NZBW 

mice. Two separate experiments with 5 mice/group, data were analyzed with t-test: * 

p<0.05.  
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5.2.2 The extent of lupus nephritis and IgGs deposition in the kidneys are 

comparable between γHV-68 latently infected and uninfected NZBW mice  

 

 IgG2a antibodies are more pathogenic in SLE than IgG1 and IgM. Additionally, 

IgG2a antibodies deposit preferentially in the kidneys leading to glomerulonephritis. 

Since we found an increased ratio of IgG2a/IgG1 anti-nuclear antibodies in γHV-68 

NZBW mice, we asked if this difference was enough to lead to enhanced kidney 

damage and glomerulonephritis, hallmarks of both human SLE and NZBW SLE. At the 

endpoint (200 days p.i.), the levels of protein in the urine, a parameter used to assess 

kidney failure, were comparable between γHV-68 and naive NZBW mice (Figure 5.4), 

indicating that the extent of kidney damage was similar between the two groups.  

 This result was confirmed through hematoxylin and eosin (H&E) staining of 

formalin fixed, paraffin embedded kidney sections (Figure 5.5) and IgGs staining of 

frozen kidney sections (Figure 5.6). H&E staining showed a similar extent of 

glomerulonephritis between the two groups with an equivalent percentage of glomeruli 

showing hyperproliferation and infiltrations (Figure 5.5). Immunohistochemistry for IgGs 

deposits showed a similar number of positive glomeruli (Figure 5.6, upper panels) with a 

comparable stain intensity (Figure 5.6 lower panels) between γHV-68 and naive NZBW 

mice. Finally, immunohistochemical staining to detect CD8 and CD4 T cell, B cell and 

macrophage infiltrations were performed on kidney sections. Few mice showed diffused 

T cell and macrophage infiltrations in the kidneys, however these immune infiltrations 

were observed in both γHV-68 and naive NZBW mice (data not shown). 

 This indicates that differences in autoantibody production with predominance of 

more pathogenic IgG2a antibodies in γHV-68 NZBW mice are not enough to precipitate 

more extensive kidney damage. 
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Figure 5.4. Naïve and γHV-68 NZBW mice have similar levels of proteins in the 

urine at 8 months of age 
Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age.  At 8 months of age, mice were euthanized and protein levels in the urine 

were measured using Chemstrips GP (visual readings: 0 g/L, 0.3 g/L, 1g/L, 5 g/L). 
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Figure 5.5. Lupus nephritis is similar between γHV-68 NZBW mice and naïve 

NZBW mice 
Mice were infected with γHV-68 (upper left panel) or MEM only (upper right panel) 

between 8-10 weeks of age.  At the onset of kidney failure (8 months of age, 150-200 

days post infection), kidneys were harvested, formalin fixed, paraffin embedded and 

stained with hematoxylin and eosin. Upper panels show glomerulonephritis in NZBW 

mice, lower panel show a normal glomeruli from a healthy mouse (C57Bl/6 strain). 

Scale bar = 50 µm. Two separate experiments with 5 mice/group.  
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Figure 5.6. The levels of IgGs deposition are similar between γHV-68 NZBW mice 

and naïve NZBW mice 
Mice were infected with γHV-68 (left panels) or MEM only (right panels) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), kidneys were harvested and frozen in OCT. Sections were stained with anti-

mouse IgG antibody. The pictures show IgGs deposition in several glomeruli (brown 

spots) at both lower magnification (upper panels, scale bar = 100 µm) and higher 

magnification (lower panels, scale bars = 50 µm). Two separate experiments with 5 

mice/group.  
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5.2.3 T cells isolated from γHV-68 NZBW mice have an effector phenotype and 

secrete higher levels of IFN-γ and TNF-α  

 

 Other groups have shown that the T helper response in NZBW mice is skewed 

neither towards a Th1 phenotype, nor towards a Th2 phenotype before SLE 

development [236-238]. Since we previously detected a potent Th1 response in γHV-68 

EAE mice and in γHV-68 NZBW we found an increased IgG2a/IgG1 ratio, indicative of a 

Th1 response, we decided to further characterize the T cell response in both γHV-68 

and naïve NZBW mice. First we analyzed the levels of different cytokines (IL-6, IL-10, 

IL-12, TNF-α, IFN-γ, MCP-1) in the serum at day 15, 30 and 70 post γHV-68 infection 

and at the endpoint (200 days p.i.). γHV-68 NZBW mice showed increased amounts of 

IL-6 and IL-12 in the serum 15 days post γHV-68 infection (Figure 5.7). Then IL-12 and 

IL-6 levels decreased in γHV-68 NZBW mice at day 30 and day 70 p.i., reaching the 

same levels detected in naïve NZBW mice (data not shown). However γHV-68 NZBW 

mice again upregulated IL-12 at the onset of lupus clinical symptoms and this 

upregulation remained present until the endpoint (200 p.i., Figure 5.8). Additionally, 

MCP-1 and TNF-α were both increased at the same level in both groups at the endpoint 

(data not shown). Overall, this indicates that γHV-68 NZBW have a T helper response 

skewed towards a Th1 phenotype. To further address this, splenocytes isolated at the 

endpoint (200 days p.i.) were re-stimulated in vitro and stained for IFN-γ, IL-17, IL-4 and 

TNF-α (Figure 5.9). γHV-68 NZBW mice T cells, both CD4 and CD8, were capable of 

producing higher levels of both IFN-γ (Figure 5.9 A-B) and TNF-α (Figure 5.9 C-D) when 

compared to naïve NZBW mice. In contrast no IL-17 or IL-4 production were detected.  

 Additionally, activation markers on T cells were analyzed at the endpoint. γHV-68 

NZBW mice presented with increased percentages and increased numbers of effector 

and memory CD8+CD62LlowCD44high T cells (Figure 5.10), thus confirming what we 

previously observed in γHV-68 C57Bl/6 mice.  
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Figure 5.7. γHV-68 NZBW mice produce more IL-6 and IL-12 two weeks after γHV-

68 infection 
Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age. At day 15 post infection, serum was harvested through saphenous vein 

bleeding. The levels of cytokines were evaluated using BD Cytometric Bead Array kits. 

Two separate experiments with 5 mice/group, data were analyzed with t-test: * p<0.05.  
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Figure 5.8. γHV-68 NZBW mice are still producing more IL-12 at 8 months of age, 

200 days post γHV-68 infection 

Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age. At the onset of kidney failure (8 months of age, 150-200 days post 

infection), serum was harvested through cardiac puncture. The levels of cytokines were 

evaluated using BD Cytometric Bead Array kits. Two separate experiments with 5 

mice/group, data were analyzed with t-test: * p<0.05.  
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Figure 5.9. γHV-68 NZBW mice have increased percentages of T cells capable of 

secreting IFN−γ  and TNF-α  at 8 months of age 

Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), spleens were harvested. The production of IFN-γ and IL-17 (A-B) or IL-4 and 

TNF-α (C-D) by CD4 and CD8 T was assessed after in-vitro restimulation with PMA and 

ionomycin. Representative FACS plots and histograms showing percentages of 

CD4+IFN-γ+/ CD8+IFN-γ+ or CD4+TNF-α+/CD8+TNF-α+ are displayed here. Two 

separate experiments with 5 mice/group, data were analyzed with t-test: * p<0.05.  
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Figure 5.10. γHV-68 NZBW mice have increased numbers of CD8 T cells with an 

effector/memory phenotype at 8 months of age 
Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), spleens were harvested. FACS analysis was performed to quantify the 

percentages and the numbers of effector memory T cells. The histograms show the 

percentages and the numbers of CD4 and CD8 T cells that are CD62L-low and CD44-

high. Two separate experiments with 5 mice/group, data were analyzed with t-test: ** 

p<0.01. 
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 Finally, since the strong Th1 response driven by γHV-68 infection can have an 

impact on regulatory T cell (Tregs) numbers as previous assessed by our work (see 

chapter 4) and the work of others, the numbers and the percentages of CD4+Foxp3+ 

regulatory T cells were quantified in the spleens of γHV-68 and naïve NZBW mice at the 

endpoint (Figure 5.11). γHV-68 NZBW mice displayed a trend towards decreased 

frequencies of Tregs in comparison to naive NZBW mice, even though this difference 

was not statistically significant.  

 In summary these results confirm that γHV-68 NZBW have a T helper response 

skewed towards a Th1 phenotype, even at late time points post viral infection (200 

days), with increased production of IFN-γ and TNF-α in T cells, increased levels of IL-12 

in the serum and a decrease in the frequency of Tregs. This phenotype likely explains 

the increased IgG2a/IgG1 ratio of anti-nuclear autoantibodies. 
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Figure 5.11. Naïve and γHV-68 NZBW mice show similar numbers of regulatory T 

cells 
Mice were infected with γHV-68 (black bars) or MEM only (open bars) between 8-10 

weeks of age.  At the onset of kidney failure (8 months of age, 150-200 days post 

infection), spleens were harvested. The graphs show the percentages and the total 

numbers of regulatory T cells (CD4+ CD3+ Foxp3+). Two separate experiments with 5 

mice/group, data were analyzed with t-test.  
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5.3 Discussion 

 

 EBV has been implicated as a possible cause of SLE for many years but proving a 

direct link has been challenging due to both the high prevalence of EBV infection in the 

general population and the lack of a small animal model to study the interaction 

between herpesviruses and the development of autoimmunity. Here we demonstrate 

that, in a mouse strain that spontaneously develops SLE and thus it is already prone to 

autoimmunity, latent infection with γHV-68 is able to further skew the immune response 

towards an autoimmune phenotype with a strong Th1 response and a trend towards 

decreased frequencies of Tregs.  

 The NZBW model was preferred because it has several advantages in comparison 

with the two other available spontaneous mouse model of SLE (MRL/lpr and BXSB).  In 

fact, the NZBW model is the only one that is biased in favor of females as human SLE 

and it is not characterized by a pronounced lymphoproliferation as MRL/lpr and BXSB 

mice [296]. This is an important aspect, considering that γHV-68 is a lymphotropic virus 

that could lead to further uncontrolled lymphoproliferation in MRL/lpr and BXSB mice, 

leading to confusing results.  

 The T cell response in NZBW mice is normally not biased towards any T helper 

subset [236-238]. Upon γHV-68 infection, the T cell response is skewed towards a Th1 

phenotype. Interestingly, SLE patients exhibit preferentially a Th1 response [297, 298] 

and IL-12, that we detected at higher levels in the serum of γHV-68 NZBW mice, has 

been shown to be pathogenic in SLE patients [297]. Additionally T-bet, a transcription 

factor gatekeeper of the Th1 response, is found at higher levels in the urine sediments 

and in the kidney tissue of SLE patients with active nephritis [299]. Finally, there is a 

significant correlation between kidney expression of T-bet and IFN-γ, serum levels of 

anti-dsDNA antibodies, the extent of glomerulonephritis and the amount of kidney 

immune cell infiltrations [300, 301].  

 γHV-68 infection does not alter the frequencies of B cell populations in the spleen 

as previously shown by others [67]. In agreement with these findings, we did not detect 

an alteration in the percentages of marginal zone B cells, follicular B cells or T1-T2 B 

cells in γHV-68 NZBW mice. In contrast, we found a decrease in plasma cell 

frequencies. Plasma cell differentiation is linked to γHV-68 reactivation from latency and 
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the vast majority of B cells that reactivate γHV-68 are plasma cells [67]. The decreased 

percentages of plasma cells found in γHV-68 NZBW mice could be explained by the 

γHV-68 specific CD8 T cells cytotoxic activity that clear cells that reactivate γHV-68. A 

decreased amount of plasma cells in lupus could lead to protection or amelioration of 

kidney damage. In fact, higher numbers of plasma cells correlates with disease activity 

in SLE patients and lower numbers with remission [302]. However, we detected a 

comparable degree of kidney damage in both γHV-68 and naïve NZBW mice, indicating 

that plasma cells in γHV-68 NZBW mice, even if lower in frequencies, are likely 

producing higher levels of autoantibodies or a different type of autoantibodies. In fact, 

decreased amounts of IgM and IgG1 autoantibodies were detected in γHV-68 NZBW 

mice that also presented with an increased IgG2a/IgG1 ratio. Interestingly, the onset of 

glomerulonephritis in NZBW mice is concomitant with the appearance of anti-nuclear 

IgG2a antibodies, which are the most pathogenic [222-224]. The switching towards 

IgG2a autoantibodies is dependent on IFN-γ [226-228]. In γHV-68 NZBW mice, the 

increased productions of IL-12 and IFN-γ are likely responsible for the suppression of 

autoantibodies with an IgG1 isotype in favor of an IgG2a one, as described in other 

animal models of autoimmunity and γHV-68 infection [67, 275].  

 Despite the fact that γHV-68 NZBW mice seem to be biased towards enhanced 

autoimmunity and production of more pathogenic autoantibodies, these differences are 

not enough to worsen lupus nephritis in our model. So, the results shown here only 

partially support our hypothesis that γHV-68 could have the potential, like EBV, to act as 

an environmental trigger on a lupus susceptible genetic background. There are different 

reasons that can explain this: NZBW mice were infected with γHV-68 at 8 weeks of age 

to mimic EBV infection in humans that occurs early in life. It is possible that infection 

with γHV-68 is required to occur later in the life of NZBW mice to accelerate lupus. 

Additionally, it is conceivable that a second hit (i.e. a second infection) that further 

activates B cells is needed to lead to SLE acceleration in γHV-68 NZBW mice. As such, 

future work will be aimed at assessing if a second infection or exogenous stimulus (i.e. 

TLR ligands) that activates B cells has the potential to accelerate SLE development in 

γHV-68 NZBW mice. Intriguingly it has been shown that TLR-9 is important for the 

production of autoantibodies. Activation of TLR-9 leads to enhanced disease [243], 

conversely TLR-9 KO have decreased autoantibody levels [244]. TLR-9 ligands will be 
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tested on γHV-68 NZBW mice.  

 In conclusion, considering that both genetic susceptibility and EBV latency seem 

to be linked to SLE development, γHV-68 mice NZBW mice could be a useful model to 

understand how other environmental factors and thus, a patient’s history of infection, 

can accelerate SLE in genetically susceptible individuals that have been infected by 

EBV.  
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6 General discussion, future directions and conclusions 
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6.1 Discussion 

 

 The aim of my thesis was to identify how a latent infection with 

gammaherpesvirus can interact with the host’s immune system to lead to the 

development of autoimmunity. The first research chapter tests the hypothesis that EBV 

is directly inducing MS by infecting a precise subset of cells in the CNS, while the two 

remaining research chapters analyze more broadly how a latent gammaherpesvirus 

infection is skewing T cell responses through dysregulated antigen presentation. 

 Two approaches were used in my thesis research.  The first was to use human 

primary cell lines in vitro to be able to study directly EBV infection that is restricted to 

humans. The second involved the use of a mouse model in which the murine equivalent 

of EBV, murine gamma herpesvirus 68, was employed. While the first approach allows 

the study of the actual human pathogen, the second one is critical to have a better 

understanding of the interactions between the host’s immune system and the pathogen.  

 

6.1.1 EBV infection of the blood brain barrier 

 

 My results demonstrated that EBV is able to infect endothelial cells of the blood 

brain barrier leading to increased production of CCL-5 and ICAM-1. This upregulation of 

pro-inflammatory mediators supports increased adhesion of immune cells on the 

surface of an EBV infected brain endothelial monolayer [303].  

 The first evidence that EBV was able to infect the MS brain was published in 

2007 by Aloisi’s group [165]. Other groups were not able to reproduce these findings 

and they did not find evidence of EBV infection in the MS brain [167-169]. It is still not 

clear how these differences can be reconciled. Diffuse EBV infection was found only in 

patients that had ectopic B cell follicles in the meninges. Aloisi’s group argues that 

preserving meninges in frozen and paraffin embedded tissue section might be 

challenging and meninges can be lost during tissue sectioning [304]. They also pointed 

out that there are issues regarding RNA preservation: in fact, other groups did not 

detect EBER signal despite positive results for viral protein and viral DNA and this could 

indicate that RNA might have been degraded [304]. Finally other groups used RNA 

isolated from an entire section without performing any EBV cDNA pre-enrichment prior 
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to PCR analysis. Whole section approaches could be less sensitive and well below the 

detection limit [166, 304]. Aloisi’s tissue sections were selected from patients with 

prominent B cell infiltrations and high levels of inflammation. On the other hand, the 

other groups were looking at less well-selected tissues that are not enriched in B cells 

infiltrations or ectopic follicles structures.  

 Our model proposes a different reason for these discrepancies. In fact I 

hypothesize that reactivation of latent EBV infection in brain endothelial cells could 

locally upregulate pro-inflammatory mediators that would attract the first wave of 

autoreactive lymphocytes into a small area of the brain. In this manner, EBV would only 

need to infect a small population of HBMECs and reactivation would require to occur 

within a minority of these cells. This proposed model would serve to explain the 

inconsistent detection of EBV infection in MS brains. This mechanism would also 

explain why, even if there is a lack of detectable virus in the MS plaques, both viral and 

myelin specific lymphocytes are infiltrating inside the CNS and also why anti-viral 

treatments, like interferon-β, are effective in preventing MS relapses. Further work will 

need to address if EBV infection can be detected in vivo in the BBB of MS patients.   

 Finally, this model may work in concert with other mechanisms including EBV 

influence on B cells or APCs. As such, the γHV-68 EAE model was developed to 

address this possibility.  

 

6.1.2 Latent gammaherpesvirus infection affects antigen presentation and skews 

the T cell response leading to enhanced disease in two different mouse 
models of autoimmunity 

 

 Previous works have shown that infection with γHV-68 could precipitate 

autoimmunity or chronic inflammation [97, 98, 100-102]. However, the mechanisms that 

the virus exploit to cause enhanced disease have not been addressed by these articles. 

 I demonstrated that latent infection with γHV-68 skews the T helper response 

towards a strong Th1 phenotype with decreased frequencies of regulatory T cells and 

increased CD8 T cell activation. When mice are stimulated with a second pro-

inflammatory stimulus, i.e. EAE or a second infection (data not shown), that normally 

give rise to other T helper responses, besides Th1, a strong Th1 response is still 
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triggered in γHV-68 mice. Additionally, in a spontaneous SLE model, γHV-68 latency is 

also able to skew the T helper response towards a long-lasting Th1 phenotype (up to 

200 days post γHV-68 infection). Overall, these in vivo results indicate that a 

gammaherpesvirus is indeed able to tip the balance towards autoimmunity and also 

indicate that an indirect mechanism (i.e. modulation of the immune response in the 

periphery and not direct infection in the organ where autoimmunity develops) could be 

involved in EBV-induced autoimmunity.  

 In γHV-68 EAE mice, a subset of APCs that express increased amounts of MHC 

II and CD40, without being infected by γHV-68, is responsible for Th1 skewing and Th17 

suppression. Blocking of CD40 signaling could be a possible treatment to revert the 

phenotype towards tolerance and this is currently under investigation. However, 

upregulation of IFN-γ and downregulation of IL-17 upon transfer of these APCs in naïve 

mice, are not as strong as the ones observed in a γHV-68 infected mouse. This 

indicates that other pro-inflammatory mediators or possibly other cell types are 

contributing in keeping the immune system biased towards a Th1 phenotype. 

Interestingly, T cells isolated from a γHV-68 EAE mouse and directly transferred into a 

naïve mouse lose the Th1 phenotype (data not shown, experiment repeated twice with 

5 mice/group/experiment: 1-2 million CD4 and/or CD8 T cells isolated from γHV-68 mice 

or naïve mice were transferred into naïve hosts. EAE was induced in the recipients 24 

hours post transfer. At the development of EAE signs, brains and spinal cords were 

collected to assess CD4 T helper [Th1] and CD8 CTL responses). This indicates that 

the long-lasting interaction between the latent infection and the host is required to bias 

the immune system towards a Th1 phenotype.  

 Importantly, the observed Th1 skewed phenotype and CD8 enhanced activation 

are specific for gammaherpesvirus only. In fact, infections with beta or alpha 

herpesviruses or unrelated viruses, like LCMV, that do not establish latency, do not alter 

the course of EAE. It is interesting to note that recent findings have concluded that γHV-

68 is the most immunomodulatory virus when compared to either MCMV or HSV-1 

[305]. These observations parallel human MS and SLE studies in which it has been 

shown that both MS and SLE are associated with EBV infection only but not with other 

herpesvirus infections. Additionally, MS and SLE patients have a dysregulated immune 

response towards EBV only, but, again, not towards other human herpesvirus. My work 
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thus confirms these human findings and indicates that an in vivo model that is using a 

virus closely related to EBV, but not EBV itself, has still a good correlation to 

observations made in humans. It is also of interest to point out that, in both EAE and 

NZBW mice, latent infection with γHV-68 leads to a disease phenotype that mirrors 

more closely the human disease in comparison to naïve mice, as I discussed in 

chapters 4 and 5.  Thus γHV-68 is a valuable tool to study, in the mouse, the long-

lasting mutual interactions between EBV and the immune system.  

 My work suggests a possible new mechanism that EBV might be exploiting to 

cause autoimmunity in humans: EBV affects APCs leading to Th1 skewing, CD8 T cell 

activation and decreased Tregs frequencies. Since both MS and SLE are 

heterogeneous diseases, it is conceivable that they do not have only one etiologic 

agent. It is likely that EBV could be the trigger of the disease in only a subset of 

patients. To address this, the activation status of APCs in humans affected by different 

sub-types of MS or SLE could be investigated and linked to both EBV 

infection/mononucleosis history and T helper responses/CD8 activation status.  
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6.2 Future directions 

 

6.2.1 Establishment of latency and reactivation of EBV infection in HBMECs 

 

 I showed that EBV can infect HBMECs and that the viral genome, along with 

expression of some viral genes, is still present in these endothelial cells up to two 

weeks post infection (data not shown). However, our hypothesis also requires the ability 

of EBV to establish latency in HBMECs and this has not been addressed yet. As such, it 

would be interesting to keep infected HBMECs in culture for longer (up to 60 days) to 

fully address if EBV is able to establish true latency. If this is possible, different stimuli 

could then be used in latently infected HBMECs to confirm the ability of endothelial cells 

to reactivate latent EBV infection. If reactivation occurs, upregulation of pro-

inflammatory cytokines, adhesion molecules and immune cell adhesion-migration could 

be investigated to assess if endothelial cells that reactivate a latent infection could also 

promote the passage of immune cells.  

 Additionally, co-immunofluorescence approaches could be used to test for co-

localization between brain endothelial cell markers and EBV viral proteins. If only a 

small number of endothelial cells are infected by EBV in humans or latently infected 

cells are not expressing any viral product, a second approach could be the use of in-situ 

PCR, to amplify the presence of EBV genome. These experiments could be performed 

using tissue samples from MS patients and from patients suffering from other 

neurological inflammatory diseases. If EBV is also found in the BBB of MS patients, this 

could be additional evidence of the validity of our hypothesis.  

 

6.2.2 Modulation of CD40 signaling during EAE in γHV-68 latently infected mice 

 

 My results show that CD40 is increased on the surface of CD11c+CD11b+ cells 

isolated from a γHV-68 mouse. CD40 is a key pro-inflammatory molecule that has the 

ability to fully activate T helper responses, CD8 T cell cytolytic responses [288, 289] and 

downregulate Treg responses [280]. It is possible that chronic CD40 expression has a 

key role in keeping the Th response skewed towards a Th1 phenotype with suppression 

of Tregs generation and in activating CD8 T cell responses during EAE. In order to fully 
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assess the role of CD40, two different monoclonal antibodies that either inhibit CD40 

(MR-1) or act as a CD40 agonist (FGK-45) will be tested in parallel in γHV-68 latently 

infected mice and naïve mice. I will then measure the frequencies of Tregs and the 

potency of the Th1 response under different pro-inflammatory stimuli such as EAE 

induction or a second infection. If CD40 is a key mediator of the γHV-68 phenotype, 

blocking CD40 signaling should revert the “autoimmune” phenotype of the immune 

system towards a more tolerogenic one.  

 Additional work to better characterize CD11b+CD11c+ cells will be performed. I 

have already shown that these APCs are capable of producing increased amounts of 

IFN-γ during the antigen presentation phase of EAE. Interestingly NK cells can co-

express CD11b and CD11c and they are the major source of innate IFN-γ. It is 

conceivable that a percentage of these CD11c+ CD11b+ cells could be NK cells. To 

test this, a more comprehensive analysis of the surface markers expressed by CD11b+ 

CD11c+ cells will be performed.  

 

6.2.3 γHV-68 EAE as a model to study CD8 T cell infiltrations inside the CNS 

 

 I have shown that CD8 T cells become activated in γHV-68 EAE mice and 

infiltrate inside the CNS. CD8 T cells are found only in low percentages during EAE in 

naïve mice. It would be interesting to further understand why and how CD8 T cells 

infiltrate in the CNS of γHV-68 EAE mice. It is possible that CD8 T cells expressing 

CXCR3 are following the chemokine MIG (CXCL-9), as I showed in chapter 4, to gain 

access to the brain parenchyma. Additional experiments can be performed to block 

CXCL-9 and assess if CD8 T cell infiltrations are still present. Moreover kinetic 

experiments can be performed to verify if CD8 T cells require a first wave of CD4 T cells 

and macrophages before they are able to infiltrate inside the CNS. In order to test this, 

brains and spinal cords can be isolated at different time points after EAE induction (day 

7-10-15) and stained for CD4, CD8 and F4/80.  

 Since EAE in naïve mice does not lead to CD8 T cells infiltrations, but MS 

patients present with CD8 T cells along with CD4 T cells in demyelinating plaques, we 

propose that our model could be exploited to address which signals guide CD8 T cells 

when they infiltrate the CNS. 
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6.2.4 B cell activation in γHV-68 NZBW mice as a trigger to accelerate lupus 

 

 In chapter 5, I have shown that γHV-68 NZBW mice have an immune phenotype 

skewed towards a Th1 response and they produce more pathogenic autoantibodies. 

Thus γHV-68 NZBW mice should be more prone to develop kidney inflammation. 

However, these differences are not enough to lead to enhanced kidney damage.  

 It is conceivable that γHV-68 NZBW mice need a second pro-inflammatory trigger 

to precipitate SLE. In order to test this, a second infection or an injection of TLR ligands, 

that can reactivate B cells, will be administered to γHV-68 NZBW mice. The level of 

damage of the kidneys will be monitored by measuring the levels of protein present in 

the urine. Two weeks after secondary infection/injection of TLR ligands, kidneys will be 

harvested and analyzed for immune infiltrations, IgGs depositions and 

glomerulonephritis.  

 

6.2.5 Is latency required? 
 

 A mutant γHV-68 that is not able to establish latency and it is cleared after acute 

infection is resolved will be employed to fully address if latency is required to maintain 

an hyper activated immune response, or if acute infection per se is able to trigger this 

long-lasting Th1 biased phenotype (up to 200 days post infection in SLE mice). 

Preliminary data in the EAE model, using acute γHV-68 infection, indicate that 

establishment of latency is required to obtain stronger CD4 and CD8 T cell responses 

(see chapter 4). The use of a latency deficient γHV-68 will fully address this issue. It is 

important to understand if latency is necessary to maintain this phenotype for the 

development of therapies. If latency is not required for enhanced autoimmune 

pathology, an EBV vaccine or drug that is designed to prevent or better control 

mononucleosis, but does not prevent the establishment of latency, may be sufficient to 

avoid the development of autoimmunity later in life. Conversely, if latency is required to 

lead to increased susceptibility to autoimmunity, a vaccine or drug that prevents the 

establishment of latency, or it is able to eradicate latency once established, has to be 

designed instead.  
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6.3 Concluding remarks 

 

 In conclusion, the results presented in this thesis identify two different 

mechanisms that EBV can exploit to trigger autoimmunity. We confirmed that our two 

initial hypotheses are both valid and they could act in concert or alone to lead to the 

development of MS or SLE. This work extends our understanding of the mechanisms 

that a pathogen can employ to lead to the development of autoimmunity. Particularly, 

we identify a subset of APCs that might be responsible of keeping the immune system 

hyper activated during gammaherpesvirus latency. The future experiments proposed 

here will help in the further dissection of the interactions between these APCs and the 

other arms of the immune system, particularly the role of CD40. Understanding these 

mechanisms can provide insights that might reveal new therapeutic targets to re-

establish peripheral tolerance during autoimmunity. 

 The data that I have presented here also suggest that gammaherpesviruses 

have a profound and long-lasting effect on the host immune system. Therefore a 

reductionist approach that study autoimmune diseases, inflammation and response to 

infections in naïve, clean mice may not be always ideal. A more complete 

understanding of “normal” immune function has to take into account the effect of latent 

infections. The study of mice latently infected with herpesviruses could lead to a better 

understanding of human immunology, considering that EBV, but also other 

herpesviruses, infect close to 90% of the human population.  
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