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ABSTRACT 

OF THE DISSERTATION OF 
 

 

 

Sukayna Mohamed Fadlallah      for   Doctor of Philosophy 

    Major: Biomedical Sciences 

 

 

 

Title: The Interplay Between Epstein-Barr Virus DNA and the Gut Microbiota in the 

Pathogenesis of Rheumatoid Arthritis in a Mouse Model 

 

 

Background: The pathogenesis of rheumatoid arthritis (RA) is not fully understood; 

however, risk factors including genetic predisposition and environmental challenges such 

as infectious agents and alterations in the gut microbiota can act as a trigger. One such 

infectious agent is the Epstein - Barr virus (EBV), which establishes latency but then can 

reactivate, produce viral DNA and result in immunomodulation. We recently demonstrated 

that EBV DNA is correlated with proinflammatory responses in mice and in rheumatoid 

arthritis (RA) patients. Hence, we aimed at utilizing an RA mouse model to examine the 

interplay between the proinflammatory effects of EBV DNA and gut microbiota changes in 

the development of RA. 

 

Methods: Female C57BL/6J mice, 12 weeks of age, were treated with collagen (arthritis-

inducing agent), EBV DNA 6 days before collagen, EBV DNA 15 days after collagen, 

Staphylococcus epidermidis DNA 6 days before collagen, EBV DNA alone, or water. Mice 

were then monitored for 70 days for clinical signs after which the paw thickness was 

measured, gripping strength was determined, and affected joints/footpads were 

histologically analyzed. Serum cytokine levels of interleukin 17A (IL-17A) and interferon 

gamma (IFNɔ) were determined by enzyme-linked immunosorbent assay (ELISA). The 

number of cells either co-expressing IL-17A and IFNɔ in joint and colon histological 

sections or IL-17A, FOXP3 and IFNɔ in colon histological sections were determined by 

immunofluorescence (IF) and confocal microscopy. To determine the effect of EBV DNA 

on the composition of colonic microbiota, fecal samples were collected and 16S rRNA 

sequencing was carried out. To determine if intestinal microbiota contribute to arthritis 

progression directly, antimicrobial-cleared C57BL/6J mice were conventionalized with 

microbiota from arthritis-affected mice by fecal transplantation followed by arthritis 

induction with collagen and assessing the incidence and severity of RA. 

 

Results:  The incidence of arthritis was significantly higher in mice that received EBV 

DNA prior to collagen compared to mice that only received collagen or mice that received 

S. epidermidis DNA. Similarly, significantly increased clinical scores, histological scores 

and paw thicknesses with a significantly decreased gripping strength were observed in 
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groups treated with EBV DNA and collagen when compared to mice treated only with 

collagen. The highest increase in IFNɔ serum levels was in the group that received collagen 

alone. Mice that received EBV DNA in addition to collagen showed the highest elevation 

in IL-17A serum levels. Additionally, the lattergroup showed the highest number of cells 

co-expressing IFNɔ and IL-17A in joints and colons as well as the highest number of cells 

co-expressing IL-17A, FOXP3, and IFNɔ in colons. Analysis of 16S rRNA sequencing of 

microbiota from feces showed that EBV DNA resulted in a change in alpha diversity of the 

microbiota resulting in an increased Chao1 microbial richness and decreased Shannon 

diversity index in the RA mouse model. The beta diversity in terms of Principal Coordinate 

Analysis (PCOA) was not dissimilar among the various groups. Additionally, the 

abundance of 33 different genera/genus clusters was significantly altered among the various 

groups, with the the group that received EBV DNA 6 days prior to collagen having the 

most number of genera/genus clusters altered. On the other hand, antimicrobial-cleared 

mice conventionalized with microbiota from mice treated with EBV DNA in addition to 

collagen showed a higher incidence and enhanced severity of RA compared to those 

conventionalized with microbiota from water or collagen treated mice. 

 

Conclusions: EBV DNA enhances proinflammatory cytokines, increases the incidence and 

severity of arthritis, and alters the gut microbiota in an RA mouse model. This better 

understanding of the various factors involved in the development of RA will possibly help 

in creating individualized treatments for RA patients. Such treatments may target mediators 

triggered by viral DNA.  
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CHAPTER I 

INTRODUCTION 

 

A. Epstein-Barr virus 

1. History of EBV 

Epstein-Barr virus (EBV) is the first isolated tumor virus to be discovered. This virus 

was identified in 1964 by Michael Anthony Epstein and Yvonne Barr after the isolation of 

the virus in culture from a Burkittôs lymphoma tissue sample (Epstein et al., 1964). In 1961, 

Epstein, a cancer pathologist and electron microscopist, attended a lecture entitled "The 

Commonest Children's Cancer in Tropical AfricaðA Hitherto Unrecognised Syndromeò 

given by Denis Parsons Burkitt, a surgeon practicing in Uganda. Burkitt described a specific 

type of cancer that was common in young children that bears his name. In 1963, a specimen 

was sent from Uganda to Epsteinôs laboratory to be cultured and virus particles were 

identified in the cultured cells. These results were published in The Lancet in 1964 by Epstein 

and Barr (Epstein, 2015). Cell lines were sent to Werner and Gertrude Henle at the Children's 

Hospital of Philadelphia who developed serological markers. Henleôs team also determined 

that B cells might infect other non-infected B cells and cause them to become ñcancerousò 

(Epstein et al., 1964; Henle, 1968). Using the markers, they discovered that all of Burkittôs 

lymphoma samples from Uganada were positive for EBV; however, the surprise was that 

nine out of ten Americans were positive too even though they did not have the lymphoma. In 

1967, a technician in Henleôs laboratory developed glandular fever and they were able to 

compare his results to a stored serum sample, showing that antibodies to the virus had 
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developed (Epstein et al., 1967; Henle, 1966). Nation-wide studies in the United States 

showed that every glandular fever was caused by EBV (Epstein et al., 1967; Henle, 1966). 

 

2. Classification and types of EBV 

EBV, also known as human Human herpesvirus4 (HHV-4), is considered to be one of 

the most prevalent viruses that affect humans (Cohen, 2000; Tzellos & Farrell, 2012). It is a 

member of the genus Lymphocryptovirus that belongs to the gamma subfamily of the 

Herpesviridae family of viruses (Sample et al., 1990). 

There are two major types of EBV that affect humans, EBV-1 and EBV-2, also known 

as types A and B respectively. EBV-1 and EBV-2 are two distinct wild-type EBV strains that 

have significantly diverged at four genetic loci and have maintained type-characteristic 

differences at each locus. They differ in the genes that encode for nuclear antigens including 

EBV nuclear antigens (EBNA)-2, EBNA-3A/3, EBNA-3B/4, and EBNA-3C/6 (Sample et 

al., 1990). This leads to differences in the transformation and reactivation capabilities. EBV-

1 is more efficient in immortalizing B cells in vitro and is more viable in infected 

lymphoblastoid cell lines than EBV-2 (Rickinson et al., 1987). EBV-2 infection is 

uncommon in Western Europe and the United States but is prevalent in Africa and New 

Guinea, whereas EBV-1 is widespread worldwide (Young et al., 1987; Zimber et al., 1986). 

The two EBV types can be further subdivided into different virus strains based on the latent 

membrane proteins (LMP)-1 oncogene as it has the highest degree of polymorphism (Li & 

Chang, 2003). Based on LMP-1 variability, seven main groups were classified: B95-8, 

Alaskan, China 1, China 2, Med+, Medī, and NC (Bouvard et al., 2009; Li & Chang, 2003; 
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Tzellos & Farrell, 2012). New LMP-1 variants have also been identified in other regions such 

as Southeastern Asia 1 (SEA1), and Southeastern Asia 2 (SEA2) reported in Thailand 

(Saechan et al., 2006, 2010). It has also been stated that multiple variants of EBV can be 

identified in the same individual (Walling et al., 2003). 

 

B. Structure and genome of EBV 

The EBV genome was the first large virus to be sequenced and analyzed (Baer et al., 

1984). It is composed of a linear double-stranded deoxyribonucleic acid (DNA) which 

contains ~ 172,000 base pairs and encodes for 85 genes (Depper & Zvaifler, 1981). These 

genes encode mostly for proteins that are important during replication, assembly of the 

different compartments of the virus, and nucleotide metabolism (Böhm, 2010). However, a 

few of these genes (12 genes) are expressed only during the latent phase (Santpere et al., 

2014). Additionally, two classes of noncoding RNA are also expressed during the latent 

phase namely EBV encoded small RNAs (EBERs) and micro RNAs (miRNAs) (Kieff, 1996; 

Knipe et al., 2001). The DNA has a series of 0.5 kb terminal direct repeats (TRs) and 3.1-

kbp internal repeat sequences (IRs) which splits the genome into short and long unique 

sequences (Cheung & Kieff, 1982). These repetitions indicate whether the source of EBV in 

the infected cells comes from the same progenitor cell (Bouvard et al., 2009). The genome is 

also encapsulated by an icosadeltetradehdral nucleocaspid containing 162 caposmeres, which 

is in turn enclosed by a viral matrix known as the tegument (Kieff, 1996). The tegument 

proteins function mainly in promoting DNA replication and aiding in immune response 

suppression (Suazo et al., 2015). The tegument is surrounded by a lipid bilayer envelope 
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harboring glycoproteins, which are important for cell tropism and receptor recognition 

(Odumade et al., 2011). The genome encode genes for 13 glycoproteins, 12 of which are 

expressed only during the lytic phase. These include: gp350/220, gB, gL, gH, gM, gN, gp42, 

BILF1, BMRF2, BDLF2, BDLF3, BILF2, and BARF1 (Hutt-Fletcher, 2015). 

 

C. Replication cycles of EBV DNA 

1. Lytic cycle  

During the lytic phase, which can occur because of a primary infection or reactivation, 

the EBV genome linearizes and uses the viral DNA polymerase to replicate (Hochberg et al., 

2004). Reactivation occurs when latently infected memory B cells receive a signal to 

differentiate into plasma cells and trigger the production of the virus thus infecting naive B 

cells and epithelial cells (Odumade et al., 2011). There are three different temporal phases of 

lytic gene expression, which include immediate early, early, and late (Young & Rickinson, 

2004). Gene products in the immediate-early stage are expressed regardless of any de-novo 

synthesized viral proteins. The immediate-early proteins function as transactivators that 

initiate the expression of early genes. BZLF1 (BamHIZ fragment leftward open reading 

frame 1) and BRLF1 (BamHI R fragment leftward open reading frame 1) are two of the 

immediate-early genes that are expressed simultaneously and encode for the transactivators, 

ZEBRA/EB1/Zta and Rta respectively (Odumade et al., 2011; Tsurumi et al., 2005). BZLF 

predominantly localizes to the nucleus in infected cells, forms a homodimer and stimulate 

cellular promoters (Bhende et al., 2004). On the other hand, BRLF1 initiates the transcription 
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of target genes by binding to responsive elements. The induction capacity of BZLF1 is more 

potent than that of BRLF1 (Murata, 2018).  

The early gene products include: 1) BNLF2a which has a role in metabolism and 

replication, 2) bcl-2 family of proteins that either induce or repress apoptosis, 3) BMFL1 

products (EB2, Mta, SM) which are noncoding proteins in vivo and promote the cytoplasmic 

accumulation of unspliced EBV mRNA, and 4) BARF1 which inhibits the proliferative 

effects of human colony-stimulating factor 1 (CSF-1) (Young et al., 2007). The late gene 

expression results in the production of proteins that function mainly in the assembly of the 

viral structure such as viral capsid antigen (VCA) or aid in immune evasion such as BCRF1 

(Odumade et al., 2011). 

 

2. Latent cycle 

During the latent phase, no active virus production occurs; EBV generates circular 

DNA molecules known as episomes that persist in B cells and possibly in epithelial cells 

(Thorley-Lawson & Gross, 2004). In contrast to replication during the lytic phase, the 

episome divides using the host DNA polymerase (Ambinder & Lin, 2005; Furnari et al., 

1992). The latency program is divided into four stages: Latency III, Latency II, Latency I, 

and Latency 0. In latency III nine latent genes are activated and include EBNA-1, EBNA-2 

(triggers transcription of all nine latent genes), EBNA-3A, EBNA-3B, EBNA-3C, EBNA-

LP, LMP-1, LMP-2A, LMP-2B (Rickinson & Kieff, 2007). EBER1 and EBER2 are also 

produced during this phase (Arrand & Rymo, 1982).  EBNA-1 is the transactivator of viral 

latent genes and host genes and is essential for replication, segregation, and persistence of 
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the viral genome. EBNA-2 and EBNA-LP are vital for EBV-mediated B cell transformation 

and jointly activate viral and cellular gene transcription needed for the transformation. 

EBNA-3A, 3B, 3C are coactivators of EBNA-2. EBNA-3A and 3C are necessary for B cell 

transformation by inducing G1 cell cycle arrest, whereas EBNA-3B is not necessary for this 

process. LMP-1 and LMP-2A imitate the active form of CD40 and B cell receptor (BCR) 

signaling on B cells (Kang & Kieff, 2015). During latency II phase a fewer genes are 

activated namely EBNA-1, EBNA-LP, LMP-1, LMP2A, LMP-2B and EBER. In latency I, 

gene expression is further restricted with only EBNA-1 and EBER being activated. In latency 

0, B cells remain quiescent and no viral genes are expressed (Hutzinger et al., 2009).   

 

D. Biology of EBV infection 

B lymphocytes and epithelial cells such as those of the oropharynx are the primary 

cellular targets of EBV (Shannon-Lowe & Rowe, 2014). The mode of entry of the virus into 

these cells is different. In B cells, the viral protein gp350 binds to the CD21 surface receptor, 

also known as CR2, which further triggers the attachment of the viral glycoprotein gp42 to 

B cell Major Histocompatibility Complex (MHC) class II molecules. This causes the virus 

to enter the B cell as the viral envelope fuses with the cell membrane (Speck et al., 2000). 

EBV may utilize CD35 surface receptor as an alternative route to enter CD21 negative B 

cells such as immature B cells (Ogembo et al., 2013). In epithelial cells, BMRF-2 viral 

protein associates with ɓ1 integrins found on the cell (Xiao et al., 2007, 2009). Subsequently, 

the viral protein gH/gL interacts with Ŭvɓ6/8 integrins triggering the fusion of the viral 

envelope with the epithelial cell membrane (Chesnokova et al., 2009). 
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Following an infection with EBV, the virus enters either the lytic phase whereby 

infectious virions are produced or the latent phase whereby lifelong persistence occurs 

(Cohen, 2000; Young & Rickinson, 2004). Following a primary infection, the virus 

overcomes the nasopharyngeal epithelial barrier and migrates to the surrounding lymphoid 

organs such as the tonsils and adenoids where it infects naïve B cells. The virus can also 

replicate in the oropharynx before infecting B cells and hence enters the lytic phase (Hadinoto 

et al., 2009; Perry & Whyte, 1998). EBV then causes naïve B cells to transform into 

proliferating lymphoblasts by triggering the growth transcription program; this marks the 

transition into latency (Thorley-Lawson, 2015). A small proportion of the EBV genes are 

expressed during latency in one of three different patterns known as latency programs. The 

infection and transformation of naïve B cells into lymphoblast occurs during the latency III 

phase during which nine latent proteins are produced as stated above.  

Subsequently, naïve B cells translocate to the lymph node follicle, become germinal 

center cells, induce the default program where limited viral genes are expressed, and 

differentiate into memory B cells (Hadinoto et al., 2008; Smatti et al., 2018). The default 

program occurs in the latency II phase during which fewer proteins are produced. This 

program is observed in nasopharyngeal carcinoma and Hodgkin's lymphoma. Infected 

memory B cells migrate to the peripheral circulation; over time their number decreases but 

they are never completely eliminated (Hadinoto et al., 2008). During the third latency phase, 

known as phase I, gene expression is further regulated. Only EBNA-1 and EBER are 

expressed throughout this phase which allows the latent genome to replicate as the memory 

B cell divides. This program is observed in Burkittôs lymphoma (Odumade et al., 2011). For 
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the life cycle to be complete, latent infection in memory B cells is activated and enters the 

lytic phase during which the virus can be transmitted to other individuals through saliva. The 

activation of memory B cells induces their translocation to lymph nodes where they 

proliferate and form a small germinal center. This in turn activates plasma cells, which can 

produce antibodies and replenish the memory cell pool (Crawford, 2001).  

 

E. Transmission of EBV  

The most common route of transmission of EBV is through the oral route. EBV is 

mainly transmitted and shed through the saliva during an infection in early childhood 

(Bouvard et al., 2009). In adolescence, infection occurs through intimate oral contact 

(Hjalgrim et al., 2007). Kissing and sharing utensils, toothbrushes, food and drinks with an 

infected person helps in the transmission of EBV (Centers for Disease Control and 

Prevention, 2016). Shedding of the virus can occurs for weeks to months after infection (Fafi-

Kremer et al., 2005). The virus can also be transmitted through blood or blood transfusion. 

Additionally, EBV can be transmitted during organ and tissue transplantation, which can lead 

to post transplantation lymphoproliferative disease (Cohen et al., 2009). Breast milk may 

contain the virus however it is a rare form of transmission (Perera et al., 2010). Another 

possible route of transmission is sexual contact as infected epithelial cells have been 

identified in cervix and semen samples (Papesch & Watkins, 2001). 
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F. Diseases associated with EBV 

1. Infectious mononucleosis 

It is estimated that 90% of the worldôs population are seropositive for EBV (Tzellos 

& Farrell, 2012). During childhood, EBV infection can be asymptomatic or may result in 

mild illness. However, if EBV infection is acquired during adolescence, it results in 

infectious mononucleosis (IM), also known as kissing disease, in 35%-50% of cases. IM is 

considered self-limiting and usually resolves on its own without specific treatment (Gequelin 

et al., 2011). The most common symptoms are sore throat, cervical lymphadenopathy, 

fatigue, upper respiratory symptoms, headache, fever, and myalgia (Balfour et al., 2013).  

Most of the symptoms resolve within 10 days or less however fatigue and cervical 

lymphadenopathy can persist for 3 weeks (Balfour et al., 2015). Infection with EBV induces 

both humoral and cellular immune response, which limit the infection, but do not completely 

eradicate it (Crawford, 2001). The cellular immune response plays a major role in controlling 

the infection and high numbers of CD8+ cytotoxic T cells are detected during an infection 

with IM. These result in the production of tumor necrosis factor-Ŭ (TNF- Ŭ), Interleukin (IL)-

1ɓ and IL-6 (Foss et al., 1994). 

 

2. EBV-associated cancers 

EBV has also been associated with malignant lymphoproliferative diseases such as 

Burkittôs lymphoma (BL), Hodgkinôs lymphoma (HL), and lymphomatoid granulomatosis, 

epithelial carcinomas such as nasopharyngeal carcinoma (NPC) and gastric cancer (GC), and 

human immunodeficiency virus (HIV)-related diseases such as hairy leukoplakia (Maeda et 
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al., 2009). EBV is linked to 1% of cancers globally and it is estimated that 140,000 death are 

due to EBV-associated cancers yearly (Hsu & Glaser, 2000; Khan & Hashim, 2014). Despite 

intensive research, the etiology of EBV-related cancers remains unclear. 

Burkittôs lymphoma is highly aggressive, fast growing, and classified in three forms: 

endemic, sporadic and immunodefciency-associated (Hsu & Glaser, 2000). EBV is present 

in more than 95% of the tumor in the endemic form. Additionally, this form involves the jaw, 

facial bone, distal ileum, cecum, ovaries, kidney, or breast. It occurs mainly in children 

residing in malaria endemic areas such as Brazil, Equatorial Africa, and Papa New Guinea 

(Hsu & Glaser, 2000). In the sporadic form, EBV is associated with 15%-88% of cases. 

Sporadic form of BL affects a wider age range and is associated with white populations. The 

jaw is less involved in the sporadic form of the disease whereas the ileocecal region is mainly 

affected (Brady et al., 2007; Hsu & Glaser, 2000). The immunodeficiency associated BL is 

mainly associated with HIV infection but can also occur post tissue or organ transplantation 

(Bellan et al., 2003). EBV is associated with 30-40% of AIDS-associated BL. BL affects 

males more than females in all three forms of the disease (Hsu & Glaser, 2000). 

Hodgkinôs lymphoma is characterized by the presence of multinucleated Reedï

Sternberg cells in the lymph nodes. About half of this lymphoma cases is associated with 

EBV; however, the frequency differs based on the population. For example, 90-100% of HL 

is positive for EBV in low-income countries  (Dinand & Arya, 2006; Gandhi et al., 2004; 

Kennedy-Nasser et al., 2011). Additionally, this type of cancer mostly affects children and 

individuals above 70 years, males more than females, and non-white ethnic groups (Hsu & 

Glaser, 2000). 
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Nasopharyngeal carcinoma is the most common cancer originating in the 

nasopharynx and affects its epithelial cells. Tumors are classified into three types based on 

the level of differentiation in these cells: type I (squamous), type II (non-keratinising), type 

III (undifferentiated) (B. Brennan, 2006; Young & Dawson, 2014). EBV is highly associated 

with type II and III (Young & Dawson, 2014). NPC is very common in northern Africa and 

Southeast Asia, particularly southern China and East Malaysia and it affects males more than 

females (Hsu & Glaser, 2000). 

Gastric carcinoma (GC) is a major cause of morbidity and mortality as it affects 

millions globally (Bakkalci et al., 2020). GC is the most common EBV-associated 

malignancy however only 10% of gastric adenocarcinoma are linked to EBV (Hsu & Glaser, 

2000). GC mainly affects males more than females and the incidence decreases with age 

(Camargo et al., 2011). 

 

3. Other diseases  

  EBV has been linked with an increased risk of developing autoimmune diseases such 

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

(RA) (Toussirot & Roudier, 2008). The association between EBV and autoimmune diseases 

is discussed in the next section. 
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G. EBV and autoimmune diseases 

Following the evidence that EBV specific antibody levels were elevated in patients 

with SLE in 1971, EBV has been proposed as one of the principal triggers of a number of 

autoimmune diseases (Evans et al., 1971). The fact that EBV is ubiquitous, establishes 

lifelong latency with the possibility of reactivation, and modulates the immune system, 

renders it a candidate risk factor. Several theories have been suggested as possible 

explanations of the involvement of EBV in the pathogenesis of autoimmune diseases. These 

include molecular mimicry, epitope spreading, bystander activation, and the autoreactive B 

cells theory (Benoist & Mathis, 2001; Hafler, 1999; Olson et al., 2001). Molecular mimicry 

involves an identical or similar epitope that is found in both the virus and the host leading to 

a cross-reactive immune response (Fujinami et al., 1983). Examples of molecular mimicry 

include: EBV-encoded DNA polymerase and myelin basic protein (MBP) in MS, EBNA1 

and myelin antigens in MS, EBNA- 1 and Ro autoantigen in SLE, the glyȤala repeat region 

of EBNA and type w-collagen or a 62 kDa synovial protein in RA, and EBV gp110 and the 

HLAȤDR4 shared epitope (Fujiwara & Takei, 2015). EBNA-1 has been particularly shown 

to share similarities with a number of human antigens.  

Infection with EBV results in a strong cytotoxic T cell response which can cause 

bystander killing of surrounding non-infected cells. This could lead to increased autoimmune 

responses and inflammation as the killing of these cells releases self-antigens (Fujiwara & 

Takei, 2015). Related to bystander activation, epitope spreading occurs when an 

environmental challenge such as a viral infection induces an immune response leading to the 

release of self-antigens and triggering the activation of autoreactive immune cells. This 
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response might then óspreadô and result in autoimmunity against other self-epitopes on either 

the same or different protein (Getts et al., 2013). On the other hand, 20% of EBV infected 

naïve and memory B cells can either encode or produce autoantibodies, which could 

subsequently translocate to distant organs, encounter a self-antigen, produce these antibodies 

and induce damage. Moreover, autoreactive B cells can stimulate autoreactive T cell 

responses following contact with self-antigens hence inducing cytotoxicity to infected cells. 

It has been shown that synovial lesions in RA patients contain EBV-infected plasma cells 

that produce antibodies against citrullinated proteins, a self-antigen (Croia et al., 2013). This 

indicates that EBV infected cells found in joints play a role in the inflammation observed in 

the synovium in RA patients.  

 

H. Rheumatoid arthritis  

1. Disease and symptoms  

Rheumatoid arthritis is an inflammatory disorder that mainly affects joints and results 

in cartilage degradation and erosion (Firestein & Zvaifler, 1992). RA is considered an 

autoimmune disease due to the presence of autoantibodies such as rheumatoid factor (RF) 

and antiïcitrullinated protein antibody (ACPA) in patients long before the manifestation of 

the disease (Aletaha et al., 2010). RF, which binds to the Fc portion of immunoglobulins, 

was discovered by Waaler in 1939 and re-identified by Rose in 1948 by its ability to 

agglutinate sheep red blood cells coated with rabbit serum (Franklin et al., 1957). RF is 

detected in 80% of patients with RA and its presence predicts a more severe form of the 

disease (Firestein & Zvaifler, 1992). In 1993, Serre et al. initially determined that filaggrin 
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was the target protein for RA-specific anti-keratin antibodies (AKAs). Consequently, it has 

been demonstrated that AKAs were part of a group of antibodies collectively termed as anti-

citrullinated protein antibodies (ACPAs). ACPA includes other RA-specific autoantibodies 

known as anti-perinuclear factors (APFs) and anti-Sa which recognizes citrulline-containing 

peptides/proteins as a common antigenic entity (Girbal-Neuhauser et al., 1999; Schellekens 

et al., 1998; Sebbag et al., 1995). However, citrulline is the common critical 

constituent antigenic determinant of these antibodies. Citrulline is a non-standard amino acid 

produced by peptidylarginine deiminase (PADI) enzymes through posttranslational 

modification of arginine during several biologic processes including inflammation 

(Vossenaar et al., 2003). ACPAs are found in 70-90% of RA patients and have a better 

diagnostic value in terms of specificity and sensitivity than RF (Kroot et al., 2000; 

Schellekens et al., 2000; van der Helm-van Mil et al., 2005). Studies have shown that the risk 

of development of RA is the highest when RF and ACPA are both present in preclinical 

samples prior to disease development (Nielen et al., 2004). Additionally, RF is associated 

with extra-articular manifestations of RA unlike ACPA. However, both RF and ACPA are 

identified as independent risk factors for bone erosion (Berglin et al., 2006; De Rycke et al., 

2004; Korkmaz et al., 2006). RF titers decrease more consistently than ACPA during RA 

treatment (Song & Kang, 2010). 

In the early stages of the disease, patients do not present with symptoms. General 

fatigue and malaise are among the earliest non-specific symptoms to appear (Harris, 1990). 

As the disease progresses, the small joints of the hand, feet, and cervical spine become 

involved. In some cases, larger joints such as the shoulder and knee can also be affected 
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(Trieb, 2005). The metacarpophalangeal joint, proximal interphalangeal joint, and wrists are 

the first to become symptomatic (Fleming et al., 1976). The hips and ankles are affected later 

during the course of the disease. Rheumatoid arthritis is considered polyarticular in which 

five or more joints are affected simultaneously. Additionally, morning stiffness is an 

important characteristic of the disease, which occurs due to the accumulation of extracellular 

fluid around the joints. This sign help differentiate rheumatoid from non-inflammatory 

diseases of the joints, such as osteoarthritis (Suresh, 2004). Moreover, the joints become 

swollen, warm, and red due to the dilation of synovium vessels (Harris, 1990). During the 

late stages of the disease, tendon erosion and destruction of joint surface may occur which 

causes movement impairment and deformities (Majithia & Geraci, 2007). Example of such 

deformities include ulnar deviation, swan neck deformity, and Z-thumb deformity (Walker 

et al., 2014). The joints on both sides of the body are usually affected however during the 

initial stages of the disease the presentation may be asymmetrical (Walker et al., 2014). 

 

2. Complications 

Extra-articular manifestation occurs in 15-25% of patients and include rheumatoid 

nodules on the skin, vasculitis, osteoporosis, cardiovascular disease, lung disease, and 

neuropathy (Cutolo et al., 2014; Turesson et al., 2003). Rheumatoid nodules occurs in 30% 

of RA patient and it is considered the most common non-joint feature (Turesson et al., 2003). 

These are usually found on bony structures such as the elbow, heel, knuckles, and areas that 

endure mechanical stress. Nodules are associated with RF titers, ACPA, and severe disease 

(Ziff, 1990). Vasculitis, palmar erythema (reddening of the palms), and skin fragility are skin 
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associated symptoms of RA (Chua-Aguilera et al., 2017). Moreover, people with RA have a 

higher risk of developing atherosclerosis, myocardial infarction and stroke due to 

inflammation caused by RA (Gupta & Fomberstein, 2009). Lung fibrosis and anemia are also 

complications of RA. The chronic inflammation in RA causes anemia of chronic diseases 

during which iron is poorly absorbed and captured by macrophages (Smith et al., 1992).  

Liver and kidney problems might also arise due to chronic inflammation (de Groot, 2007; 

Selmi et al., 2011). Another complication is local osteoporosis, which occurs due to systemic 

cytokine release and immobility (Ginaldi et al., 2005). A common complication of RA is 

tooth loss and periodontitis (de Pablo et al., 2009). 

 

I. Epidemiology of RA    

RA is estimated to affect 1% of the population worldwide and occurs twice the rate 

in women compared to men (Horai et al., 2000). Additionally, women develop the disease at 

an earlier age compared to men, between 40 and 50 years of age (Alamanos et al., 2006). 

Women who either previously took or never took oral contraceptives usually have a higher 

incidence of RA than women who actively take oral contraceptive. Additionally, reduced 

fertility in females and breastfeeding increase the risk of developing arthritis (Silman & 

Pearson, 2002).  

A systematic review showed that incidence of RA is highest in North America and 

Northern Europe and lowest in Southeast Asia and Western Sub-Saharan Africa (Alamanos 

et al., 2006). The mortality rate is higher in RA patients than in the general population 

however, the cause of death does not differ between the two groups (Alamanos & Drosos, 
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2005). Depending on the severity and age of onset of RA, the projected survival of RA 

patients decrease 3-10 years (Gabriel et al., 2003; Wolfe et al., 1994).  

RA is considered one of the most common autoimmune diseases (Simon et al., 2017). 

Additionally, the risk of developing other autoimmune diseases is much higher in RA patients 

than matched control patients with osteoarthritis (Simon et al., 2017). This might be due to 

common genes involved in RA as well as autoimmune diseases (Hemminki et al., 2009). In 

Lebanon, the prevalence of rheumatic diseases was found to be about 15% by Chaaya et al. 

(Chaaya et al., 2012). Specifically, the prevalence of RA in this study was 1% and represented 

6.2% of all rheumatic diseases. In a small cohort study by Khalil et al. (2006), the 

demographic characteristics of RA patients in Lebanon were similar to those in other 

Mediterranean countries (Kalouche Khalil et al., 2006). The majority of these patients were 

women below 70 years of age. 

 

J. Risk factors for RA 

Although the cause of RA is unknown, a number of risk factors have been identified. 

Environmental stimuli are thought to trigger an inappropriate immune response in genetically 

susceptible individuals. Genetic factors contribute 50-60% to the risk of developing RA 

(Tobón et al., 2010). Interestingly, family history of RA has been shown to increase the risk 

of the disease 3 to 5 times (Smolen et al., 2016). A set of experiments carried out in 1976 

showed that there are genetic similarities in RA patients which led to the discovery that the 

human leukocyte antigen (HLA)-DR genes found in the MHC is strongly associated with RA 

(Stastny, 1976). This was mapped to the DRɓ1 chain, linked to the third hypervariable region, 
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specifically amino acid 70-74. This corresponds to glutamine-leucine-arginine-alanine-

alanine (QKRAA) or glutamine- arginine -arginine-alanine-alanine (QRRAA) and is located 

in some RA-associated DR genes such as DR4, DR14 and DR1 (Nepom et al., 1989). HLA-

DRB1 accounts for one third of the genetic susceptibilities to RA (Tobón et al., 2010). 

Additionally, HLA-DRB1 is the only genetic factor that is associated with RA in all 

populations worldwide (Lee et al., 2009). Specific alleles within DRB1*04 and *01 clusters 

encode the common eptitope sequences within the expressed DRB1 molecule (Gregersen et 

al., 1987). 

Another common genetic factor involved in RA is the PTPN22 (protein tyrosine 

phosphatase, nonreceptortype 22).  A missense substitution of C to T at nucleotide position 

1856 of this gene on chromosome 1 results in the replacement of tryptophan for arginine at 

residue 620 of the protein product. The result is a gain of function of the gene which causes 

increased regulation of T-cell receptor (TCR) signaling during thymic selection. This 

increases the predisposition to autoimmunity as autoantigen-specific T cells evade clonal 

deletion (Begovich et al., 2004). PTPN22 polymorphism are largely described in European 

counties but not seen in Asian populations (Lee et al., 2009). Other mutations such those 

affecting co-stimulatory immune pathways, including CD28 and CD40, have been associated 

with RA, however to a lower extent (Smolen et al., 2016).  

Multiple environmental and lifestyle factors have been associated with the 

development of RA. An analysis carried out by the National Health and Nutrition 

Examination Survey (NHANES) showed that advanced age, smoking, diabetes, and 

osteoporosis were risk factors for the development of RA (B. Xu & Lin, 2017). Results from 
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several studies are also consistent with the survey (Carlens et al., 2010; Centers for Disease 

Control and Prevention, 2017; Jeong et al., 2017; Turk et al., 2014; Versini et al., 2014). 

Although the exact mechanism that links old age and RA is unknown, it is thought that aging 

may lead to immuno-senescence resulting in chronic inflammation and tissue damage 

(Weyand et al., 2014). The age of disease onset seems to peak at the fifth decade of age; 

however, recent studies suggest a shift toward an older age at onset. Additionally, women 

have a higher incidence of arthritis compared to men, which suggests hormonal, 

reproductive, and genetic factors (X-linked) might be involved (Alamanos & Drosos, 2005; 

van Vollenhoven, 2009). 

The association of smoking with RA has not been fully elucidated, but research 

suggests that it leads to a systemic pro-inflammatory state resulting in the production of 

autoantibodies, oxidative stress, and apoptosis of cells (Chang et al., 2014). The effect of 

smoking on RA might be related to Tetrachlorodibenzo-P-dioxin (TCDD), which increases 

the expression of IL-1ɓ, IL-6, and IL-8 and therefore exacerbates the pathophysiological 

mechanisms involved in RA (Kobayashi et al., 2008). The association of smoking with RA 

is dose-dependent with heavy smokers having a substantially increased risk of developing 

RA (Harrison, 2002; Wilson & Goldsmith, 1999). Excessive weight in obese people on the 

other hand, puts excessive pressure on affected joints. Additionally, fats lead to the 

production of pro-inflammatory cytokines and increase inflammation (Versini et al., 2014). 

Additional risk factors include dietary factors such as high sodium levels intake. High sodium 

levels induce serum/glucocorticoid-regulated kinase 1 expression in animal models which 

leads to an increase in cellular stress response and the differentiation of IL-17A producing T 
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helper (Th17) cells (Salgado et al., 2015). Alternatively, some studies suggested a protective 

effect of lifelong consumption of fish, olive oil, and cooked vegetables. This might be due to 

the effect of omega-3 long chain polyunsaturated fatty acids against inflammatory disease 

(Cleland et al., 2003). 

Infectious agents have been considered one of the undisputed leaders among 

environmental challenges involved in the development of RA. Recently, the gut microbiota 

composition has been associated with the development of autoimmune diseases such as RA, 

as it has the ability to shape the function and development of the immune system. 

 

K.  EBV and RA 

EBV has long-been thought to play a role in the pathogenesis of RA. EBV was first 

implicated in the pathogenesis of RA by Alspaugh and Tan, who reported that sera from 

patients with RA were reactive against a nuclear antigen in EBV-transformed lymphocytes 

and which was determined to be glycine/alanine-rich repeats in EBNA-1 (Alspaugh et al., 

1978; Aslpaugh & Tan, 1976). Antigenic sequence similarities exist between other EBV 

proteins and RA-specific proteins as well. These include the QKRAA amino acid sequence 

of HLA-DRB1*04:01 also found in the EBV glycoprotein gp110, a major replicative antigen 

involved in control of EBV infection (Roudier et al., 1989). EBNA-6 and HLA-DQ*0302 

share several amino acid motifs (Fox et al., 1992). On the other hand, EBV-encoded mimics 

of human interleukin 10 (hIL-10) in addition to a viral G protein-coupled receptor have 

sequence similarities to CXCR (Paulsen et al., 2005) . Moreover, a citrullinated form of 

EBNA-1 cross-reacts with citrullinated human fibrin (Cornillet et al., 2015). 
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 Studies have shown elevated viral loads, increase in EBV-related autoreactive 

antibody levels, and decrease in the regulation of the localization of EBV by cell-mediated 

immunity in RA patients in comparison with healthy controls. EBV DNA/RNA have been 

identified in peripheral blood mononuclear cells (PBMC), synovial fluids, and synovial 

membranes in RA patients (Blaschke et al., 2000; Newkirk et al., 1994; Saal et al., 1999; 

Takeda et al., 2000; Takei et al., 1997). Additionally, antibodies against EBNA-1 and VCA 

have been detected at higher levels in sera and synovium of patients with RA when compared 

to non-RA controls (Alspaugh et al., 1981; McDermott et al., 1989). A study revealed that 

T-cells were less responsive to gp110, the protein essential for viral entry into its target cells, 

in RA patients compared to healthy controls. This results in decreased control of the virus, 

persistent exposure to EBV antigens, a chronic inflammatory response and spread of the 

infection (Toussirot et al., 2000). 

 

L. Types of rheumatic diseases 

Rheumatic diseases are musculoskeletal diseases that affect the joints, bones, 

ligaments, and tendons. Classification of rheumatic diseases is broad and is dependent on 

clinical and laboratory findings, clinical display of the disease, the anatomical structures and 

organs that might be involved, and suspected etiological mechanisms and genetic factors that 

are implicated. Hence, more than 100 different conditions are classified as rheumatic 

diseases. These include osteoarthritis (OA), RA, SLE, spondyloarthropathies -- ankylosing 

spondylitis (AS) and psoriatic arthritis (PsA), Sjogrenôs syndrome, gout, scleroderma, 

infectious arthritis, juvenile idiopathic arthritis, polymyalgia rheumatica and many others 
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(Sangha, 2000). However, the two most common rheumatic diseases are OA and RA. OA 

mainly affects the cartilage and underlying bones in a joint and does not involve other organs 

unlike RA. It is characterized by gradual loss of articular cartilage, bone remodeling, and 

growth of new cartilage and bones at joint margins (Sangha, 2000). 

 

M. Classification and diagnosis of RA  

The currently most-used classification system was proposed by the American College 

of Rheumatology (ACR)/ European League Against Rheumatism (EULAR) in 2010 and it 

allows the detection of RA at an early stage.  The criteria for the classification of RA as 

ódefinite RAô include: synovitis in one joint with no alternative explanation for the 

inflammation, and obtaining a minimum score of 6 (out of 10) based on four categories: site 

of involved joints (0ï5), serologic abnormality (0ï3), levels of acute-phase response (0ï1), 

and symptom duration (0ï1) (Aletaha et al., 2010).  

Early diagnosis and treatment of RA affects disease outcomes and prevents 

development of erosive features of the disease. Physical examination and clinical 

manifestation are the basis for the diagnosis of RA. Laboratory tests are also used and they 

include acute phase reactants (APR) such as erythrocyte sedimentation rate (ESR) and C-

reactive protein (CRP) (Grassi et al., 1998). They are used as tools for confirmation of 

inflammation and evaluation of treatment efficacy. APRs have also been correlated with 

severity of arthritis (Heidari et al., 2004). Anti-RF antibodies and ACPA are also used for the 

diagnosis of RA. ACPA have a higher specificity than anti-RF antibodies, however 

measuring the level of both antibodies increases the diagnostic specificity for RA (Heidari et 
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al., 2009). Analysis of joint synovial fluid can also be used to differentiate inflammatory from 

non-inflammatory arthritis. Plain radiography is the standard imaging method used to 

investigate anatomical changes that occur during RA; however, sonography and MRI are 

more sensitive in detecting bone erosions (Heidari, 2011).  

 

N. Pathophysiology of RA 

The synovitis, swelling, and joint damage that characterize active RA are the outcomes 

of autoimmune and inflammatory processes that include components of both the innate and 

adaptive immune systems. The progression of the disease occurs in three general phases, 

which include an initial phase, an amplification phase, and a chronic inflammatory phase. 

During the initial phase, any trigger discussed earlier initiates an abnormal immune response. 

APCs such as dendritic cells and macrophages in the synovial membrane recognize, process, 

and present the antigen to T cells in close proximity in the synovium (Harris, 1990). Two 

signals are required two activate T cells, the first one being the antigen presentation to the T 

cell receptor (TCR). The second signal involves the interaction of CD80/86 on the APC with 

the CD28 protein on the T cell (Podojil & Mill er, 2009). The effectiveness of CD80/86 

blockade as a treatment for RA supports the concept that T cells play an active role in the 

pathophysiology of RA (McInnes & Schett, 2011).  

In the next phase, the increase in the number of T cells induces the proliferation and 

differentiation of B cells into plasma cells and promotes the production of antibodies. It is 

debatable if a local antigen is required to drive the T cell population in synovitis (Weyand & 

Goronzy, 2006). This stage is also marked by the homing of lymphocytes to the synovial 
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membrane, which is characterized by the adherence of circulating lymphocytes to the 

endothelium in the post capillary synovial venules. Cell surface homing receptors and 

vascular addressin proteins found on the lymphocytes and post-capillary venules respectively 

are key players in the binding process (Harris, 1990). Other mechanisms through which B 

cells contribute to RA include the production of autoreactive B cells due to defects in B cell 

tolerance checkpoints. These can act as APCs that are capable of activating T cells. 

Additionally, B cells can also induce the production of inflammatory cytokines involved in 

RA (Gibofsky, 2014). 

Following adherence, the lymphocytes travel through the walls of blood vessels, 

localize, and aggregate in microenvironments surrounding the blood vessels beneath the 

synovial surface (Cavender et al., 1987). The synovial membrane becomes hyperplastic and 

is predominantly populated with activated macrophages and T cells (Feldmann et al., 2008). 

This overlays an interstitial zone containing cellular infiltrate that includes fibroblasts, B 

cells, plasma cells, mast cells, Natural killer (NK) cells, and NKT.  This results in synovitis 

where the interior of the synovial membrane become hypoxic. This occurs as a result of a 

decrease in synovial capillary flow due to an increased fluid volume in the synovium 

(Paleolog, 2002). Angiogenesis, induced by hypoxia, becomes prominent and is driven by 

the activated macrophages present (Koch et al., 1986). This leads to the release of a number 

of factors that increase blood vessel formation such as vascular endothelial growth factor 

(VEGF) (Lebre et al., 2008). Interestingly, a very large number of neutrophils are found in 

the synovial fluid but a few are located in the synovial membrane. This might be due to the 

presence of neutrophil chemoattractants such as platelet activating factor, activated 



 

42 
 

component of C5a, leukotriene B4 and cytokines such as TNF and IL-1 in the synovial fluid 

(Harris, 1990). Neutrophils results in degranulation, activation of proteinases, and release of 

lysosomal enzymes (Henson & Johnston, 1987; Hibbs et al., 1984).  

A key player in the inflammatory cascade amplification, bridging innate and adaptive 

immunity is the rheumatoid arthritis synovial fibroblasts (RASF), also known as fibroblast-

like synoviocytes (FLS). RASF are the dominant type of cell in the hyperplastic synovium 

and are active and aggressive drivers in the destructive process of RA. These cells induce the 

production of proinflmamtory cytokines, attach to and invade articular cartilage, stimulate 

vascularization and angiogenesis, and plays an important role in bone erosion (Lefevre et al., 

2015; Neumann et al., 2010). 

The third stage is chronic inflammation and irreversible damage which originates at 

the pannus, a junction of the synovium lining the joint capsule with the bone and cartilage. 

The pannus cells translocate to the underlying cartilage, ligaments, and bone leading to 

erosion, articular destruction, cartilage disintegration, and joint deterioration (Allard et al., 

1987). Cartilage, a major component of the synovium, is composed of chondrocytes,  a highly 

organized extracellular matrix (ECM) produced by these chondrocytes, type II collagen and 

glycosaminoglycans (GAGs) (Guo et al., 2018). Due to the effect of certain cytokines 

particularly IL-1 and IL-17A, the chondrocytes undergo apoptosis and gradually become 

depleted. This leads to cartilage destruction observed during RA (McInnes & Schett, 2011). 

In RA patients, the presence of collagen (type II) antibodies might be due to the immune 

response initiated against epitopes of degraded collagen released during cartilage destruction 

(Harris, 1990). Bone destruction, a hallmark of RA, occurs due to the activation of osteoclasts 



 

43 
 

and suppression of osteoblasts. It is still unclear whether autoimmunity or inflammation 

initiate the onset of bone degradation. Evidence that supports the inflammation theory is that 

TNF-Ŭ, IL-6, IL-1ɓ, IL-17A produced during the chronic phase exert pro-osteoclastogenic 

effects and repress bone formation. This occurs through the receptor activator of nuclear 

factor kappa-B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) which 

promote the differentiation of monocytes into osteoclasts (Okamoto et al., 2017; Pettit et al., 

2006). The mechanism proposed to be involved in the autoimmunity theory is the formation 

of ACPA which acts on osteoclasts, induces osteoclastogenesis, bone resorption, and bone 

loss (Harre et al., 2012). 

Furthermore, the synovial membrane thickens and weighs 100 times its original size. 

This is mediated by matrix metalloproteases (MMP) such as collagenase (MMP-1) and 

stromelysin 1 (MMP-3) released by chondrocytes, macrophages, and synovial fibroblasts 

(Feldmann & Maini, 2008). Other enzymes such as serine, aspartic, and cysteine 

endopeptidases released by chondrocytes and inflammatory cells cleave the major 

components in cartilage and bone such as proteoglycan and collagen (type I, II, IX, X, and 

XI (Buttle & Saklatvala, 1992). The activity of these enzymes is regulated by tissue inhibitors 

of metalloproteases (TIMP), however in RA these mechanisms are saturated and there is 

imbalance in the production of MMPs and TIMPs (Feldmann & Maini, 2008). The detection 

of systemic autoantibodies such as anti-RF and ACPAs long before the onset of arthritis 

supports the notion that local inflammatory responses which can lead to RA autoimmunity 

may initiate at mucosal sites such as the gut and oral cavity (Demoruelle et al., 2012). 
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O. Cytokines involved in RA 

The imbalance between pro-inflammatory and anti-inflammatory cytokines is 

implicated in the pathogenesis of RA by stimulating chronic inflammation and joint 

destruction. Based on animal models, RA can be considered a Th1 cell-mediated disorder 

orchestrated by subsets of T cells that produce pro-inflammatory cytokines such as 

interferon-ɔ (IFNɔ) (Schulze-Koops & Kalden, 2001). Moreover, a study conducted on sera 

collected from RA patients showed that there is imbalance in Th1/Th2 ratio with an increase 

in Th1-type cytokine (IFNɔ and TNF-Ŭ) levels and a decrease in Th2-type (IL-6 and IL10) 

cytokine expressions (Chunyan et al., 2017). Recently, studies in rodent models support a 

new theory that includes IL-17A producing T cells (Lubberts et al., 2005). IL-1 and TNF-Ŭ 

play a key role in inflammation during RA. TNF-Ŭ is important during the onset of arthritis 

however it become less dominant at later stages of the disease (Joosten et al., 1996). 

Additionally, TNF-Ŭ acts as an inflammatory mediator during inflammation rather than a 

major participant in cartilage destruction  (Henderson & Pettipher, 1989; van de Loo & van 

den Berg, 1990). On the other hand, IL-1 does not play a major role during the acute phase 

of arthritis however it is a key player in the propagation of the disease (Lubberts & van den 

Berg, 2003). IL-1 is considered to be crucial for cartilage and bone destruction (Henderson 

& Pettipher, 1989; van de Loo & van den Berg, 1990). Studies have shown that combination 

therapy using both TNF and IL-1 blockers provides an optimal protection from disease 

development in mouse models of RA (van den Berg, 2001). 

   In patients with RA, the synovial fluid contains cytokines such as IL-1ɓ, IL-6, IL-

7A, IL-12, IL-15, IL-18, IL-23 and Transforming growth factor-beta (TGF-ɓ) produced by 
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macrophages and fibroblasts all of which support the differentiation and proliferation of Th1 

and Th17. Dendritic cells in the synovium secrete transforming growth factor ɓ, interleukin 

(IL)-1ɓ, IL-6, IL-12, IL-15, IL-21, IL-23, and IL-18 which support Th17 differentiation and 

suppress production of regulatory T cells, thus shifting the homeostatic balance in the 

synovium towards inflammation (McInnes & Schett, 2007). IL-15 is produced in large 

amount by macrophages and fibroblasts in the rheumatoid synovial membrane. This cytokine 

is important in T cell proliferation and protection from apoptosis, B cell maturation and 

isotype switching, stimulation of the differentiation of osteoclast progenitors into 

preosteoclasts, and TNF-Ŭ production (McInnes et al., 1996; McInnes & Liew, 1998; Ogata 

et al., 1999). IL-12 and IL-18 have been shown to be potent Th1-driving cytokines. 

Additionally, a synergistic activity of IL-18 with IL-12 and IL-15 was shown to be important 

in sustaining Th1 responses and monokine production in RA (a cytokine produced by 

monocytes and macrophages) (Gracie et al., 1999). Another important cytokine in RA 

pathogenesis is IL-6 which serves important roles via the activation and maturation of B and 

T cells, as well as the production of autoantibodies (Alonzi et al., 1998). 

The pro-inflammatory responses are compensated by the production of anti-

inflammatory cytokines such as IL-10 and TGF- ɓ. However, these mechanisms are either 

impaired or not sufficient to neutralize the pro-inflammatory response thus leading to joint 

damage (Feldmann et al., 1996). IL-10 is a dominant suppressive cytokine in the collagen 

induced arthritis (CIA) mouse model (Joosten et al., 1997). Additionally, IL-10 has been 

identified in RA peripheral blood and synovial joints (Katsikis et al., 1994; Llorente et al., 

1994). However, IL-4 could not be found in the synovial fluid, synovial supernatants, or 



 

46 
 

synovium of RA patients, which might promote the uneven Th1/Th2 balance and enhance 

the chronic nature of RA (Miossec & van den Berg, 1997). TGF-ɓ has been detected 

abundantly in RA joints however its role as anti-inflammatory agent has been questioned due 

to its potential to act as a proinfalmmatory cytokine (Brennan et al., 1990; Chu et al., 1991; 

Fava et al., 1989; Lafyatis et al., 1989). It was shown that TGF-ɓ when produced locally 

plays a role in the reparative process during joint destruction and cartilage tissue scarring. 

However, when it is overproduced in chronic lesions, TGF-ɓ can contribute to the destructive 

process that occurs during RA by recruiting immune cells and promoting angiogenesis 

(Feldmann et al., 1996).  

IL-23, a member of the IL-12 cytokine family, plays a main role in inducing the 

differentiation of CD4+ naïve T cells into Th17 cells (Bastos et al., 2005; Belladonna et al., 

2002). Additionally, it has been shown that TGF-ɓ, IL-6, and IL-21 activate T cells and 

stimulate the initial differentiation of naïve T cells into Th17 cells, conferring responsiveness 

to IL-23 which is essential for Th17 cell expansion (Schinocca et al., 2021). Several studies 

have shown that the plasma levels of IL-23 and IL-21 are increased in RA patients in 

comparison to control patients (Melis et al., 2010; Rasmussen et al., 2010). These cytokines 

are elevated in early stages of RA and correlated with disease activity (Melis et al., 2010).  

The receptor activator of nuclear factor əB ligand (RANKL), a tumor necrosis factor 

family molecule, plays a major role in bone remodeling, regulation of T cell/ dendritic cell 

communications, and lymph node formation. Importantly, RANKL and its receptor RANK 

are crucial for the development and activation of osteoclasts and bone loss (Jones et al., 

2002). RANKL has been deleted at higher levels in sera of RA patients in several studies 
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(Fadda et al., 2015; Hensvold et al., 2015). In RA, RANKL is produced by activated Th17 

cells, synovial fibroblasts, macrophages, dendritic cells and activated B cells (Okamoto & 

Takayanagi, 2011; Yeo et al., 2011). Importantly, IL-17A induces the expression of RANKL 

on osteoblasts and synoviocytes and subsequently triggers RANK signaling in osteoclasts 

(Lavocat et al., 2016; Van Bezooijen et al., 2001). Table 1 demonstrates the role of the 

different cytokines in the pathogenesis of arthritis. Figure 1 gives an overview of the 

cytokine-mediated regulation of synovial interactions. 

 

1. IL -17A 

IL-17A functions as a pro-inflammatory cytokine in the host defense against 

extracellular bacterial and fungal infections (Iwakura et al., 2008; OôQuinn et al., 2008). The 

IL-17 family consists of six related cytokines: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (IL-

25), and IL-17F (Aggarwal & Gurney, 2002). IL-17A and IL-17F share the highest degree 

of homology. IL-17A is mainly produced by Th17 cells however several other immune cells 

can produce IL-17A  such as ɔŭ T-cells, natural killer T (NKT) cells, DCs, activated 

monocytes, mast cells, neutrophils, and lymph tissue inducer (LTi) cells (Gaffen, 2008; 

Harrington et al., 2005; Park et al., 2005). IL-17A, the most studied member of the IL-17 

family, acts on multiple cell types and enhances the production of various pro-inflammatory 

molecules such as TNF-Ŭ, IL-1, IL-6 and IL-8. Moreover, it stimulates the expression of 

chemokines like CXCL2 and MCP-1, acute phase proteins, matrix metalloproteinases, and 

antimicrobial peptides such as ɓ-defensin 2 (Costa et al., 2010; Iwakura et al., 2008; Liang 

et al., 2006).  
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Several studies have demonstrated a pivotal role for IL-17A in stimulating RA in 

humans. In patients with RA, high titers of IL-17A and their receptors have been detected in 

tissue extracts and synovial fluids (Honorati et al., 2001; Kotake et al., 1999; Ziolkowska et 

al., 2000). Additionally, IL-17A together with TNF-Ŭ have a synergistic effect and are 

predictive of poor disease outcome (Gaffen, 2009). Production of IL-17A stimulates RASFs 

and macrophage-like synoviocytes to upregulate production of IL-26. This induces the 

production of the inflammatory cytokines IL-1ɓ, IL-6, and TNF-Ŭ by monocytes that further 

stimulate differentiation of Th17 cells. IL-17A plays a role during RA in the differentiation 

of neutrophils, activation and cytokine release from neutrophils, monocytes, MMP (MMP-1, 

-2, -9, and -13) and prostaglandin production (McInnes & Schett, 2007; Wu et al., 2016). 

Hence, IL-17A has an essential role in the pathogenesis of RA by mediating pannus growth, 

matrix turnover, cartilage destruction, and osteoclastogenesis. Additionally, IL-17A 

upregulates the production of vascular endothelial growth factor (VEGF), subsequently 

promoting angiogenesis in the synovium (Wu et al., 2016). However, some studies have 

suggested that Th1 cells are more important than Th17 cells in RA (Yamada et al., 2008).    
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Table 1 Key cytokine activities implicated in the pathogenesis of rheumatoid arthritis. 

Cytokine  Articular cell 

expression  

Potential functions in the pathogenesis of rheumatoid arthritis  

IL-1Ŭ and/ or 

IL-1ɓ  

Monocytes, B cells, 

synovial fibroblasts, 

chondrocytes  

ŷSynovial fibroblast cytokine, chemokine, MMP, iNOS and PG release; ŷmonocyte cytokine, ROI and 

PG release; osteoclast activation; ŹGAG synthesis, ŷiNOS, MMP and aggrecanase; endothelial-cell 

adhesion molecule expression  

IL-18  Monocytes, PMNs, 

DCs, platelets, 

endothelial cells  

T-cell differentiation (Th1 cells with IL-12; Th2 cells with IL-4); NK-cell activation, cytokine release and 

cytotoxicity; Źchondrocyte GAG synthesis, iNOS expression; monocyte cytokine release and adhesion 

molecule expression; PMN activation, cytokine release and migration; pro-angiogenic for endothelial cells  

TNF  Monocytes, T cells, B 

cells, NK cells, PMNs, 

mast cells, synovial 

fibroblasts, osteoblasts  

ŷMonocyte activation, cytokine and PG release; ŷPMN priming, apoptosis and oxidative burst; T-cell 

apoptosis, clonal regulation and TCR dysfunction; ŷendothelial-cell adhesion molecule expression, 

cytokine release; Źsynovial fibroblast proliferation and collagen synthesis, ŷMMP and cytokine release; 

ŷadipocyte FFA release; endocrine effects  

RANKL  Stromal cells, 

osteoblasts, T cells  

Stimulates bone resorption via osteoclast maturation and activation; modulates T-cellïDC interactions  

BAFF  
Monocytes, T cells, 

DCs  
B-cell proliferation, antibody secretion, isotype switching and survival; T-cell co-stimulation  

APRIL  Monocytes, T cells  B-cell proliferation  

IL-17A  TH17 cells, synovial 

fibroblasts  

ŷSynovial fibroblast cytokine and MMP release; osteoclastogenesis; haematopoiesis; Źchondrocyte GAG 

synthesis; ŷleukocyte cytokine production  

IL-12  Macrophages, DCs  Th1-cell proliferation and maturation; T-cell and NK-cell cytotoxicity; B-cell activation  

IL-23  Macrophages, DCs  Th17-cell proliferation  

IL-7  Synovial fibroblasts, 

monocytes  

T-cell expansion and survival; macrophage activation; haematopoietic regulation; thymic regulation; NK-

cell maturation  

IL-15  Monocytes, synovial 

fibroblasts, mast cells, 

B cells, PMNs, DCs  

T-cell chemokinesis, activation and memory maintenance; B-cell differentiation and isotype switching; 

NK-cell activation and cytotoxicity; synovial fibroblast activation; macrophage activation/suppression 

(dose dependent); PMN activation, adhesion molecule expression and oxidative burst  

IL-10  Monocytes, T cells, B 

cells DCs, epithelial 

cells  

ŷMacrophage cytokine release, iNOS and soluble receptor expression, ŹROI; T-cell cytokine release, 

ŹMHC expression, anergy induction, Treg-cell maturation and effector function(?); ŹDC activation and 

cytokine release; Źsynovial fibroblast MMP and collagen release; ŷB-cell isotype switching  

IL-6  Monocytes, synovial 

fibroblasts, B cells, T 

cells  

B-cell proliferation and antibody production; haematopoiesis and thrombopoiesis; T-cell proliferation, 

differentiation and cytotoxicity; ŷhepatic acute-phase response; ŷneuroendocrine effects  

TGFɓ  Synovial fibroblasts, 

monocytes, T cells, 

platelets  

Wound repair, matrix maintenance and fibrosis; TH17- and TReg-cell proliferation; ŹNK-cell 

proliferation and effector function; initial activation then suppression of inflammatory responses; ŷearly 

phase leukocyte chemoattractant, gelatinase and integrin expression; early macrophage activation then 

suppression; Ź iNOS expression  

BMP family 

(BMP2ï 

BMP15)  

Epithelial cells, 

synovial fibroblasts, 

mesenchymal 

embryonic tissues  

Regulate crucial chemotaxis, mitosis and differentiation processes during chondrogenesis and 

osteogenesis; tissue morphogenesis  

PDGF  Platelets, 

macrophages, 

endothelial cells, 

synovial fibroblasts  

Paracrine and/or autocrine growth factor for various lineages; wound healing  

FGF family  Synovial fibroblasts,  Growth and differentiation of mesenchymal, epithelial and neuroectodermal cells  

 monocytes   

VEGF  Monocytes, 

endothelial cells, 

synovial fibroblasts  

Angiogenesis  

IL-32  Epithelial cells, 

monocytes, synovial 

fibroblasts 

Macrophage cytokine, PG and MMP release  

Type I IFNs  Widespread  Antiviral response; broad immunomodulatory effects; ŷMHC expression; macrophage activation; 

lymphocyte activation, differentiation, survival (antiproliferative) and cytoskeletal alterations  

APRIL, a proliferation-inducing ligand; BAFF, B-cell activating factor; BMP, bone morphogenetic protein; DC, dendritic cell; FFA, free fatty acid; 

FGF, fibroblast growth factor; GAG, glycosaminoglycans; IFN, interferon; IL, interleukin; iNOS, inducible nitric-oxide synthase; MMP, matrix 

metalloproteinase; NK, natural killer; PDGF, platelet-derived growth factor; PG, prostaglandin; PMN, polymorphonuclear leukocyte; RANKL, 

receptor activator of nuclear factor-əB (RANK) ligand; ROI, reactive oxygen intermediate; TCR, T-cell receptor; TGFɓ, transforming growth factor-

ɓ; TH, T helper; TNF, tumor necrosis factor; Treg, regulatory T; VEGF, vascular endothelial growth factor (McInnes & Schett, 2007). 
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Figure 1. An overview of the cytokine-mediated regulation of synovial interactions.  

The component cells of the inflamed rheumatoid synovial membrane are depicted in 

innate and adaptive predominant compartments of the inflammatory response. Pivotal 

cytokine pathways are depicted in which activation of dendritic cells (DCs), T cells, B cells 

and macrophages underpins the dysregulated expression of cytokines that in turn drive 

activation of effector cells, including neutrophils, mast cells, endothelial cells and synovial 

fibroblasts. APRIL, a proliferation-inducing ligand; BAFF, B-cell activating factor; RANKL, 

receptor activator of nuclear factor-əB (RANK) ligand; VEGF, vascular endothelial growth 
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factor; FGF, fibroblast growth factor; M-CSF, macrophage colony-stimulating factor; TGF, 

transforming growth factor. 

 

2. IFNɔ 

IFNɔ, the only member of type II interferons, plays a crucial role in the adaptive and 

innate immunity to protect against viral, bacterial, and protozoan infections (Kato, 2020). It 

has pleotropic immunological functions and is secreted by activated T cells (Th1, cytotoxic 

T cells) NK cells, macrophages, and mucosal epithelial cells. It acts as an important activator 

of macrophages and inducer of MHC II molecule expression, coordinate the activation of the 

innate immune system, manage lymphocyteïendothelium interaction, regulate Th1/Th2 

balance, and influence cellular proliferation and apoptosis (Billiau, 1996; Boehm et al., 

1997). Abnormal expression of IFNɔ has been associated with autoimmunity and 

inflammation.  

 IFNɔ has been implicated in synovial inflammation and bone metabolism in RA. 

IFNɔ has been demonstrated to have both inflammatory and inhibitory roles in autoimmune 

diseases including RA. In the synovium of RA patients, a monocyte subset expressing genes 

induced by type I IFN and IFNɔ and CD8+ T cell subset producing IFN-ɔ were enriched 

(Kato, 2020). On the other hand, IFNɔ producing T cells can also produce IL-10, which acts 

as a negative feedback mechanism (Carvalheiro et al., 2013). IFNɔ can also induce alkaline 

phosphatase activity and a transcription factor Runx2 expression that promote osteoblast 

differentiation. Concerning osteoclast differentiation, dual roles of IFNɔ have been identified 
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(Gao et al., 2007; Ji et al., 2009; Kwak et al., 2010). IFNɔ attenuates the differentiation of 

Th17 cells, which ameliorates autoimmune disorders (Matthys et al., 2000).  

 

P. Treatment of RA 

Once RA diagnosis is made and clinical evaluation is completed, therapy should be 

initiated. The goal of RA therapy and management include diminishing joint pain and 

swelling, preventing deformity and radiographic damage such as bone erosions, sustaining 

quality of life, and controlling and containing complications (Wasserman, 2011). Disease-

modifying antirheumatic drugs (DMARDs) are the main drugs used for RA therapy. They 

include biological and non-biological agents. Biological agents include monoclonal 

antibodies and recombinant receptors. The aim is to block the cascade of inflammatory 

processes caused by proinflammatory cytokines that occurs during RA. Combination therapy 

using two or more agents is more effective especially in patients with early RA as it provides 

greater protection for joint damage and leads to earlier clinical improvements (Goekoop-

Ruiterman et al., 2007). Therapy for RA may include steroids in combination with DMARDs. 

Systemic glucocorticoids can also be used as temporary therapy to reduce pain, swelling, and 

inflammation (Combe, 2009). 

 

Q. Intestinal microbiota 

The term microbiome as described by Lederberg is the ñecological communities of 

commensal, symbiotic microbiota that share our body spaceò (Lederberg, 2000).  
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Microbiome or microbiota is the term used to describe the sum of ecological bacterial 

communities and their genes that colonize the human skin, oral cavity, airways, 

gastrointestinal tract (GI), and genitourinary tract (GU) (Brusca et al., 2014). The gut contains 

the largest density of microbial residents, which weigh about three pounds and whose 

genomes harbor three million genes, 100 times more than that of the human host (Bäckhed 

et al., 2005; OôHara & Shanahan, 2006). It is estimated that 29% of all micro-organisms that 

live in and on the human body are located in the gut (OôHara & Shanahan, 2006). Around 

300- 1000 different species live in the intestine however 99% of these bacteria are derived 

from about 30- 40 species  (Beaugerie & Petit, 2004; Guarner & Malagelada, 2003; Sears, 

2005). Additionally, bacteria constitute 60% of the dry mass of feces (Stephen & Cummings, 

1980).  

 

1. Classification of intestinal microbiota 

A person is first exposed to the bacterial community during or after birth and its 

richness, diversity, and stability develops with age (Nicholson et al., 2012). At the end of the 

second year of life, a typical adult microbiota profile develops by which 1,000 different 

species from a dozen different divisions inhabit the intestine (Ley et al., 2006; Palmer et al., 

2007). The intestinal microbiota of infants is less complex than that of adults and can differ 

greatly depending on the mode of delivery, type of feeding (breastfeeding or bottle-feeding), 

and antibiotics, prebiotics, or probiotic usage (Fouhy et al., 2012).  The intestinal microbiota 

of infants born vaginally have a high abundance of lactobacilli during the first few days. 

Additionally, the fecal microbiota of these infants greatly resemble those of their mothers 
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(Aagaard et al., 2012; Avershina et al., 2014; Bäckhed et al., 2015). In contrast, the intestinal 

microbiota of infants born via C-sections lacks early colonization of the Bacteroides genus, 

but are inhabited by facultative anaerobes such as Clostridium species (Jakobsson et al., 

2014; Salminen et al., 2004). Additionally, a low percentage of infants born through C-

section have similar fecal microbiota as their mothers (Bäckhed et al., 2015). During the early 

period of development, the microbiota is dominated by Enterobacter and Enterococci in the 

first few days. This is followed by a period whereby anaerobic organisms such as 

Bifidobacteria, Clostridia, Bacteroides spp. and anaerobic Streptococci become more 

dominant (Adlerberth & Wold, 2009). 

 In adults, two-third of the gut microbiota is dominated by two divisions of bacteria, 

namely Bacteroidetes and Firmicutes with other phyla including Actinobacteria, 

Proteobacteria, Verrucomicrobia and Fusobacteria being present in lower proportions 

(Eckburg et al., 2005; Tremaroli & Bäckhed, 2012). The composition of the intestinal 

microbiota is relatively stable in adults however it is subject to various perturbations 

(Dethlefsen & Relman, 2011). In the elderly, the GI tract is characterized by low grade 

chronic inflammation which occurs due to age-related physiological changes in the intestinal 

tract (Franceschi, 2007). This results in changes in the composition of the gut microbiota in 

the elderly. The chronic inflammation in the intestinal tract can be partially explained by the 

observation that the capacity to produce short chain fatty acids (SCFA) in the elderly is 

decreased which is known to have immunomodulatory effects (Biagi et al., 2013; 

Woodmansey et al., 2004). A study by Claesson et al. (2011) indicated that the intestinal 

microbiota of individuals aged 65 and above is significantly distinct from younger 

individuals (Claesson et al., 2011). The microbiota of the elderly has an increased abundance 



 

55 
 

of Bacteroidetes phyla and Clostridium cluster IV, in contrast with younger subjects in whom 

cluster XIVa is more dominant. Additionally, the same group showed that there was a 

significant relationship between the diversity of the intestinal microbiota of the elderly and 

their living arrangements. Elderly individuals living in long-term residential care had a high 

percentage of Bacteroidetes in their intestinal microbiota, while elderly living in the 

community had a more diverse intestinal microbiota dominated by Firmicutes (Claesson et 

al., 2012). 

 

2. Composition of the intestinal microbiota 

So far, the MetaHit and the Human Microbiome Project have provided the most 

comprehensive understanding and identification of the human-associated microbial 

collection (Hugon et al., 2015; MetaHIT Consortium et al., 2014). The gathered data 

identified 2172 species classified into 12 different phyla, of which 93.5% belonged to 

Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes (Hugon et al., 2015). More 

variations exist below the phylum level with most bacteria belonging to the genera 

Bacteroides, Clostridium, Faecalibacterium, Eubacterium, Ruminococcus, Peptococcus, 

Peptostreptococcus, and Bifidobacterium (Beaugerie & Petit, 2004; Guarner & Malagelada, 

2003). Many of the species in the intestinal microbiota have not been identified because they 

are cannot be cultured. 

 Qin et al. (2010) identified that the key members of the intestinal microbiota are 

butyrate-producing bacteria, including Faecalibacterium prausnitzii, Roseburia intestinalis 

and Bacteroides uniformis (MetaHIT Consortium et al., 2010). More so, a study by 
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Arumugam et al. (2011) assembled and analyzed the sequence data from 22 fecal 

metagenomes from individuals across four countries. The study proposed that the human gut 

microbiome comprises three enterotypes grouped based on the associated microbial species 

and their functional abilities. These clusters were named based on the dominant member and 

included: Bacteroides (enterotype 1), Prevotella (enterotype 2) and Ruminococcus 

(enterotype 3). It was shown that the most common was enterotype 3, which included 

Ruminococcus and Akkermansia (Arumugam et al., 2011). However, other studies indicated 

that the distinction between the three enterotypes is not as clear as first thought especially 

enetrotype 3 (Jeffery et al., 2012; Wu et al., 2011).  

 

R. Interindividual microbiota variations  

Interindividual variations in the gut microbiota are very large. A study by Turnbaugh 

et al. (2010) demonstrated that the fecal microbiota of identical twins differ largely, sharing 

less than 50% of species phylotypes (Turnbaugh et al., 2010). Even though the gut microbiota 

is stable within the same individual, the density and composition is altered by chemical, 

nutritional, and immunological factors. Factors that results in variations in the intestinal 

microbiota include diet, ethnicity, socioeconomic factors, geography, and age. 

The colonic microbiota is shaped by the availability of microbiota accessible 

carbohydrates (MAC) typically found in fibers. The microbiota of individuals from different 

geographical areas that have different diets is very distinct. A study by De Filippo et al. 

(2010) demonstrated that the intestinal microbiota of infants from rural Africa was dominated 

by the Actinobacteria (10.1%) and Bacteroidetes (57.7%) phyla (De Filippo et al., 2010). 
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The diet of these individuals was rich in starch, fibers and plant polysaccharides. On the other 

hand, the abundance of the above mentioned phyla was reduced to 6.7 and 22.4% in European 

children, whose diet is dominated by sugar, starch and animal protein. Additionally, this 

study demonstrated that Prevotella, a SCFA producers, was only present in the microbiota 

of African children. This is also evident in healthy individuals whose diet is rich in 

carbohydrates and simple sugars (Wu et al., 2011). Furthermore, a decreased SCFA 

production is apparent in individuals consuming a low MAC diet (Sonnenburg & 

Sonnenburg, 2014). Extreme óanimal-basedô or óplant-basedô diets cause extensive 

modifications in the gut microbiota. High abundance of Alistipes, Bilophila and Bacteroides 

have been identified in the microbiota of individuals whose diets are animal based. 

Additionally, Firmicutes, associated with the metabolism of dietary plant polysaccharides, 

was found in low concentrations in these individuals (David et al., 2014). On the other hand, 

the microbiota of individuals whose diets are plant-based have a greater abundance of 

Prevotella and an overall higher diversity in the gut microbiome (Jeffery & OôToole, 2013). 

The ability of gut bacteria to digest dietary or mucin glycans is determined by the 

glycoside hydrolases (GHs) and polysaccharide lyases (PLs) encoded by their genomes. 

Some species of the gut microbiota are able to digest a wide range of polysaccharides, whilst 

others are specialized in targeting specific glycans (Cockburn & Koropatkin, 2016). 

Bacteroidetes genome encode more glycan-cleaving enzymes than Firmicutes members (El 

Kaoutari et al., 2013). The GH13 family is the most represented family in the gut microbiota, 

whose genome encodes for enzymes involved in the breakdown of starch (El Kaoutari et al., 

2013). Diets that contain sulphated compounds from dietary amino acids can increase the 
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abundance of sulphate-reducing bacteria, which have been implicated in certain autoimmune 

diseases such as IBD (Carbonero et al., 2012). 

The geographic origin of populations can also affect the composition of the intestinal 

microbiome. A study by Yatsunenko et al. (2012) analyzed the gut microbiota and the gene 

content of healthy Amerindians from the Amazonas of Venezuela, residents of rural 

Malawian communities, and inhabitants of USA metropolitan areas (Yatsunenko et al., 

2012). Results indicated that the US population had a large proportion of enzymes involved 

in the breakdown of glutamine and others involved in vitamin and lipoic acid biosynthesis. 

This was associated with the high fat content of their diet. On the other hand, Malawi and 

Amerindian populations had a diet rich in corn, which affected the diversity of the microbiota 

and increased the amount of enzymes involved in glutamate synthase (Yatsunenko et al., 

2012). Race and ethnicity might also affect the composition of the gut microbiota. A study 

by Brooks et al. (2018) showed that twelve microbe families varied in abundance based on 

the race or ethnicity of the individual (Brooks et al., 2018). The Healthy Life in an Urban 

Setting (HELIUS) study, a population-based sample of Amsterdam residents with an 

oversample of ethnic minorities, showed that the highest gut microbiota diversity was found 

in individual of Dutch ancestry, while the lowest diversity was found in those of South Asian 

and Surinamese descent (Deschasaux et al., 2018). Varying socioeconomic conditions has 

also been linked to changes in the intestinal microbiota. A study by Miller et al. (2016) 

demonstrated that the diversity of the microbiota and the abundance of Bacteroides increased 

in relation to higher socioeconomic status in Chicago (Miller et al., 2016). In another study 

that involved a large sample of twins in the United Kingdom, it was indicated that there was 
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an association between individual and area-level income and diversity and relative 

abundance of the gut microbiota (Bowyer et al., 2019).  

 

S. Functions of the intestinal microbiota 

The roles of the microbiome are many and include vitamin synthesis, nutrients 

absorption, protection from opportunistic infections, signal transduction in intestinal 

development such as strengthening of the mucosal barrier, and angiogenesis (Hooper et al., 

2001; Y. K. Lee & Mazmanian, 2010; Nicholson et al., 2012).  

The colonic microbiota plays a major role in metabolism as it encodes enzymes that 

can ferment complex carbohydrates, which produces metabolites such as SCFAs (Musso et 

al. 2010). The predominant SFCAs in the gut are propionate, butyrate and acetate in the ratio 

of 1:1:3 (Louis et al., 2014). These metabolites play a major role in regulation of gene 

expression, chemotaxis, differentiation, proliferation and apoptosis (Corrêa-Oliveira et al., 

2016). SCFAs also play a role in modulating the immune system and inflammatory response 

by enhancing the production of cytokines such as IL-18 involved in maintaining and repairing 

epithelial integrity (Corrêa-Oliveira et al., 2016; Morrison & Preston, 2016). Acetate is 

produced by most of the microbiota in the intestinal tract; propionate is mainly generated by 

Bacteroidetes, whereas butyrate production is mainly by Firmicutes (Louis et al., 2016; 

Macfarlane & Macfarlane, 2003; Morrison & Preston, 2016). 

The intestinal microbiota is also important in the de novo synthesis of vitamins. Lactic 

acid bacteria and Bifidobacteria are two crucial members of the gut microbiota that play this 
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role. Lactic acid bacteria synthesize vitamin B12, which cannot be produced by either 

animals, plants or fungi (LeBlanc et al., 2013; Martens et al., 2002). Bifidobacteria is 

involved in the production of folate, which is essential for metabolic processes such as DNA 

synthesis and repair (Pompei et al., 2007). Vitamin K, riboflavin, biotin, nicotinic acid, 

panthotenic acid, pyridoxine and thiamine are other vitamins produced by the gut microbiota 

(Hill, 1997). 

The gut microbiota plays a crucial role in defending against pathogens by fully 

colonizing the space, depleting available nutrients, and by secreting compounds such as 

cytokines (Yoon et al., 2014). The microbiota can be shaped by the host immune system on 

one hand and it is important in the development of both the intestinal mucosal and systemic 

immune system on the other hand. In the GI tract, Paneth cells, specialized secretory cells, 

produce antimicrobials such as angiogenin 4, Ŭ-defensins, cathelicidins, collectins, histatins, 

lipopolysaccharide (LPS)-binding protein, lysozymes, secretory phospholipase A2 and 

lectins (McGuckin et al., 2011). Secreted antimicrobial proteins (AMPs) kill bacteria by 

various modes via direct interaction or enzymatic attack of the bacterial cell wall or inner 

membrane (Hooper & Macpherson, 2010). Another component of the immune system in the 

intestine include secretory IgA (SIgA). This antibody interacts with gut bacteria in the outer 

mucus layer and prevents contact of the epithelial barrier with bacteria (McGuckin et al., 

2011; E. W. Rogier et al., 2014). Finally, the gut microbiota has modulating epithelial 

properties and are involved in promoting cell renewal and wound healing (Swanson et al., 

2011). 
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T. Microbiota in hemostatic state  

In a normal gut, several protective mechanisms limit the contact between the 

microbiota and the systemic compartment. The first mechanism is presence of a barrier 

between the microbiota and the intestinal epithelial cells composed of a thick mucus layer, 

secretory IgA antibodies, and antimicrobial proteins (Scher & Abramson, 2011). The tight 

junctions between the epithelial cells provide a second defense boundary (Hooper & 

Macpherson, 2010). Additionally, the innate immune cells in the lamina propria represent 

another defense strategy through the survey and detection of antigens in the gut contents 

(Kelsall, 2008). The gut microbiota shapes the development of the immune system and 

maintains a basal physiological level of intestinal inflammation (Wu et al., 2016). These 

symbiotic bacteria elicit signals that promote regulatory T cells (Treg) or Th cell 

differentiation. For example, Bacteroides fragilis induce anti-inflammatory immune 

responses through polysaccharide A (PSA) leading to the activation of IL-10 producing Treg 

cells. This capsular protein signals through the Toll-like receptor (TLR)-2 pathway hence 

leading to immune suppression and repression of Th17 responses (Round et al., 2011). On 

the other hand, segmented filamentous bacteria (SFB) induce the activation of lamina propria 

Th17 cells which leads to the production of IL-17A and promotes pro-inflammatory immune 

responses (Ivanov et al., 2009). Hence, in a healthy gut, the microbiota plays a role in the 

regulation of Th17 and Treg cell differentiation thus affecting immune responses, 

development of autoimmune diseases, and immune tolerance (Wu et al., 2016). 
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U. Microbiota and autoimmune diseases 

Dysbiosis affects the ability of the gut microbiota to maintain host wellness by 

affecting the composition of the microbiota and selectively increasing the abundance of 

certain members including pathobionts. This leads to aberrant production of metabolites or 

microbiota-derived products, which can induce diseases and affect local, systemic and distant 

organs. In the last decade, numerous studies tried to link changes in the intestinal microbiota 

and autoimmune diseases including RA, inflammatory bowel disease (IBD), diabetes type 1, 

SLE, and MS (Li et al., 2019; H. Xu et al., 2019). The Firmicutes/Bacteroidetes (F/B) ratio 

is widely accepted to have an important influence in maintaining normal intestinal 

homeostasis. Increased or decreased F/B ratio is considered as dysbiosis with the latter 

observed in autoimmune diseases (Stojanov et al., 2020). 

 

V.   Microbiota and rheumatoid arthritis  

Under certain pathological condition or environmental triggers, the balance in the 

microbiota composition is altered leading to dysbiosis. This results in dysregulated immune 

responses and inflammation which can lead to tissue damage and disease development (Wu 

et al., 2016).  

The first evidence that the microbial flora might be involved in the pathogenesis of 

RA was the observation in 1970 that germ-free rats in an adjuvant-induced arthritis model 

had 100% arthritis incidence with severe joint inflammation, whereas conventional control 

rats developed a mild form of the disease at a low incidence (Kohashi et al., 1979). Several 

studies performed later in mouse models further supported this notion. It was shown that 
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mono-colonization of germ free mice in two spontaneous arthritis models, the K/BxN and 

IL1rn--/-- mouse model, with SFB and Lactobacillus bifidus respectively lead to the rapid 

onset of arthritis. SFB alone can activate lamina propria Th17 cells in the K/BxN model of 

arthritis. Th17 cells consequently translocate to the periphery, produce IL-17A and induce 

production of arthritogenic autoantibodies from plasma cells. However, germ-free mice in 

the K/BxN model of arthritis do not develop the disease when they are not colonized. 

Lactobacillus can also induce arthritis in the IL1raī/ī model. It upregulated Th17 activity and 

decreased Treg function which plays a role in the development of joint Inflammation. This 

shows that a single bacterial species in the gut can affect the susceptibility to autoimmune 

diseases which leads to clinical manifestation at distant sites (Abdollahi-Roodsaz et al., 2008; 

Wu et al., 2010). Additionally, in a study done in the collagen-induced arthritis (CIA) RA 

mouse model, the genus Lactobacillus was the dominant genus prior to arthritis onset. 

Moreover, germ-free mice conventionalized with the microbiota from arthritis-affected mice 

showed a higher frequency of arthritis induction than those conventionalized with the 

microbiota from arthritis-free mice (Liu et al., 2016). Figure 2 summarizes results 

demonstrating the role of gut microbiota in the development of RA from multiple animal 

models of arthritis.  

Several studies have been carried out to identify the alterations of the gut microbiota 

in RA. One study showed that bifidobacteria, Bacteroides-Porphyromonas-Prevotella 

group, Bacteroides fragilis subgroup, and Eubacterium rectaleïClostridium coccoides were 

less abundant in RA patients (Vaahtovuo et al., 2008). Another study found that 

Lactobacillus spp. were more abundant in RA patients during the early stages when 

compared to healthy controls. This shows that the alteration in Lactobacillus population in 
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RA patients is temporal (Liu, et al. 2013). A study by Scher et al. (2013) reported that 

Prevotella copri was significantly increased in new-onset untreated RA patients (Scher et al., 

2013). Moreover, the interactions between the various symbiotic bacteria are affected in RA 

patients as shown in a study done by Gulôneva and Noskov (2011) (Gulôneva & Noskov, 

2011). The proportions of Bifidobacteria, Bacteroids, and Lactopositive colibacteria were 

significantly decreased while the growth of opportunistic Enterobacteria and Staphylococci 

organisms was increased. A study by Zhang et al. (2015) showed that there was an association 

between dysbiosis in RA and clinical indices, such as the titers of immunoglobulin, 

autoantibodies, ACPA, and RF. Treatment with DMARDs partially restored the gut 

microbiota in these patients (Zhang et al., 2015). 

In RA, SFB or Lactobacillus increase the production of serum amyloid A (SAA) in 

the ileum leading to cascade of events that involves the induction of naïve CD4+ T cells to 

differentiate into Th17 cells in mice models of the disease. Additionally, commensal bacteria 

also secrete ATP in large quantities resulting in the activation of a subset of lamina propria 

cells, the CD70highCD11clow cells. These cells then secrete IL-6, IL-23p19, and TGF-ɓ and 

induce the differentiation of Th17 cells. Th17 cells release IL-17, IL-21, IL-22, granulocyteï

macrophage colony stimulating factor (GM-CSF) and TNF-Ŭ which are all implicated in the 

pathogenesis of RA. Subsequently, the autoreactive T cells promote B cell differentiation 

into plasma cells thus producing autoantibodies. Effector cells such as fibroblasts, 

osteoclasts, proteases, and macrophages are activated as the self-antibodies and autoreactive 

T cells become localized to the synovial tissue (Scher & Abramson, 2011). Furthermore, 

cytokines such as IL-17A and IL-22 could induce RANKL expression in human synovial 

fibroblasts, leading to osteoclastogenesis and bone erosion in autoimmune arthritis (Kim et 
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al., 2012; Lubberts et al., 2003). In addition, IL-17A could induce the production of VEGF 

in FLS, contributing to the angiogenesis in RA (Ryu et al., 2006). Moreover, IL-17A induces 

the production of various pro-inflammatory cytokines and MMPs in whole synovial tissue, 

synovial fibroblasts, and cartilage, leading to inflammation, matrix turnover, and cartilage 

destruction during RA development (Jovanovic et al., 1998; Moran et al., 2009). Figure 3 

shows hostïmicrobiota interactions in healthy and arthritic individuals. 

 

 

Figure 2. Summary of multiple animal models of arthritis that have demonstrated that 

the gut microbiota is critical for the development of disease. CIA: collagen-induced 

arthritis, SFB: segmented filamentous bacteria, TLR: Toll-like receptor. 
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Figure 3. Hostïmicrobiota interactions in health and in inflammatory arthritis.  CCL5: 

CC-chemokine ligand 5; PSA: polysaccharide A; SAA: serum amyloid A; SFB:  segmented 

filamentous bacteria. 
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CHAPTER II 

 

HYPOTHESIS AND SPECIFIC AIMS 

 

Viruses and bacteria are considered the main environmental challenges that trigger 

an inappropriate or insufficient immune response, which leads to autoimmune diseases, 

including RA.  EBV DNA, such as that shed during EBV-reactivated infection, may 

influence the development of autoimmune diseases by increasing the production of 

proinflammatory cytokines. Additionally, studies have shown that dysbiosis of intestinal 

microbiota is a risk factor for the development of autoimmune diseases such as RA. 

Therefore, the objective of this study was to investigate the link between EBV DNA and 

intestinal microbiota in the development of arthritis in an RA mouse model. The study 

identifies the effect of EBV DNA on the incidence and severity of arthritis in the RA mouse 

model. Furthermore, the effect of EBV DNA on the composition of the colonic microbiota 

and whether this composition affects the immune cell populations is assessed. In addition, 

the study determines the cytokines and cell types that might be involved.  

 

Aim I:   Determine the effect of EBV DNA on the incidence and severity of arthritis in 

an RA mouse model  

EBV, one of the most common viruses that affect humans, persists in the host and 

can reactivate at any time. This can lead to recurrent infections during which it can produce 

viral antigens like viral DNA. Persistence of this viral DNA might trigger a pro-autoimmune 
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response and hence plays a role in the pathogenesis of autoimmune diseases such as RA. 

Thus, this aim focuses on assessing the effect of EBV DNA on the incidence and severity of 

arthritis in a mouse model of the disease. This involves treating female C57BL/6J mice with 

either the arthritis-inducing agent, EBV DNA 6 days prior to the inducing agent, or EBV 

DNA 15 days after the inducing agent. After a monitoring period of 70 days, mice are 

assessed clinically to determine the incidence of arthritis. Additionally, affected 

footpads/ankle joints are collected and used for histological analysis to determine the severity 

of the disease.   

 

Aim II:  Identify the effect of EBV DNA on the colonic microbiota and immune status 

of the RA mouse model  

The composition of the colonic microbiota can either maintain a hemostatic state or 

induce inflammation by shaping the immune system. Additionally, certain members of the 

gut microbiota can lead to a localized immune response, which then initiates inflammation 

at remote sites leading to autoimmune diseases in joints, central nervous system, and other 

systems. Hence, part of this aim focuses on determining the effect of EBV DNA on the 

diversity and composition of the colonic microbiota. This involves collecting fecal samples 

from mice treated in Aim I, isolating bacterial DNA, and performing 16S rRNA 

sequencing. Additionally, several immune cells and cytokines are important in RA 

pathology including: Th17, Th1, Treg cells, IL-17A and IFNɔ. Therefore, the other part of 

this aim concentrates on identifying the immune cell populations and the cytokines that are 

altered in our RA mouse model and how EBV might affect this immune response. This aim 
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entails staining immune cells in the colon and ankles and subsequently carrying confocal 

microscopy to enumerate immune cells that might have a pathological role. Additionally, 

sera is collected and ELISA is performed to determine the level of cytokines.   

 

Aim III:   Determine if microbiota contribute directly to arthritis progression by fecal 

transplantation from EBV arthritis -affected mice to antimicrobial -cleared mice 

This aim centers on confirming a positive causative link between intestinal 

microbiota altered by EBV DNA and RA. This can be achieved by conventionalizing 

antimicrobial-cleared mice with microbiota from arthritis-affected mice or control mice. This 

is done by fecal transplantation through the oral gavage route prior to arthritis induction. 

Subsequently, mice are monitored to determine the incidence and severity of arthritis. 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. Mice 

The murine model for arthritis employed was the collagen-induced arthritis (CIA) in 

C57BL/6J mice (Inglis et al., 2007).  Female, 12 weeks of age mice, were utilized. The 

mice were obtained from the animal care facility at the American University of Beirut 

(AUB) and treated according to the Institutional Animal Care and Use Committee 

(IACUC) guidelines. They were co-housed in non-individually ventilated cages (non-IVC) 

in the same room with a room temperature of 22-25ºC and a 12-hour light-dark cycle. They 

had access to unlimited water and food. Mice were labeled with random ear tags and 

assigned to various groups; this was utilized for randomized assignment purposes.  

 

B. Treatment agents 

1. EBV DNA 

The EBV DNA used was obtained from Advanced Biotechnologies Inc., 

Eldersburg, MD. This DNA is the purified complete genome of EBV B95-8, a type 1 EBV 

strain. Isolated from nascent EBV particles, this genome is linear and rich in unmethylated 

CpG motifs. Previous research by our group showed that EBV DNA at a copy number of 

144 × 103 induces a peak of IL-17A, a proinflammatory cytokine, in BALB/c mice 6 days 

post treatment with the DNA (Rahal et al., 2015). Hence, this copy number was adopted for 

in vivo experiments. 
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2. Complete Freundôs adjuvent (CFA) preparation 

 To prepare CFA, heat-killed Mycobacterium tuberculosis (Invivogen, Toulouse, 

France), at a concentration of 3.3 mg/mL, was added to incomplete Freundôs adjuvant 

(IFA) (Chondrex, Inc, Redmond, Washington). A high concentration of M. tuberculosis is 

needed to elicit a high incidence of RA in the CIA mouse model (Inglis et al., 2008). The 

preparation was carried out in a fume hood as M. tuberculosisis is toxic if inhaled and then 

stored at 4 °C.    

 

3. Type II chicken collagen preparation 

The type II chicken collagen was obtained from Chondrex, Inc, Redmond, 

Washington. Type II chicken collagen can be easily denatured, hence all working 

procedures that involved the collagen were done on ice and in the dark. To obtain a 

working concentration of 4 mg/mL, collagen was diluted in 0.01 M acetic acid. This was 

done by stirring overnight on a shaker at 4 °C. The solution was then aliquoted and stored 

at -20 °C.  
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C. Determining the effect of EBV DNA on the incidence of arthritis in the RA 

mouse model 

1. Experimental setup  

To assess if EBV DNA affects the incidence of arthritis in the CIA mouse model, 

female C57BL/6J mice were used. Mice obtained were divided into five groups as shown in 

Figure 4. Induction of arthritis was performed as previously described (Inglis et al., 2007; 

Pietrosimone et al., 2015). The arthritis-inducing emulsion was produced by mixing an 

equal volume of type II chicken collagen (Chondrex, Inc, Redmond, Washington) with 

complete Freundôs adjuvant (CFA). This was done by initially placing the adjuvant in a 10 

mL syringe and sealing its tip with a 3-way stopper. The syringe was then clamped to a ring 

stand and partially immersed in an ice water bath to ensure that the mixture remains cool 

during preparation. The collagen solution was then added gradually to the syringe and 

mixed at low speed using an electric homogenizer (Dremel, Wisconsin, USA) to emulsify 

the mixture. After the complete addition of the collagen solution, the emulsion was mixed 

for 2 minutes at a maximum speed (10,000-30,000 rpm) and then cooled for 5 minutes by 

keeping the mixture in the ice water bath. This was repeated 2-3 times until the emulsion 

had the appearance and viscosity of dense whipped cream. To test the quality of the 

emulsion, a drop of the mixture was placed onto the surface of water. If it did not diffuse, it 

was of the right consistency. Finally, the emulsion was transferred to 1 mL syringes with a 

27-gauge needles and kept on ice for injections. Booster injections of type II chicken 

collagen were administered 20 days after the initial collagen challenge; these were given in 

a manner similar to that of the primary challenge but instead of CFA, IFA was used. The 
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emulsion injections were given subcutaneously in the tail by inserting the needle 25 mm 

distal of the hairline. If injected properly, the white emulsion will be visible spreading all 

the way to the hairline. The volume of both the eliciting agent primary and booster shots 

injected was 50 Õl. C57BL/6J mice that received 50 ɛl of distilled water subcutaneously in 

the tail were included. 

The study included an arthritis control group which received the inducing agent and 

the booster. One group was administered EBV DNA 6 days prior to the primary challenge 

with collagen while another was administered the EBV DNA 15 days after the primary 

challenge with collagen. The days chosen for administration of EBV DNA were selected 

based on our previous observations that the pro-autoimmune cytokine IL-17A peaks in 

mouse sera 6 days after administration of the DNA (Rahal et al., 2015). Hence, in the 

current study, the DNA was administered so peak levels of IL-17A would either coincide 

with collagen administration or with anticipated appearance of symptoms which occurs 

around 3 weeks after administration of the arthritis-inducing agent. Injections containing 

the viral DNA harbored 144×103 copies of EBV DNA in 100 ɛl of distilled water and were 

given intraperitoneally. Mice that received 144× 103 copies of EBV DNA in 100 ɛl of 

distilled water intraperitoneally were also examined. In addition, a control bacterial DNA-

treated group was included which received 27.2 ng of Staphylococcus epidermidis DNA in 

100 µl of water; this was administered 6 days prior to collagen (amount equivalent to 144 x 

103 copies of EBV DNA). Mice were then monitored for 70 days for the development of 

arthritis by assessing the ankle joint macroscopically for redness and swelling.  
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Figure 4. Treatment regimen for assessing the effect of EBV DNA in the type II chicken 

collagen-induced arthritis C57BL/6J mouse model. EBV, Epstein-Barr virus; CFA, complete 

Freundôs adjuvant; IFA, incomplete Freundôs adjuvant. 

 

2. Measurement of the relative concentration of IgG anti-chicken collagen antibodies 

The relative concentration of IgG anti-chicken collagen antibodies was detected by 

enzyme-linked immunosorbent assay (ELISA). Commercially available microtiter plates 
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were coated with type II chicken collagen (Chondrex, Inc, Redmond, Washington). This 

was done by diluting the collagen stock (4 mg/mL in 0.01 M acetic acid) using 1x 

phosphate buffered saline (PBS) to a final concentration of 10 ɛg/mL. The chicken collagen 

was then added to the various wells in 100 ɛl aliquots, sealed with an adhesive plastic 

cover, and incubated overnight at 4°C. The collagen coated plate was then washed 3 times 

with wash buffer (Abcam, Cambridge, UK, catalogue number ab199081). The plate was 

blocked with 100 µl fetal bovine serum (FBS) per well for 30 minutes at room temperature. 

The sera of mice from the distilled water treated group, collagen-receiving group, and EBV 

DNA 6 days prior to collagen treated group (3 mice per group) were diluted 1:2 with FBS 

and then 100 ɛl from each diluted sample was transferred to a a 96-well plate. The plate 

was then incubated for 2 hours at room temperature after which it was washed 3 times 

using the wash buffer. Horse radish peroxidase (HRP)-conjugated goat IgG anti-mouse 

antibody (Pierce, Waltham,USA) was diluted to 1/2000 with 0.1 M Tris buffered saline, pH 

8, containing 25% FBS and 100 ɛl was added to each well. The plate was incubated for 2 

hours at room temperature after which it was washed 3 times with the wash buffer. 3, 3ô, 5, 

5ò-tetramethylbenzidine (TMB) was then added to each well (100 ul) and incubated at 

room temperature in the dark for 10 minutes. Hundred µl of the stop solution (Abcam 

Cambridge, UK) was then added to each well to end the reaction. The absorbances of the 

various samples were then measured using MultiskanÊ FC Microplate Photometer 

(Thermo Scientific, Waltham,USA) at a wavelength of 450 nm. The relative concentrations 

of the groups were normalized to the control group that received distilled water only. 
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D. Assessing the Effect of EBV DNA on the severity of arthritis in the RA mouse 

model 

At the end of the monitoring period, the hind paw thickness was measured using a 

caliper by placing it on either side of the ankle joint and measuring the width of the ankle 

joint from one side to the other. Each measurement was noted in µm. Additionally, the 

affected hind paws were clinically scored using scored using an arbitrary scoring system as 

follows: 0, no redness and swelling; 0.25, slight redness; 0.5, slight redness and swelling; 

0.75ï1, mild redness and swelling; 1.25ï1.5, moderate redness and swelling; 1.75ï2, 

severe redness and swelling (modified from that of Abdollahi-Roodsaz et al., 2008) (Table 

2). If a mouse had more than 2 paws that were affected, the sum of the scores were 

averaged to get the final score.  

The motor function of the affected joints was assessed using the grip strength meter 

(Ugo Basile, Gemonio (VA) Italy). The apparatus consisted of a T-shaped metal bar 

connected to a force transducer. The mouse was allowed to grip the bar with its affected 

paw while being pulled by its tail until it loses its grip. The peak gram force (gf) just before 

losing the grip was recorded and assessed in triplicates to obtain the average for each 

mouse.  

Furthermore, histological assessment of affected joints/ footpads was carried out. 

Joints/footpads were fixed in 10% formaldehyde, decalcified with ProtocolÊ Decalcifier B 

(Thermo Fisher Scientific, Waltham,USA), and embedded in paraffin. Sagittal sections 

were stained with hematoxylin and eosin and observed under the microscope. Ankle joints 

were scored based on cartilage destruction, edema, connective tissue disruption, and 

inflammatory infiltrates (0-3 based on severity). Footpads were scored based on 
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inflammatory infiltrates and edema (0-3 based on severity) (Table 2). Blinded scoring was 

performed by two independent scorers. 

Table 2. Clinical and histological scoring systems for arthritic C57BL/6J mice. 

Paw clinical scoring 

Paw Score Clinical Observation 
0 No redness and swelling

0.25 Slight redness

0.5 Slight redness and swelling

0.75ï1 Mild redness and swelling

1.25-1.5 Moderate redness and swelling

1.75ï2 Severe redness and swelling

Ankle joint section histological scoring 

Ankle Joint 

Score 
Cartilage 

Destruction 
Edema Inflammatory 

Infiltrate  
Connective 

Tissue 

Disruption  
0 None None None None 
1 Mild  Mild  Mild  Mild  
2 Moderate Moderate Moderate Moderate 
3 Severe Severe Severe Severe 

Footpad section histological scoring 

Footpad 

Score 
Edema Inflammatory Infiltrate  

0 None None 
1 Mild  Mild  
2 Moderate Moderate 
3 Severe Severe 

 
 

 

  

E. Assessing the involvement of IL-17A and IFNɔ in the response to EBV DNA in 

the RA mouse model 

1. Enzyme linked immunosorbent assay  

Following the sacrifice of mice 70 days post the initial collagen injection, blood was 

collected in EDTA blood collection tubes (BD, New Jersey, USA) from mice by cardiac 

puncture and centrifuged at 1500 rpm for 30 minutes to separate the serum. Subsequently, 

the levels of IL-17A and IFNɔ in the sera from arthritic mice from the various groups and 
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non-arthritic mice from the control group was determined using a IL-17A mouse 

SimpleStep ELISA Kit and a IFNɔ mouse ELISA Kit (Abcam, Cambridge, UK). In 

summary, serial dilutions of the standards were prepared and 50 /100 µl were pipetted to 

their respective wells for the IFNɔ and IL-17A assay respectively. The sera samples were 

diluted 1:2 with the sample diluent and transferred to their respective wells in 50/ 100 ɛl 

aliquots (IFNɔ and IL-17A assay respectively). Fifty ɛl of the respective antibodies was 

added to each well. The plate was then sealed using an adhesive cover and incubated at 

room temperature for a certain period of time: 1 hour on a shaker for the IL-17A assay and 

3 hours for the IFNɔ assay. Wells were then washed 3 times using 1x washing buffer. For 

the IFNɔ assay, 1x Streptavidin-HRP was added to all wells and incubated at room 

temperature for 30 minutes. The wells were washed 3 times using 1x washing buffer. For 

both assays, a 3,3ô,5,5ô-tetramethylbenzidine (TMB) substrate solution was added to the 

wells and incubated for 10 minutes in the dark. Color developed in proportion to the 

amount of the cytokine bound. A Stop Solution was finally added which changes the color 

from blue to yellow, and the intensity of the color was measured at 450 nm using 

MultiskanÊ FC Microplate Photometer (Thermo Scientific, Waltham, USA). 

 

2. Immunofluorescence staining for mouse joint tissues 

The number of cells that were double positive for IL-17A and IFNɔ in joints from 

the various groups of mice was determined by immunofluorescence performed on 

histological sections of the ankle joints. Initially the sections were deparafinized by placing 

the slides on a heat block for 40 minutes at 55 °C followed by immersing them in xylol 
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three times for a period of 5 minutes for each immersion. The sections were rehydrated in a 

series of decreasing concentrations of ethanol (100%, 95% and 75%) in two changes for 3 

minutes each. Finally, the sections were placed in two changes of deionized water for 5 

minutes each. Antigen retrieval was performed by placing the slides in citrate buffer (pH 6) 

for 90 minutes in a water bath at 60ºC. The citrate buffer was prepared from 0.1M tri-

sodium citrate dihydrate and 0.1M citric acid (18mL of citric acid and 82mL of tri-sodium 

citrate dihydrate brought to a final volume of 1L with deionized water) (Tang et al., 2007). 

The slides were left to cool for 15 minutes at room temperature, then washed with 

deionized water in two changes for 5 minutes each. Another wash with Tris-buffered saline 

(TBS) (pH 7.4) was done after which the sections were permeabilized using 0.3% Triton X 

in 1x PBS. The samples were then washed three times in 1x PBS. After blocking the 

samples in 15% FBS in 1x PBS for 1 hr, the slides were incubated overnight with the 

fluorochrome-linked antibodies Brilliant Violet 605 anti-mouse IL-17A (1:1500) and 

Pacific Blue 405 anti-mouse IFNɔ (1:1500) (Biolegend, California, USA) prepared in 1x 

PBS containing 15% FBS and 0.3% triton X. Sections were then washed twice with 1x 

PBS. The slides were each covered with mounting solution and a coverslip then stored at 4 

ºC. The mounting solution consisted of 80% glycerol, 223mM 1,4-diazabicyclo[2.2. 

2]octane (DABCO), and 4mM Tris-HCl. Slides were observed using a Laser Scanning 

Confocal Microscope (Zeiss, Germany). The number of double positive cells per area was 

determined using ImageJ (NIH, Wisconsin, USA) and expressed as count per inch2.   
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F. Determining the effect of EBV DNA on colonic microbiota in the RA mouse 

model  

1. DNA extraction  

At the end of the monitoring period, fresh stool samples were collected from the 

mice treated as described above and stored immediately at -80°C for microbiota analysis 

and future fecal transplantation experiments. Total genomic DNA was extracted from the 

stool samples using the enol-salt precipitation method. Initially, the stool pellets were 

thoroughly homogenized using a tissue homogenizer (Dremel, Wisconsin, USA) until no 

solid particles were visible. Phenol was then added at a volume of 250 µl to the suspension 

and vortexed to ensure maximum DNA concentration. The samples were centrifuged at a 

high speed for 15 minutes at 4ºC. The mixture separates into a lower phenol layer, an 

interphase, and a colorless upper aqueous phase. The upper layer was collected and 25 µl of 

3M sodium acetate (pH: 5.2), 1 µl of glycogen, and 750 µl of 100% ethanol were added. 

The mixture was then stored at -80ºC overnight. The following day, the samples were 

centrifuged at a high speed for 15 minutes at 4ºC and the pellet was washed 3 times using 

70% ethanol to remove impurities. Finally, the samples were resuspended using Tris-EDTA 

(TE, pH 8.0). The concentration of the DNA was measured using the DeNovix DS-11 

(Wilmington, USA).  

 

2. Sequencing   

After carrying out sample size, quantity and quality checks, 16S rRNA sequencing 

was carried out by Macrogen, Inc. (Seoul, Korea) The sequencing library was prepared 
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using Macrogenôs default primers which results in an amplicon whose size is around 400-

450 bp. Library construction involved random fragmentation of the DNA sample combined 

with 5' and 3' adapter ligation in a process called "tagmentation". This greatly increases the 

efficiency of the library preparation process. The adapter-ligated fragments were then PCR 

amplified and gel purified. The DNA samples were amplified using the universal primers 

that target the 16S region (v3-v4): Bakt_341F: CCTACGGGNGGCWGCAG and 

Bakt_805R: GACTACHVGGGTATCTAATCC. For cluster generation, the library was 

loaded into a flow cell where the generated fragments were acquired on a lawn of surface-

bound oligos complementary to the library adapters. This resulted in the generation of 

distinct, clonal clusters through bridge amplification. When cluster generation was 

complete, the templates were sequenced using the Herculase II Fusion DNA Polymerase 

Nextera XT Index Kit V2 (Aligent, CA, United States) and the Next Generation 

Sequencing (NGS) Illumina® MiSeq® platform.  

 

3. Microbiota analysis 

Raw data were analyzed using the useGalaxy.org platform. Usegalaxy is a data 

analysis platform that was developed at Penn State, Johns Hopkins, OHSU and Cleveland 

Clinic. It is an open source under Academic Free License. The analysis was carried out 

based on the UseGalaxy tutorial ñ16S Microbial Analysis with mothurò (Hiltemann et al. 

2019). Initially, raw data were uploaded as FASTQ files onto the usegalaxy platform. This 

was followed by the quality control step which involved merging the reads into contigs, 

followed by filtering and trimming of reads by summarizing the data per read, removing 



 

82 
 

sequences with ambiguous bases and longer than a given threshold, and speeding up 

computation.Speeding up computation parameters involved determining unique/identical 

sequences in the data and counting/summarizing the number of times each unique sequence 

was observed across each of the samples. After assessing and improving the quality of the 

data, sequence alignment was carried out. The first step in this process was to align the 

sequences obtained to a reference (Silva v4 which provides datasets of aligned small and 

large subunit rRNA sequences for Bacteria, Archaea and Eukarya). This was followed by 

data cleaning, pre-clustering, and removal of chimera. In the preclustering step, near-

identical sequences were merged together, as sequences that only differ by around 1 in 

every 100 bases are likely to represent sequencing errors, not true biological variation.  

This was then followed by the removal of chimeras, which occurs when two unrelated 

templates are joined to form a hybrid sequence. After cleaning the data, taxonomic 

classification was carried out and non-bacterial sequences were removed. Finally, 

Operational Taxonomic Units (OTU) clustering was carried out. OTU is a collection of 

similar sequence variants of the 16S rDNA marker gene sequence that represent a 

taxonomic unit of a bacterial species or genus (97% similarity threshold) (Hiltemann et al., 

2019). The percent abundance of the genera identified in each group was determined and 

the relative abundance of the microbiota was determined in each group. This was done by 

identifying the abundance of the major genera/genus clusters, characterized as having a 

mean abundance of > 1% of the total bacteria.  

  Diversity index calculations were then carried out to determine the alpha and beta 

diversity. Alpha diversity was determined in terms of the Shannon index and the Chao1 
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index which represent the abundance/evenness and the richness of the data respectively. 

The Shannon index was calculated using the formula: Shannon Index (H) = - × p ln p 

(where p is the proportion (n/N) of individuals of one particular species/genus (n) divided 

by the total number of individuals (N)). The Chao1 index was calculated using the formula: 

Chao1 = Sobs + f1(f1-1)/2(f2+1) (where Sobs is the number of species/genera observed, f1 is 

the number of singletons and f2 is the number of doubletons) (Gotelli & Colwell, 2001). 

The beta diversity was calculated in terms of Principle Coordinate Analysis (PCOA), which 

determines the dissimilarity between the datasets. The PCOA was calculated using 

XLSTAT 2014 and was based on the Bray and Curtis dissimilarity distance (Bray & Curtis, 

1957).  

 

G. Immunofluorescence staining for mouse colon tissues 

The number of cells that were double positive for IL-17A+/ IFNɔ+ or IL-

17A+/FOXP3+ and triple positive for IL-17A+/ IFNɔ+ / FOXP3+ in colons from the various 

groups of mice was determined by immunofluorescence performed on histological sections 

of the colons. The immunofluorescence was carried out as previously described in section 

E; however, unlike the histological sections of the joints, the colon sections did not undergo 

the decalcification step. The antibodies used were fluorochrome-linked Brilliant Violet 605 

anti-mouse IL-17A (1:1500), Pacific Blue 405 anti-mouse IFNɔ (1:1500), and Alexa Fluor 

488 anti-mouse FOXP3 (1:1500)  (Biolegend, California, USA). The number of double 

positive cells per area was determined using ImageJ (NIH, Wisconsin, USA) and expressed 

as count per inch2. 
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H. Fecal transplantation from EBV DNA-treated arthritic mice  

1. Experimental setup  

To determine if the gut microbiota contribute directly to arthritis progression by 

fecal transplantation from EBV arthritis-affected mice to antimicrobial-treated mice, 66 

female, 3- week old C57BL/6J mice were used. The pups were obtained as soon as they 

could be weaned from their mothers which occurs at week 3 of age. The mice were then 

divided into 3 groups each containing 22 mice. The mice received an antimicrobial cocktail 

that consisted of amoxicillin (0.5 mg/mL), vancomycin (2.5 mg/mL), metronidazole (0.5 

mg/mL), amphotericin B (0.025 mg/mL), streptomycin (0.025 mg/mL), penicillin (25 

U/mL) and ciprofloxacin (0.0625 mg/mL) (Noureldein & Eid, 2020). The antimicrobial 

cocktail aimed to target gram positive, gram negative, aerobic and anaerobic bacteria, 

parasites, and fungi. The antimicrobial cocktail was supplied in drinking water on alternate 

days for 5 weeks. Confirmation of the depletion of microbiota from the gut of the mice was 

done by culturing the feces obtained at the end of the 5-week period on different agar media 

plates. These plates included: Trypticase soy agar (TSA), Blood agar, MacConkey agar, 

International Streptomyces Project Medium 3 (ISP-3) agar (oatmeal agar), and Luria-

Bertani (LB) agar. The absence of bacterial colonies on these plates validated the loss of 

microbiota from these mice. Subsequently, the mice received fecal samples previously 

obtained from 1) distilled water group, 2) collagen-treated arthritic mice and 3) EBV DNA 

6 days prior to collagen treated- arthritic mice. Fecal suspensions were prepared by 

homogenizing the one pellet (~ 20 mg) in sterile PBS per mouse using a tissue 
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homogenizer. The homogenate (200 µl) was given to each mouse by oral gavage. Fecal 

microbiota transplantation (FMT) was done once per week for four weeks. Collagen 

induced arthritis was then carried out as previously described to induce the disease (Figure 

5). 

 

2. Evaluation of incidence and severity of arthritis 

The mice were monitored for 70 days for the development of arthritis by assessing 

the ankle joint macroscopically for redness and swelling. At the end of the monitoring 

period the severity of arthritis was determined in terms of hind paw thickness, grip strength, 

clinical scoring, and histological scoring of ankles and footpads as previously described in 

section D. 

 

I. Statistical tests 

Statistical analysis was performed using Graphpad Prism v6. The differences in the 

incidence of arthritis were analyzed using Fisher Exact Test. The comparisons in the 

histological and clinical scores were done using the Mann-Whitney U Test. Mean 

comparisons and alpha diversity indices were analyzed using the two-tailed unpaired 

Studentôs t test. P values less than 0.05 were considered statistically significant. 
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Figure 5. Treatment regimen used for assessing the effect of fecal microbiota transplantation 

from EBV DNA -treated arthritic mice .  The treatment plan for fecal transplantation and 

induction of arthritis in the type II chicken collagen-induced arthritis C57BL/6J mouse model. 
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CHAPTER IV 

RESULTS 

 

A. EBV DNA increases the incidence of arthritis in the chicken collagen RA mouse 

model 

The CIA murine model in C57BL/6J mice was used to assess the effect of EBV 

DNA on the development of arthritis. Several studies have indicated that the incidence of 

arthritis in this model ranges between 50% and 80% (Campbell et al., 2000; Inglis et al., 

2008; Pietrosimone et al., 2015). Hence, the model allows observing the additive effect of 

EBV DNA on incidence.   

 

1. Incidence of arthritis  

The incidence of arthritis was 54.8% in the collagen-receiving group (Figure 6). 

Similarly, 50% of mice that received the bacterial control DNA in addition to collagen 

developed arthritis by the end of the monitoring period. On the other hand, the incidence 

increased in both groups that received EBV DNA in addition to collagen; however, this 

increase was only significant in the group that received EBV DNA 6 days prior to collagen 

(EBV DNA 6 days prior to collagen: 83.3%, p=0.0261; EBV DNA 15 days post collagen: 

78.1%, p=0.0643).  Symptoms of arthritis started appearing in the various groups at 3 

weeks post-treatment with the inducing agent. Additionally, arthritic mice in the group that 

received EBV DNA 6 days prior to collagen showed symptoms within a narrower period 

(Days 21-50) of time in comparison to the group that only received collagen and the group 
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that received EBV DNA 15 days post collagen (Day 21-62).  Figure 7 shows representative 

ankle joints from arthritis-affected and control mice. The degree of redness and swelling in 

individual mice from the different groups was variable. 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

C o n tro l

E B V  D N A

C o lla g en

C o lla g e n  +  E B V  D N A  D a y  -6

C o lla g e n  +  E B V  D N A  D a y  1 5

D a y s

In
c

id
e

n
c

e
 o

f 
a

rt
h

ri
ti

c
 m

ic
e

 (
%

)

*

C o lla g e n  + S .e p id e rm id is D N A

Figure 6. Incidence of arthritis in the EBV DNA-treated collagen-induced arthritis 

mouse model. Incidence (%) of arthritis in various groups of C57BL/6J mice treated with 

type II chicken collagen (n=31), EBV DNA 6 days before collagen (n=30), EBV DNA 15 

days after collagen (n=32), S. epidermidis DNA 6 days prior to collagen (n=10), and 

control mice treated with distilled water (n=32) or EBV DNA only (n=8). * indicates p᾽ 

0.05; comparisons were made to the group that received collagen only. 
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Figure 7. Representative images of hind paws from arthritis-affected animals in the 

EBV DNA-treated collagen-induced arthritis mouse model. Redness and swelling in the 

paws and footpads are indicative of arthritis. 

 

2. Relative concentration of IgG anti-chicken collagen antibodies 

The role of anti-collagen antibodies as an initiating agent of RA has been studied 

extensively. In humans, 30-70% of RA patients have anti-type II collagen antibody 

responses depending on the stage of the disease (Cook et al., 1996; Morgan et al., 1989; 

Rönnelid et al., 1994). Additionally, several studies have shown that anti-type II collagen-

specific antibodies can play a role in triggering inflammation in vivo by several 

mechanisms (Holmdahl et al., 1991; Mo et al., 1994). In this study we measured the 

relative concentration of IgG anti-chicken collagen in the groups that had arthritis (collagen 

only and EBV DNA 6 days prior to collagen groups) and normalized these to that of the 

control group that received distilled water only. The fold increase of the relative 

concentration of the anti-collagen antibodies was 11.06 and 13.31 folds in the collagen-
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receiving group and EBV DNA 6 days prior to collagen treated group respectively 

compared to the distilled water-treated control group (in both groups p= Ò 0.0001). 

Additionally, the relative concentration of anti-collagen antibodies was significantly higher 

in the group that received EBV DNA 6 days prior to collagen compared to the group that 

received collagen only (p= 0.00054). Figure 8 shows the relative concentration of IgG anti-

chicken collagen antibodies in the arthritis groups and the distilled water control group. 
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Figure 8. Relative concentration of IgG anti-chicken collagen antibodies in arthritic 

mice in the EBV DNA-treated collagen-induced arthritis mouse model. Relative 

concentration of IgG anti-chicken collagen antibodies in the arthritis groups (collagen only 

and EBV DNA 6 days prior to collagen mice) normalized to the distilled water control 

group (n=3). * indicates p᾽ 0.05; comparisons were made to the group that received 

collagen only. 
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B. EBV DNA increases the severity of arthritis in the RA mouse model 

Following the observation that EBV DNA increases the incidence of arthritis in the 

mouse model of RA, we determined the effect of EBV DNA on the severity of the disease. 

Thus, clinical assessments, motor function testing, and histological analyses were carried 

out.  

 

1. Average hind paw thickness 

The average affected hind paw thickness (Figure 9) was 2172.22 µm in the distilled 

water group, 2237.5 µm in the EBV DNA receiving group, 2280 µm in the group receiving 

S. epidermidis DNA in addition to collagen, 2294.74 µm in the collagen-treated group, 

2533.33 µm in the group receiving EBV DNA 6 days prior to the collagen (p=0.0048, 

compared to the collagen group) and 2500 µm in the group receiving EBV DNA 15 days 

after the collagen (p=0.0040, compared to the collagen group).  
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Figure 9. Average hind paw thickness in the EBV DNA-treated collagen-induced 

arthritis mouse model. Average hind paw thickness in C57BL/6J mice treated with 

distilled water, EBV DNA only, collagen only, S. epidermidis DNA 6 days prior to 

collagen, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. * 

indicates p᾽0.05; comparisons were made to the group that received collagen only. 

 

2. Clinical scores 

The arthritis clinical scores in mice that received EBV DNA 6 days prior to 

collagen were significantly higher than in mice that only received collagen (p=0.0446) 

(Figure 10). Moreover, 60% of the clinical scores of mice that received EBV DNA 6 days 

prior to collagen clustered at a score of 1.5 and above, whereas 60% to 80% of the scores of 
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the mice that received collagen only or mice that received the bacterial control DNA in 

addition to collagen, respectively, were below 1.5.  
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Figure 10. Clinical scores of arthritic mice in the EBV DNA-treated collagen-induced 

arthritis mouse model. Clinical scores of arthritic mice treated with S. epidermidis DNA 6 

days prior to collagen, collagen only, EBV DNA 6 days before collagen or EBV DNA 15 

days after collagen. * indicates p᾽0.05; comparisons were made to the group that received 

collagen only. 

 

3. Grip strength 

Joint inflammation in mice induces grip strength deficit and loss of physical 

functionality (Montilla-García et al., 2017). Thus, the grip strength in arthritic and healthy 

mice (basal levels in controls) was measured (Figure 11). Results indicated that the average 
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grip strength was 69.06 gf and 68.44 gf in the control groups (distilled water and EBV 

DNA group respectively). On the other hand, the grip strength decreased in all groups that 

had arthritis, however the largest drop was in the groups that received EBV DNA in 

addition to collagen (EBV DNA 6 days prior to collagen: 44.15, p=0.0496; EBV DNA 15 

days post collagen: 47.79, p=0.0454, both compared to the collagen group).  
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Figure 11. Average grip strength of arthritic animals in the EBV DNA-treated 

collagen-induced arthritis mouse model. Average grip strength from animals treated with 

distilled water, EBV DNA only, S. epidermidis DNA 6 days prior to collagen, collagen 

only, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. * indicates 

p0̓.05; comparisons were made to the group that received collagen only. 
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4. Histological analysis  

Histological analysis of the affected ankle joints (Figure 13) and footpads (Figure 

15) was carried out to observe tissue damage and inflammation. Concerning the ankle 

joints, around half of the mice from both groups that received EBV DNA in addition to 

collagen had a histological score of 8 or higher unlike mice that received collagen only 

(14.3%). In the footpad sections, 12.5% of mice had a score higher than 4 in the group that 

received collagen, whereas, 58.4% of mice had a score Ó4 in the groups that received EBV 

DNA in addition to collagen. Concerning mice that received S. epidermidis DNA in 

addition to collagen, only one mouse of the 5 that developed symptoms in this group had a 

score higher than 8 in the ankle joint scoring and a score higher than 4 in the footpad 

scoring.  Figure 12 and 14 displays representative histological sections from ankles and 

footpads of affected and control mice. Hence, the histological sections from mice that 

received EBV DNA in addition to collagen at two time points show greater tissue damage 

and inflammation than mice that were injected with collagen.  
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Figure 12. Representative histological sections of ankle joints in the EBV DNA-treated 

collagen-induced arthritis mouse model. Histological sections obtained from ankles of 

arthritic animals treated with distilled water, EBV DNA only, S. epidermidis DNA 6 days 

prior to collagen, collagen only, EBV DNA 6 days before collagen or EBV DNA 15 days 

after collagen. Cartilage destruction and inflammatory infiltrates are indicated. 
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Figure 13. Histological scores of ankle joints from arthritic mice in the EBV DNA-

treated collagen-induced arthritis mouse model. Histological scores of sections obtained 

from ankles of arthritic animals treated with S. epidermidis DNA 6 days prior to collagen, 

collagen only, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. * 

indicates p᾽0.05; comparisons were made to the group that received collagen only. 
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Figure 14. Representative histological sections of footpads from the EBV DNA-

treated collagen-induced arthritis mouse model. Histological sections obtained from the 

footpads of arthritic animals treated with distilled water, EBV DNA only, S. epidermidis 

DNA 6 days prior to collagen, collagen only, EBV DNA 6 days before collagen or EBV 

DNA 15 days after collagen. Inflammatory infiltrates are indicated.  
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Figure 15. Histological scores of footpads from arthritic mice in the EBV DNA-treated 

collagen-induced arthritis mouse model. Histological scores of sections obtained from 

footpads of arthritic animals treated with S. epidermidis DNA 6 days prior to collagen, 

collagen only, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. * 

indicates p᾽0.05; comparisons were made to the group that received collagen only. 

 

C. EBV DNA increases local rather than systemic proinflammatory cytokines in 

the RA mouse model   

After determining the effect of EBV DNA on the disease outcome in the RA mouse 

model used, we wanted to identify the proinflammatory cytokines that may be playing a 

role. As previously mentioned, IL-17A and IFNɔ play a major role in the development of 

arthritis. Thus, levels of these cytokines were determined in the sera of arthritic mice from 
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the various groups in addition to those in the vehicle-treated control group. Since the 

increase in the incidence of arthritis in the group of mice that received EBV DNA 15 days 

post-collagen was not significant, this group was not included in our cytokine assessments. 

Additionally, since the group that received S. epidermidis DNA in addition to collagen 

showed a similar incidence and severity of arthritis in comparison to the collagen-receiving 

group, the immune response in these mice was not assessed. 

 

1. Serum proinflammatory cytokines 

Treatment of mice with collagen only or EBV DNA 6 days prior to collagen led to a 

significant increase in IFNɔ sera levels (p=0.003 and p=0.0399 respectively) when 

compared to mice injected with distilled water. However, mice that were treated with either 

EBV DNA only or EBV DNA 6 days prior to collagen showed a significant increase in IL-

17A (p=0.003 for both) (Figure 16 and 17). These results indicate that arthritic mice have 

higher levels of these proinflammatory cytokines. IL-17A was higher in the group that 

received EBV in addition to collagen than the group that was given collagen only but this 

increase was not significant (p= 0.134), whereas IFNɔ was higher in the latter (p= 0.045).  



 

101 
 

 

Figure 16. Serum IL-17A levels in arthritic animals in the EBV DNA-treated collagen-

induced arthritis mouse model. Serum IL-17A levels in arthritic animals from C57BL/6J 

mouse groups treated with distilled water, EBV DNA only, collagen only, or EBV DNA 6 

days before collagen. * indicates p᾽0.05; comparisons were made to the group that received 

distilled water. 
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Figure 17. Serum IFNɔ levels in arthritic animals of the EBV DNA-treated collagen-

induced arthritis mouse model. Serum IFNɔ levels in C57BL/6J mouse groups treated 

with distilled water, EBV DNA only, collagen only, or EBV DNA 6 days before collagen. 

* indicates p᾽0.05; comparisons were made to the group that received distilled water. 

 

2. EBV DNA increases IL-17A and IFNɔ double positive cell counts in arthritic 

mouse ankle joints 

To identify the number of cells positive for both IL-17A and IFNɔ in the affected 

joint ankles, immunofluorescence and confocal microscopy imaging were carried out. The 

colocalization profile showed that the highest intensity of both markers was in the group 

that received EBV DNA in addition to collagen. The level of colocalization in the group of 

mice that received EBV DNA only was lower than in both groups of mice that had arthritis. 

A low level of intensity was determined in the group that received distilled water (Figure 

18). The highest count of IL-17A and IFNɔ double positive cells was detected in 

histological sections obtained from mice that received EBV DNA 6 days prior to collagen 

in comparison to all groups (p=0.022 vs control, 0.032 vs collagen, 0.029 vs EBV DNA 

only). Joint sections from mice that received collagen only or EBV DNA only had a higher 

number of cells that were positive for both L-17A and IFNɔ in comparison to the control 

group; however, this increase was not significant (p=0.322 collagen vs control, 0.821 EBV 

DNA vs control) (Figure 19). 
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 Figure 18. Immunofluorescent staining for IL-17A and IFNɔ in ankle joints from the 

EBV DNA-treated collagen-induced arthritis mouse model. Immunofluorescent staining 

for IL-17A and IFNɔ in ankle joint sections from arthritic animals in C57BL/6J mouse 
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groups treated with EBV DNA, collagen only, EBV DNA 6 days before collagen or 

distilled water.  
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Figure 19. IFNɔ+IL -17A+ cell counts in ankle joints from the EBV DNA-treated 

collagen-induced arthritis mouse model. IFNɔ + IL-17A+ cell counts were determined by 

immunofluorescent staining of ankle joint sections from arthritic animals in C57BL/6J 

mouse groups treated with EBV DNA, collagen only, EBV DNA 6 days before collagen or 

distilled water; * indicates p᾽ 0.05 compared to mice treated with collagen alone. 

 

D. EBV DNA alters the composition and diversity of intestinal microbiota in the 

RA mouse model   

Over the past decade, studies have shown that the intestinal microbiota play a role 

in shaping the immune system. It plays a role in maintaining hemostatic conditions while 
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dysbiosis is associated with disease states. Multiple lines of evidence indicate that there is 

an association between the intestinal microbiota and autoimmune diseases including RA 

(Scher & Abramson, 2011).  It has been indicated that patients with RA have a change in 

the gut microbiota composition which might trigger or drive inflammation (Scher et al., 

2010). In this study, we intended to determine the effect of EBV DNA on the composition 

and diversity of intestinal microbiota and identify whether this plays a role in arthritis 

development in our RA mouse model. 

 

1. Composition of the intestinal microbiota 

                 The relative abundance of the major genera/genus clusters, characterized as having 

a mean abundance of > 1% of the total bacteria, were identified in the arthritic and control 

mice (Figure 20). The microbiota of control samples that received distilled water were 

predominated by the genera/genus clusters Barnesiella (7.47%), Bacteriodes (4.41% ), 

Tannerella (4.4%), TM7 genus incertae sedis (4.4%), Allobaculum (3.58%), Alistipes 

(3.56%), Prevotella (2.57%), Ruminococcus (1.79%), Helicobacter (2.17%), and Hallela 

(1.03%). On the other hand, the microbiota of the group that was treated with collagen only 

was distinct and comprised mainly of Alistipes (5.71%), TM7 genus incertae sedis (5,65%), 

Bacteriodes (3.83%), Helicobacter (1.93%), Odoribacter (1.25%), and Parbacteriodes 

(1.22%). The microbiota of groups that were treated with either EBV DNA only or EBV 

DNA 6 days prior to collagen contained the same core genera/genus clusters and contained 

Bacteriodes (3.58%, 3.51%), Alistipes (3.32, 4.17%), TM7 genus incertae sedis (2.64%, 

3.51%), Barnesiella (1.08%, 1.05%). And Odoribacter (1.03%, 1.13%) respectively.  
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We identified that the percent abundance of 33 genera/genus clusters was 

significantly altered among the groups that either received collagen alone, EBV DNA 6 

days prior to collagen, EBV DNA or distilled water (Figure 21 and 22).  Among these 

genera/genus clusters the percent abundance of 26 genera/genus clusters was significantly 

changed in the group that received EBV DNA 6 days prior to collagen when compared to 

the distilled water group. The percent abundance of Acinetobacter, Anearoplasma, 

Clostridium cluster XVIII, Enhydrobacter, Helicobacter, Lactobacillus, Methylobacterium, 

Micrococcus, Mucispirillum, Nitrospira, Orbus, Parabacteriods, Paracoccus, 

Pedomicrobium, Perlucidibaca, Propionibacterium, Rhodococcus, Rothia, and 

Streptococcus was significantly decreased compared to the control. On the other hand, the 

percent abundance of Butyricicoccus, Desulfovibrio, Enterorhabdus, Paraprevotella, 

Veillonella and Pseudomonas increased significantly in comparison to the control. The 

percent abundance of 4 and 13 genera/genus clusters were significantly altered, in the 

groups that were treated with collagen only and EBV DNA only respectively when 

comparisons were made to the control group. The percent abundance of Desulfovibrio, 

Enterorhabdus, Paraprevotella, and Clostridium cluster XI increased significantly in the 

group that received collagen only when compared to the control. Concerning the group 

treated only with EBV DNA, the percent abundance of Acinetobacter, Anearoplasma, 

Helicobacter, Lactobacillus, Methylobacterium, Mucispirillum, Orbus, Parabacteriods, 

Pedomicrobium, and Alistipes was decreased significantly in comparison to the control. 

Whereas the percent abundance of Enterorhabdus, Veillonella, and Paraprevotella 

increased significantly compared to the control.  The percent abundance of 16 genera was 

significantly changed in the group that received EBV DNA 6 days prior to collagen in 
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comparison to the group that received collagen only. Paraprevotella was the only genus 

whose abundance was significantly changed among all groups when compared to the 

control group. The percent abundance of Clostridium cluster XI was only significantly 

changed in the group that was treated with collagen only when compared to the control 

group. The percent abundance of Leuconostoc, Bifidobacterium, Sphingomonas, and 

Naxibacter were only significantly altered when comparing the group that received EBV 

DNA 6 days prior to collagen to the group that received collagen only. On the other hand, 

the percent abundance of Butyricicoccus, Clostridium XVIII, Enhydrobacter, 

Prelucidibaca, Rhodococcus, Rothia, and Streptococcus were only significantly changed in 

the group that received EBV DNA 6 days prior to collagen when compared to the control 

group.  The percent abundance of the genus Alistipes was only significantly altered in the 

group treated only with EBV DNA in comparison to the control group (Figure 21 and 22). 

 From the statistically significant genera and clusters mentioned above, four genera 

namely Enterorhabdus, Desulvovibrio, Pseudomonas, Pediococcus, and Veillonella were 

not present in the control mice but appeared in arthritic mice in the group that received 

EBV DNA 6 days prior to collagen and the group treated only with collagen. Eleven genera 

were completely eliminated in the group that received EBV DNA 6 days prior to collagen 

and these included: Enydrobacter, Freidmanniella, Micrococcus, Nitrospira, Paracoccus, 

Pedomicrobium, Leuconostoc, Prelucidibaca, Rhodococcus, Pediococcus, and Rothia. In 

the group that was treated with collagen, all of the genera were present.   

The genera/genus clusters that showed a trend of increased or decreased percent 

abundance in both arthritic groups were identified. An increase or decrease in the same 
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direction of the group that received EBV DNA 6 days prior to collagen might provide 

insight into the genera/genus clusters that could play a role in arthritis and explain the 

differences in the severity of the disease among the arthritic groups. Among the 33 genera 

that were significantly altered among the various groups in comparison to the control, 26 

showed a trend in the change in the percent abundance (Figure 21 and 22). Among these 

genera/genus clusters, 6 showed an increase in the percent abundance in arthritic groups in 

comparison to the distilled water group namely Desulfovibrio, Enterorhabdus, 

Paraprevotella, Pseudomonas, Veillonella and Butyricicoccus. The remaining 20 

genera/genus clusters showed a decrease in the percentage abundance in mice that had 

arthritis in comparison to the control mice. These included Acinetobacter, Anearoplasma, 

Clostridium cluster XVIII, Enhydrobacter, Helicobacter, Lactobacillus, Methylobacterium, 

Micrococcus, Mucispirillum, Nitrospira, Orbus, Parabacteriods, Paracoccus, 

Perlucidibaca, Propionibacterium, Rhodococcus, Rothia, Streptococcus, Alistipes, and 

Bifidobacteria. 
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Figure 20. Relative abundance of colon microbiota genera/genus clusters detected in 

arthritic and control mice in the EBV DNA-treated collagen-induced arthritis mouse 

model. Relative abundance of the major bacterial taxa, characterized as having a mean 

abundance of >1% of the total bacterial content in groups that received either distilled 

water , EBV DNA only, collagen only, or EBV DNA 6 days prior to collagen determined 

using 16S rRNA sequencing. Data are mean abundance expressed as a percentage of the 

total bacterial count. 
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 Figure 21. The percent abundance of gram-negative colon microbiota genera/genus 

clusters whose abundance was altered in arthritic and control mice in the EBV DNA-

treated collagen-induced arthritis mouse model. The percent abundance of gram-

negative genera/genus clusters that were significantly altered in mouse groups that received 

distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to collagen 

determined using 16S rRNA sequencing. The red arrows indicate a trend of increased or 

decreased percent abundance in the arthritic groups compared to the distilled water-

administered group.  * indicates p᾽ 0.05 compared to mice treated with distilled water only. 

Àindicates p᾽ 0.05 compared to mice treated with collagen only.   
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Figure 22. The percent abundance of gram-positive colon microbiota genera/genus 

clusters whose abundance was altered in arthritic and control mice in the EBV DNA-

treated collagen-induced arthritis mouse model. The percent abundance of gram-

positive genera/genus clusters that were significantly altered in mouse groups that received 

distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to collagen 

determined using 16S rRNA sequencing. The red arrows indicate a trend of increased or 

decreased percent abundance in the arthritic groups compared to the distilled water-

administered group.  * indicates p᾽ 0.05 compared to mice treated with distilled water only. 

Àindicates p᾽ 0.05 compared to mice treated with collagen only.   

 

2. Alpha and Beta diversity  

Diversity is defined as ñvariability among living organisms from the ecological 

complexes of which organisms are part, and it is defined as species richness and relative 

species abundance in space and timeò (Schloss & Handelsman, 2006). Alpha diversity is 

organism diversity in a single habitat or at a local scale and is defined in terms of richness 

and evenness. Beta diversity is measured among various communities or habitats and 

observes changes in organisms along a gradient (Whittaker, 1960). 

Alpha diversity can be defined in terms of Shannon and Chao1 indeces. The 

Shannon index, initially proposed by Claude Shannon in 1948, is one of the most 

commonly used diversity indices. It is an estimator of diversity in terms of abundance, 

evenness, and richness (Lemos et al., 2011; McCarthy & Magurran, 2004). The Choa1 

index, developed by Anne Chao, is an estimator of the richness in a community. It is based 
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on the notion that rare species provide the most information about the number of missing 

species. Hence, singletons and doubletons are used to determine the number of missing 

species (Chao, 1984). 

In this study we measured the Shannon and Chao1 indeces of the microbiota among 

the various groups to determine the alpha diversity. Results showed that the Shannon index 

significantly decreased in all groups in comparison to the distilled water group (p value Ò 

0.0001 in all groups) (Figure 23). The greatest decrease occurred in the group that received 

EBV DNA only. The Chao1 index increased significantly in all groups when compared to 

the distilled water group (p value Ò 0.0001 in all groups) (Figure 24). The highest increase 

in the richness occurred in the group that received collagen only. Additionally, both the 

Shannon and Chao1 indeces significantly decreased in the group that was treated with EBV 

DNA 6 days prior to collagen in comparison to the group that was treated with collagen 

only (p value Ò 0.0001 for both indice
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Figure 23. Shannon index of mouse colon microbiota in the EBV DNA-treated 

collagen-induced arthritis mouse model. Shannon index in mouse groups that received 

distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to collagen, as a 

measure of alpha diversity. * indicates p᾽ 0.05 compared to mice treated with distilled 

water only. À indicates p᾽ 0.05 compared to mice treated with collagen only.   
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Figure 24. Chao1 richness estimator index of mouse colon microbiota in the EBV 

DNA-treated collagen-induced arthritis mouse model. Chao1 index in groups that 

received distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to 

collagen, as a measure of alpha diversity. * indicates p᾽ 0.05 compared to mice treated with 

distilled water only. À indicates p᾽ 0.05 compared to mice treated with collagen only.   

On the other hand, Beta diversity was calculated using the principal coordinate analysis 

(PCOA). PCOA is a multidimensional scaling tool that is used to visualize the dissimilarity 

among various groups (Gower, 2005). Our results showed that the beta diversity was not 
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dissimilar among the various groups (Figure 25). The samples in the group that received 

EBV DNA almost overlapped with the samples in the group that received EBV DNA 6 

days prior to collagen.   
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Figure 25. Principal Coordinate Analysis (PCOA) based on Bray and Curtis dissimilarity 

distance of mouse colon microbiota in the EBV DNA-treated collagen-induced arthritis 

mouse model. PCOA, as a measure of Beta diversity, was calculated using the Bray and Curtis 
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dissimilarity distance of the intestinal microbial composition and comparisons were made 

between groups that were treated with distilled water, EBV DNA only, collagen only, or EBV 

DNA 6 days prior to collagen.   

 

E. EBV DNA increases double positive IL-17A/ IFNɔ, double positive IL-17A/ 

FOXP3 cells, and triple positive IL-17A/ FOXP3/ IFNɔ cells in colon tissues of 

arthritic mice  

Under pathological conditions, the intestinal microbiota is altered leading to 

dysbiosis. The result is dysregulated immune responses and inflammation in the colon, 

which can eventually lead to tissue damage and disease development. Hence, in order to 

determine part of the dysregulated immune responses, the number of double positive IL-

17A/ IFNɔ cells, double positive IL-17A/ FOXP3 cells, and triple positive IL-17A/ FOXP3/ 

IFNɔ cells was identified in the colons of the various groups of mice with 

immunofluorescence staining. The number of IL-17A+/IFNɔ+ cells was the highest in the 

colons of mice that received EBV DNA 6 days prior to collagen (p=0.0147 vs control, 

0.0457 vs collagen, 0.0122 vs EBV DNA only) (Figure 27). The lowest number of L-

17A+/IFNɔ+ cells was observed in the colons of mice that received collagen only however 

this decrease was not significant in comparison to the control (p=0.19 vs control, 0.832 vs 

EBV DNA) (Figure 27). Similarly, the number of IL-17A+ FOXP3+ cells in the colons was 

highest in mice that received EBV DNA 6 days prior to collagen (p= 0.0178 vs control, 

0.00205 vs collagen, 0.0039 vs EBV DNA only). The number of IL-17A+ FOXP3+ in the 

colons of mice that were treated with collagen only was increased in comparison to the 
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control (p= 0.054) (Figure 28). When the number of triple positive IL-17A/ FOXP3/ IFNɔ 

cells were determined in the various groups in the colon sections, it was observed that the 

highest number of these cells was found in mice treated with EBV DNA 6 days prior to 

collagen (p=0.01 vs control, 0. 0.0207 vs collagen, 0.0128 vs EBV DNA only) (Figure 29). 

The number of triple positive IL-17A/ FOXP3/ IFNɔ cells in colon sections of mice treated 

with collagen only was higher than that of mice treated with EBV DNA only or distilled 

water however this increase was not significant (p=0.173 vs control, 0.411 vs EBV DNA). 

Figure 26 shows immunofluorescent staining for IL-17A, IFNɔ, and FOXP3 in arthritic mice 

and control mice. 
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Figure 26. Immunofluorescent staining for IL-17A, FOXP3 and IFNɔ in colons from 

the EBV DNA-treated collagen-induced arthriti s mouse model. Immunofluorescent 

staining for IL-17A, FOXP3, and IFNɔ in colon sections from C57BL/6J mouse groups 

treated with distilled water, EBV DNA only, collagen only, or EBV DNA 6 days before 

collagen. 
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Figure 27. IFNɔ+IL -17A+ cell counts in colons from the EBV DNA-treated collagen-

induced arthritis mouse model. IFNɔ + IL-17A+ cell counts were determined by 

immunofluorescent staining of colon sections from arthritic animals in C57BL/6J mouse 

groups treated with distilled water, EBV DNA only, collagen only, or EBV DNA 6 days 

before collagen; * indicates p᾽ 0.05 compared to mice treated with collagen alone. 
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Figure 28. IL-17A+FOXP3+ cell counts in colons from the EBV DNA-treated collagen-

induced arthritis mouse model. IL-17A+ FOXP3+ cell counts were determined by 

immunofluorescent staining of colon sections from arthritic animals in C57BL/6J mouse 

groups treated with distilled water, EBV DNA only, collagen only, or EBV DNA 6 days 

before collagen; * indicates p᾽ 0.05 compared to mice treated with collagen alone. 
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Figure 29.  IL-17A+ FOXP3+IFNɔ+ cell counts in colons from the EBV DNA-treated 

collagen-induced arthritis mouse model. IL-17+ FOXP3+IFNɔ + cell counts were 

determined by immunofluorescent staining of colon sections from arthritic animals in 

C57BL/6J mouse groups treated with distilled water, EBV DNA only, collagen only, or 

EBV DNA 6 days before collagen; * indicates p᾽ 0.05 compared to mice treated with 

collagen alone. 

 

F.  Fecal microbiota transplantation from EBV arthritis -affected mice to 

antibimicrobial treated mice shows that microbiota contribute directly to 

arthritis progression  

To determine if the microbiota composition contributes directly to arthritis 

progression in an RA mouse model, fecal transplantation from EBV arthritis-affected mice 

to antimicrobial-treated mice was carried out.  
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1. Fecal microbiota transplantation from EBV DNA/collagen-injected mice induced 

the highest incidence of arthritis in an RA mouse model 

In this study three groups of mice were transplanted with feces obtained previously 

from mice that either received distilled water, collagen only, or EBV DNA 6 days prior to 

collagen. These mice were then induced with type II chicken collagen to develop arthritis. 

The incidence of arthritis in the mice that were inoculated with feces from the group that 

was previously treated with collagen only was 55.5%. Similarly, the group of mice that 

were given feces from mice that received distilled water had a 50% incidence of the 

disease. However, when mice were given feces from the group that was previously treated 

with EBV DNA 6 days prior to collagen the incidence of arthritis significantly increased 

(94.4%, p=0.0178 compared to the group that received feces obtained previously from mice 

that were given collagen, p= 0.0056 compared to the group that received feces obtained 

previously from mice that were injected with distilled water). All of these mice started 

developing arthritis at day 22-post induction with collagen. In the group that received feces 

from mice that were treated beforehand with EBV DNA 6 days prior to collagen, 50% of 

the mice started developing arthritis on day 22. Additionally, arthritis development in this 

group of mice occurred between day 22 and day 62. The group that received feces from 

mice that were given collagen only developed arthritis within a short period of time (day 

22-35). Mice in the group that was transplanted with feces from mice that previously 

received distilled water only developed RA between day 22 and 43. Figure 30 shows the 
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incidence of arthritis in the groups of mice that were subjected to the fecal transplantation 

and arthritis induction.  
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Figure 30.  Incidence of arthritis in mice that received fecal microbial transplantation 

(FMT) from EBV DNA -treated arthritic mice and subsequently induced with type II 

chicken collagen. Incidence (%) of arthritis in various groups of C57BL/6J mice that 

received feces from mice that were injected with type II chicken collagen (n=18), mice that 

were treated with EBV DNA 6 days before collagen (n=18), or from mice treated with 

distilled water (n=16). Subsequent to FMT, arthritis was induced by type II chicken 

collagen administration; * indicates p᾽ 0.05 compared to the group that received feces from 

mice treated with collagen only. 

 



 

126 
 

2. Fecal microbiota transplantation from EBV DNA/collagen injected mice increases 

the severity of arthritis in an RA mouse model 

The average hind paw thickness in mice that received feces from collagen-treated 

mice and mice that were inoculated with feces from distilled water-injected mice was 

similar; the average hind paw thickness in these mice was 2370 µm and 2375 µm 

respectively. However, when mice were given feces from mice that were treated with EBV 

DNA 6 days prior to collagen, the hind paw thickness significantly increased (2941.18 µm), 

an indication of increased severity of arthritis (p= ᾽0.0001 compared to mice that received 

feces from collagen treated mice). Figure 31 shows the average hind paw thickness in the 

various groups of mice. 
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Figure 31. The average hind paw thickness in arthritis-affected mice that received fecal 

microbial transplantation (FMT) from EBV DNA-treated arthritic mice and 

subsequently induced with type II chicken collagen. The average hind paw thickness in 
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various groups of C57BL/6J mice that received FMT from mice that were injected with 

collagen alone, mice that were treated with EBV DNA 6 days before collagen, or mice treated 

with distilled water. Subsequent to FMT, arthritis was induced by type II chicken collagen 

administration; * indicates p᾽ 0.05 compared to the group that received feces from mice 

treated with collagen only. 

The grip strength of the affected paw in arthritic mice was then measured to assess 

the function of the joint and determine the severity of arthritis. The average grip strength in 

the group that received feces from distilled water injected mice was 32.2938 gf. Similarly, the 

average grip strength in the group of mice that were given feces from collagen injected mice 

was 32.435 gf. The average grip strength significantly decreased to 15.3941 gf in mice that 

received feces from EBV DNA and collagen treated mice (p= ᾽0.0001 compared to mice that 

received feces from collagen treated mice) (Figure 32). 
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Figure 32. Average grip strength of arthritis -affected mice that received fecal microbial 

transplantation (FMT ) from EBV DNA-treated arthritic mice and subsequently induced 

with type II chicken collagen. The average grip strength in various groups of C57BL/6J mice 

that received FMT from mice that were injected with collagen alone, mice that were treated 

with EBV DNA 6 days before collagen, or from mice treated with distilled water. Subsequent 

to FMT, arthritis was induced by type II  chicken collagen administration; * indicates p᾽ 0.05 

compared to the group that received feces from mice treated with collagen only. 

The clinical score of the mice that developed arthritis after collagen induction and 

fecal transplantation from the various groups was determined. The arthritic clinical scores of 

mice that received feces from EBV DNA in addition to collagen-injected mice were 

significantly higher than the clinical scores of mice that received feces from mice that were 

treated with collagen or distilled water (p= 0.0006 compared to mice that received feces from 

collagen treated mice and p= ᾽0.0001 compared to mice that received feces from distilled 

water injected mice) (Figure 33). A high proportion (87.5% and 70%) of the clinical scores 

were below a score of 1.5 in the groups that received feces from mice that were treated with 

collagen and mice that were injected with water respectively. However, 94% of the clinical 

scores clustered at a score of 1.5 and above in mice that received feces from mice that were 

given EBV DNA 6 days prior to collagen. 
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Figure 33. Arthritis clinical score of arthritic mice that received fecal microbial 

transplantation (FMT) from EBV DNA -treated arthritic  mice and subsequently induced 

with type II chicken collagen. Clinical scores in various groups of C57BL/6J mice that 

received FMT from mice that were injected with collagen alone, mice that were treated with 

EBV DNA 6 days before collagen, or from mice treated with distilled water. Subsequent to 

FMT, arthritis was induced by type II chicken collagen administration; * indicates p᾽ 0.05 

compared to the group that received feces from mice treated with collagen only. 

The histological scores of the ankle joints and footpads were determined in arthritic 

mice that were subject to fecal transplantation from the various group of mice described above 

to assess tissue damage and determine the severity of inflammation. The histological scores of 

the ankle joints of arthritic mice in the group that was transplanted with feces from mice that 

received EBV DNA 6 days prior to collagen were significantly higher than the scores of mice 
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that received feces from mice that were distilled water treated or collagen injected (p= 

0̓.0001 compared to mice that received feces from distilled water injected mice and mice that 

received feces from collagen treated mice) (Figure 35). The histological scores of the ankle 

joints in the arthritic mice were all below a score of 8 in mice that received feces from distilled 

water-injected mice. Similarly, a large proportion (90%) of the scores were clustered below a 

score of 8 in arthritic mice that received feces from collagen treated mice. On the other hand, 

94% of the histological scores were a score of 8 or above in the arthritic mice that were 

inoculated with feces from mice that received EBV DNA 6 days prior to collagen. 

 

 

 

 

Figure 34. Representative histological sections of ankle joints from mice that received 

fecal microbial transplantation (FMT) from EBV DNA-treated arthritic mice and 

subsequently induced with type II chicken collagen. Histological sections from various 

groups of C57BL/6J mice that received FMT from mice that were injected with collagen 
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alone, mice that were treated with EBV DNA 6 days before collagen, or from mice treated 

with distilled water. Subsequent to FMT, arthritis was induced by type II chicken collagen 

administration.  Cartilage destruction and inflammatory infiltrates are indicated. 
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Figure 35. Histological scores of ankle joints from arthritic mice that received fecal 

microbial transplantation (FMT) from EBV DNA -treated arthritic mice and 

subsequently induced with type II chicken collagen. Histological scores of the ankle 

joints from various groups of C57BL/6J mice that received FMT from mice that were 

injected with collagen alone, mice that were treated with EBV DNA 6 days before collagen, 

or from mice treated with distilled water. Subsequent to FMT, arthritis was induced by type 

II chicken collagen administration; *  indicates p᾽ 0.05 compared to the group that received 

feces from mice treated with collagen only. 

  The histological scores of the footpads in arthritic mice were significantly higher in 

the group that was given feces from mice that received EBV DNA 6 days prior to collagen 

than the scores of mice that received feces from mice that were distilled water treated or 
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collagen injected (p= ᾽0.0001 compared to mice that received feces from c injected collagen 

mice and p= 0.0003 compared to mice that received feces from distilled water treated mice) 

(Figure 37). A quarter of the histological scores of the footpads in the arthritic mice were a 

score of 4 and above in mice that received feces from distilled water injected mice and mice 

that received feces from collagen treated mice. On the other hand, all of the histological scores 

were above a score of 4 in the arthritic mice that were transplanted with feces from mice that 

received EBV DNA 6 days prior to collagen. These results show that the level of 

inflammation and damage was highest in arthritic mice that received feces from mice treated 

with EBV DNA 6 days prior to collagen. Figure 34 and 36 shows representative histological 

sections from ankle joints and footpads of arthritic mice that received feces from the various 

groups. 
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Figure 36. Representative histological sections of footpads o mice that received fecal 

microbial transplantation (FMT) from EBV DNA -treated arthritic mice and 

subsequently induced with type II chicken collagen. Histological sections in various 

groups of C57BL/6J mice that received FMT from mice that were injected with collagen 

alone, mice that were treated with EBV DNA 6 days before collagen, or from mice treated 

with distilled water.  Subsequent to FMT, arthritis was induced by type II chicken collagen 

administration. Inflammatory infiltrates are indicated 
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Figure 37. Histological scores of footpads from arthritic mice that received fecal 

microbial transplantation (FMT)  from EBV DNA-treated arthritic mice and 

subsequently induced with type II chicken collagen. Histological scores of the footpads 

in various groups of C57BL/6J mice that received feces from mice that were injected with 

type II chicken collagen, mice that were treated with EBV DNA 6 days before collagen, or 

from mice treated with distilled water. Subsequent to FMT, arthritis was induced by type II 

chicken collagen administration; * indicates p᾽ 0.05 compared to the group that received 

feces from mice treated with collagen only. 
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CHAPTER V 

DISCUSSION 

 

Viruses and bacteria are considered some of the main environmental challenges that 

trigger an inappropriate immune response that results in an autoimmune disease such as 

RA. EBV DNA, shed during the common EBV-reactivated infection, may exacerbate 

autoimmune diseases by increasing the production of proinflammatory cytokines. This 

proinflammatory milieu may alternatively enhance the risk of an autoimmune disease in 

predisposed individuals. Previous studies by our group indicated that EBV DNA enhances 

the production of proinflammatory cytokines in wild type mice (Rahal et al., 2015). In the 

study at hand, we employed a mouse model of arthritis to demonstrate that these 

proinflammatory properties of EBV DNA directly contribute to the development and 

severity of an autoimmune disease, in particular RA. 

CIA is a conventional model of RA that is generated by active immunization 

(Holmdahl et al., 1986; Trentham et al., 1977). This mouse model has many characteristics 

similar to human RA including breach of tolerance and generation of autoantibodies toward 

self and to collagen, which makes it the golden standard for in vivo models of RA (Asquith 

et al., 2009). Collagen type II, the only form of collagen that induces acute or subacute 

polyarthritis in this model, is the main type in articular cartilage. In some RA patients, 

immunoreactivity to collagen type II has been identified (Cook et al., 1994; Tarkowski et 

al., 1989). Since our aim was to determine the additive effect of EBV DNA in the 
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development of RA, it was necessary to choose a mouse strain with a moderate arthritis 

response to an inducing agent. Hence, CIA in C57BL/6J mice was used for this purpose. 

Several studies have indicated that the incidence of arthritis in this model ranges between 

50% and 80%, providing a margin to observe the EBV DNA effect (Campbell et al., 2000; 

Inglis et al., 2008; Pietrosimone et al., 2015). The model in C57BL/6J mice also results in a 

milder, however more chronic disease, with prolonged T cell responses (Inglis et al., 2007).  

Similar to other studies (Inglis et al., 2008), the incidence of arthritis in the group of 

mice that received collagen alone in our study was 54.8%. When EBV DNA was 

administered in addition to collagen, the incidence of the disease increased to 83.3%. This 

was in accordance with our previous studies demonstrating that EBV DNA increases 

proinflammatory cytokine levels in mice leading to systemic inflammation and acting as a 

risk factor for the development of autoimmune diseases. Additionally, the group that 

received the bacterial control DNA in addition to collagen had a similar incidence to the 

group that received collagen alone. This indicates that the increase in incidence seen in the 

group that received EBV DNA in addition to collagen is likely due to the immuno-

stimulatory effect of the EBV DNA. The group that received EBV DNA 6 days prior to 

collagen had a higher incidence of arthritis than the group that received EBV DNA 15 days 

post collagen. Additionally, the increase in incidence of the disease in the latter group was 

not significant when compared to the control groups. We previously observed that IL-17A 

levels peak 6 days after DNA administration. The significantly higher incidence observed 

in the group that received EBV DNA 6 days prior to collagen is hence likely the result of 

an EBV DNA-triggered IL-17A response early in the arthritis-induction protocol. We have 
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previously observed that EBV DNA results in an IL-17A peak 6 days after administration; 

this is expected to create an environment that is rich in proinflammatory cytokines resulting 

in exacerbating the symptoms and occurrence of the disease. Moreover, the disease was at 

its severest in the group that was administered the viral DNA 6 days prior to collagen. On 

the other hand, administration of EBV DNA 15 days post collagen would cause a peak in 

IL-17A levels after the disease has progressed. Our observations may indicate that 

increased levels of IL-17A are of a more relevant impact early on during the disease 

initiation phase. 

It has been well documented that the generation of collagen type II-specific 

antibodies is required for RA development and progression. A study by Svensson et al. 

(1998) showed that B cell deficient mice with a susceptible background to CIA do not 

develop arthritis when induced with collagen (Svensson et al., 1998). Additionally, 

administration of anti-collagen antibodies induce arthritis in DBA1 mice (Holmdahl et al., 

1986). In our study we observed that mice that developed arthritis had a significantly higher 

relative concentration of IgG antibodies against type II chicken collagen than mice treated 

with distilled water only. Additionally, we demonstrated that mice that received EBV DNA 

6 days prior to collagen had an increased relative concentration of these antibodies in 

comparison to mice treated with collagen only. In a series of in vivo studies it was shown 

that the antibody mediated immune response against collagen is one of the major 

mechanism of arthritis induction. This might occur when anti-type II collagen antibodies 

bind to normal joint cartilage surface. An inflammation cascade is then triggered by these 

antibodies by forming immune complexes stimulating the complement system or through 
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direct engagement of cells carrying Fc receptors (Colten, 1994; Holmdahl et al., 1991; Mo 

et al., 1994; Ravetch & Clynes, 1998).         

Previous studies have demonstrated a pathologic role for IL-17A in mouse models 

of arthritis by neutralizing this cytokine (Lubberts et al., 2004) or using IL-17A deficient 

mice (Nakae et al., 2003). Additionally, IL-17A has been shown to play a primary role in 

CIA by priming collagen specific T and B cells (Nakae et al., 2003). In our study, IL-17A 

sera levels were increased in all arthritic mice (collagen and collagen with EBV DNA) in 

comparison to the distilled water-treated group. The highest increase in IL-17A levels were 

observed in the groups that received EBV DNA alone and EBV DNA in addition to 

collagen. Lubberts et al. (2004) have indicated that IL-17A not only plays a role in the 

initial phase of the disease by inducing inflammation and tissue destruction, but also 

functions in the later phases by prolonging and propagating the disease (Lubberts et al., 

2004).  

Contradictory roles for IFNɔ in CIA have been reported suggesting both pathologic 

and protective effects (Schurgers et al. 2011). Its possible pathologic roles in CIA include: 

1) potent activation of macrophages and neutrophils, 2) upregulation of the expression of 

MCH-II on APCs including cells that do not express this molecule 3) induction of 

differentiation of Th0 cells to Th1 which in turn produce IFNɔ hence creating a positive 

feedback loop and 4) stimulation of leukocyte trafficking and chemokine production. On 

the other hand, its possible protective roles include: 1) inhibition of Th17 differentiation 

and of IL-17A effector functions, 2) increased activity of Treg cells, 3) Inhibition of 

processes enabling macrophages and monocytes to give rise to osteoclasts and 4) reduction 
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of neutrophil mobilization (Schurgers et al., 2011). In our study, the IFNɔ sera levels were 

increased in arthritic groups. However, the highest increase in this cytokine was in the 

group that received collagen only. In line with our results, the study by Inglis et al. (2007) 

showed that IFNɔ levels in lymph node cells in the C57BL/6J CIA model were high both in 

the early and late phase of the disease (Inglis et al., 2007). The level of IFNɔ was lower in 

the group that received EBV DNA in addition to collagen than the group that received only 

collagen. This might indicate that in the former group the cytokine profile balance may be 

shifted from a predominantly Th1 to a Th17 immune response. 

As indicated above, the role of IFNɔ and IL-17A in autoimmune and inflammatory 

diseases is well-documented. However, little information is known about the interplay of 

these cytokines in autoimmune diseases. Several studies have shown that IL-17A+IFNɔ+ T 

cells were elevated in various autoimmune diseases. A study by Kebir et al. (2009) 

demonstrated that there was an increased tendency for lymphocytes obtained from the 

blood of multiple sclerosis patients to expand into IFNɔïproducing Th17 cells (Kebir et al., 

2009). Additionally, a large number of lymphocytes that are double positive for these 

cytokines were identified in the brains of these patients. Annunziato et al. (2007) showed 

the presence of a subset of Th17 cells that produce both IFNɔ and IL-17A in the gut of 

patients with Crohnôs disease (Annunziato et al., 2007). Our study shows that the highest 

counts of IL-17A+ IFNɔ+ cells are seen in joints from mice given EBV DNA in addition to 

collagen. These mice also displayed the severest symptoms; this supports previous findings 

indicating that cells that produce both IFNɔ and IL-17A are more cytotoxic and potent 

(Boniface et al., 2010). The systemic levels of IFNɔ and IL-17A were elevated in both the 
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group that received collagen only and the group that received EBV DNA and collagen; 

however, there were no marked differences in the systemic levels of the cytokines between 

the two groups. Hence, the increase in the incidence and severity of arthritis in the group 

that received both the viral DNA and collagen is not explained by the systemic levels of 

these cytokines. On the other hand, both the anti-collagen antibodies and the joint IL-17A+ 

IFNɔ+ cells were significantly elevated in the group that received both EBV DNA and 

collagen. Therefore, the enhanced levels of the arthritis-triggering antibodies coupled with 

the increase in localized inflammation in the joints is what likely led to this increase in the 

incidence of arthritis and exacerbation of its symptoms. 

Another factor that might play a role in inflammation and autoimmune diseases 

including RA is the intestinal microbiota. The gut microbiota shapes the development of 

the immune system and maintains a basal physiological level of intestinal inflammation 

(Wu et al., 2016). Under certain pathological condition or environmental triggers, the 

balance in the microbiota composition is altered leading to dysbiosis. This results in 

dysregulated immune responses and inflammation which can lead to tissue damage and 

disease development (Wu et al., 2016). In this study, we assessed the effect of EBV DNA 

on the composition, diversity, and abundance of the microbiota in an RA mouse model. The 

group that had the largest number of genera whose percent abundance was significantly 

altered compared to the control was the group that received EBV DNA 6 days prior to 

collagen. The group that received collagen only had a fewer number of genera whose 

percent abundance was significantly changed in comparison to the control. This was also 

supported by the Shannon index which showed that the diversity of the microbiota was 
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significantly decreased in arthritic mice in the groups that were treated with collagen alone 

or treated with EBV DNA 6 days prior to collagen. This is in accordance with other studies 

which showed the diversity in terms of Shannon index was decreased in arthritic mice 

(Jubair et al., 2018; R. Rogier et al., 2017). These results are also in accordance with other 

studies that characterized the gut microbiota in human autoimmune diseases such as RA, 

inflammatory bowel disease (IBD), and psoriasis (Giongo et al., 2011; Scher et al., 2013, 

2015; Sun et al., 2019). Our results also showed that the decrease in the diversity of the 

microbiota was more pronounced in arthritic mice that were treated with EBV DNA 6 days 

prior to collagen, the group of mice that showed the highest severity and incidence of 

arthritis. A study by Chen et al. (2016) showed that the alpha diversity of microbiota in 

terms of the Shannon index negatively correlates with rheumatoid factor levels (indicating 

disease severity) in RA patients (Chen et al., 2016). On the other hand, the Chao1 index, 

which represents richness of the microbiota in terms of rare species, was significantly 

increased in arthritic mice that received collagen when compared to the control group. This 

may be due to the decreased abundance of several genera/genus clusters in the EBV DNA 

treated mice, which would allow over-representation of rare species. Concerning the beta 

diversity, our results showed that samples from the different groups were not dissimilar and 

diverse. This is not surprising as differences in the abundance of a small number of genera 

will not likely cause divergence in the composition of the microbiota. 

The percent abundance of six genera was increased in mice that had arthritis in 

comparison to the control and this increase was highest in the group that received EBV 

DNA 6 days prior to collagen. These genera included: Butyricicoccus, Paraprevotella 
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Enterorhabdus, Desulvovibrio, Pseudomonas, and Veillonella. A study employing the 

DBA/1 CIA mouse model showed that the abundance of the Enterorhabdus genus was low 

in mice prior to arthritis development but dramatically increased as the disease progressed. 

In the same study, the abundance of the Desulvovibrio genus was also increased in arthritic 

DBA/1 mice in comparison to control mice (Liu et al., 2016). Additionally, the abundance 

of enteropathogenic bacteria such as Pseudomonas has been shown to be significantly 

increased in patients with reactive arthritis in comparison to healthy controls (Manasson et 

al., 2018). Concerning the genus Veillonella, several studies have reported an increase in its 

abundance in the gut or oral microbiota in different diseases such as SLE, RA, and 

Ankylosing Spondylitis (Chen et al., 2018; Li et al., 2019; Ġinkorov§ et al., 2008). The 

abundance of the genus Paraprevotella was increased in autoimmune diseases including 

ankylosing spondylitis and Bechetôs disease in several studies (Lin et al., 2014; Ye et al., 

2018). In our study we showed that the abundance of the genus Butyricicoccus was 

increased in arthritic mice in comparison to the control. Butyricicoccus, belonging to the 

family of Clostridiaceae, is a producer of butyrate, a short chain fatty acid (SCFA). SCFAs 

help promote epithelial function and induce anti-inflammatory immune responses in the 

intestines (Parada Venegas et al., 2019). The abundance of Butyricicoccus in our study may 

have increased in arthritic mice due to the changes in the flora composition; however, this 

increase was not sufficient to compensate for the other proinflammatory factors. 

The percent abundance of 20 different genera was significantly reduced in arthritic 

mice in comparison to the distilled water-treated mice. The greatest decrease in the 

abundance of these genera was in the group of mice injected with EBV DNA 6 days prior 
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to collagen. The significantly reduced genera or genus clusters include Helicobacter, 

Parabacteriods, Alistipes, Acinetobacter, Anearoplasma, Enhydrobacter, Lactobacillus, 

Methylobacterium, Propionibacterium, Bifidobacterium, Micrococcus, Mucispirillum, 

Nitrospira, Orbus, Paracoccus, Perlucidibaca, Rothia, Rhodococcus, Clostridium XVIII, 

and Streptococcus. The role of Anearoplasma, Clostridium XVIII, Parabacteriods, and 

Bifdobacteria as immunomodulatory agents in the gut microbiota has been well 

documented. A recent study by Beller et al. (2020) demonstrated that gut microbiota 

belonging to the genus Anearoplasma increase the levels of mucosal IgA, strengthen the 

intestinal barrier, and promote anti-inflammatory immune responses by inducing TGF-ɓ 

production (Beller et al., 2020). Similarly, Atarashi et al. (2011) showed that Clostrdia 

species including the Clostridium XVIII cluster induce the production of IL-10 and promote 

Treg proliferation (Atarashi et al., 2011). Additionally, the abundance of Clostridium XVIII 

has been identified to be low in autoimmune diseases such as RA (Li et al., 2021). Another 

genus which has been associated with anti-inflammatory immune responses is 

Pacbacteroids. A study by Kverka et al. (2011) showed that Parabacteroids distasonis 

drives T cell differentiation towards an anti-inflammatory immune response (Kverka et al., 

2011). Species of Bifidobacterium genus are normal residents of a healthy human intestine 

and modifications in their composition or a decrease in the abundance of their populations 

is one of the most frequent characteristic present in inflammatory and autoimmune diseases 

(Tojo et al., 2014). These are in line with our results, which show that the percent 

abundance of these genera was significantly reduced in arthritic mice in comparison to 

control mice. 
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The proportions of the Alistipes, Rothia, and Streptococcus genera were reduced in 

our study in arthritic mice when compared to the controls. This is in line with a study done 

in a CIA model in DBA/1 mice in which the abundance of Alistipes and Streptococcus were 

significantly reduced in arthritic mice when compared to non-treated mice. Alistipes has 

been associated with mucosal thickness, thus it is likely to be decreased during dysbiosis 

(Liu et al., 2016). Interestingly, a recent study showed that changes in the oral microbiota, 

especially species associated with periodontal disease, were associated with severe RA. The 

reduction of probiotic species such as Streptococcus and Rothia can induce the production 

of inflammatory mediators such as IL-17 and IFNɔ (Corrêa et al., 2019). 

The  Helicobacter and Mucispirillum genera have been associated with autoimmune 

diseases and inflammation (Berry et al., 2015; Papamichael, 2014). However, the 

abundance of Mucispirillum has been reported to be decreased in DBA/1 arthritic mice in 

the study by Liu et al. (Liu et al., 2016). Similarly, the proportion of Helicobacter has been 

shown to be reduced in RA patients in China (Sun et al., 2019). Interestingly, the 

abundance of Helicobacter was reported to be reduced in MS patients and infection with H. 

pylori could be a potential protective factor for MS development (Pedrini et al., 2015). It 

has also been indicated that chronic infection with H .pylori induces Th2 and Treg 

proliferation which increase anti-inflammatory cytokines and protect against autoimmune 

diseases (Kao et al., 2010). Hence, these are in line with our results which show a decrease 

in the abundance the above mentioned genera in comparison to the controls.      

 In our study, we report that the abundance of Propionibacterium and Rhodococcus 

was reduced in arthritic mice in comparison to distilled water treated mice. 
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Propionibacterium, belonging to a lypophylic taxa, has been identified at low abundance in 

skin biopsies of patients with systemic sclerosis, a progressive autoimmune disease 

(Johnson et al., 2019). It has also been shown that propionic acid bacteria which include 

Propionibacterium can act as probiotic (Vorobjeva et al., 2008). On the other hand, the 

genus Rhodococcus has been identified at a low proportion in RA patients (Sun et al., 

2019). Thus, this supports our results in which Propionibacterium and Rhodococcus were 

reduced in arthritic mice. 

Associations between the Methylobacterium and Micrococcus genera and 

autoimmune diseases have not been well investigated; however, except a study by 

Alekseyenko et al. (2013) indicated that Methylobacterium has a reduced abundance in skin 

lesions of patients with psoriasis vulgaris (Alekseyenko et al., 2013). Another study showed 

that the proportion of Micrococcus was reduced in patients with Sjºgrenôs syndrome in 

comparison to healthy controls (MacFarlane, 1984). Additionally, the Orbus, 

Enhydrobacter, Perlucidibaca, and Nitrospira genera has not been previously associated 

with autoimmune or inflammatory diseases. Our study identified that lower levels of these 

genera were detected in arthritic than in the control groups.  

 The abundance of Acinetobacter, Paracoccus, and Lactobacillus was reduced in 

arthritic mice in comparison to the control mice. Acinetobacter has been associated with 

autoimmune diseases such as MS and the abundance of this genus was found to be 

increased in MS patients (Cekanaviciute et al., 2017). Paracoccus has also been identified 

as a risk factor for inflammation in the skin (van Rensburg et al., 2015). These findings are 

not in line with our results and the abundance of these genera may have been altered as a 
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result of the other changes in the composition of the microbiota. Lactobacillus can have 

either a protective or harmful role in autoimmune diseases depending on the species. 

Lactobacillus salivarius, Lactobacillus iners, and Lactobacillus reminis have been 

identified in high numbers in RA patients and have been associated with the development 

of the disease (Liu et al., 2013). On the otherhand, Lactobacillus plantarum. Lactobacillus 

rhamnosus, Lactobacillus casei, and Lactobacillus helveticus can act as probiotics and have 

been associated with anti-inflammatory immune responses (de Oliveira et al., 2017).  

 The interaction between the intestinal microbiota and host immunity is dynamic and 

complex. During early life, colonization of the mucosal surfaces with commensal 

microbiota helps in the development and maturation of the immune system (Gensollen et 

al., 2016). In adulthood, a homeostatic environment in the intestine is maintained by 

regulating a basal level of inflammation and providing tolerance to self-antigens and 

commensal bacteria (Duchmann et al., 1995). Whenever dysbiosis occurs due to a 

combination of genetic and environmental factors, the composition and number of the 

different populations of the microbiota is affected and this leads to aberrant immune 

responses. This activates proinflammatory immune responses which in turn can affect 

further the microbiota and result in chronic inflammation, tissue injury, and diseases 

including autoimmune diseases (Zheng et al., 2020). In this study we identified the main 

immune responses that might be involved in the colons of arthritic mice by 

immunofluorescence. We examined two immune cell populations mainly IL-17A+IFNɔ+ 

cells and IL-17A+FOXP3+ cells in the colons of these mice and in control mice. As 

discussed earlier, cells that co-express IL-17A and IFNɔ are more cytotoxic and potent and 
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have been identified in a number of autoimmune diseases (Annunziato et al., 2007; 

Boniface et al., 2010; Kebir et al., 2009). There was no significant difference in the number 

of IL-17A+IFNɔ+ cells in the group that received collagen only and the group that received 

distilled water. However, the number of IL-17A+IFNɔ+ cells significantly increased in mice 

that received EBV DNA 6 days prior to collagen.  

FOXP3+CD4+ Treg cells are heterogeneous in gene expression, phenotype, and 

suppressive activities. A recent study identified FOXP3+ IL-17A+ Treg cells in the 

intestinal lamina propria of Crohnôs disease patients. Similar to Th17 cells, these cells had 

the ability to secrete IL-17, IL-22, IL-21, while expressing high levels of RORɔt 

(Hovhannisyan et al., 2011). In our study, both groups of arthritic mice had an increase in 

the number of IL-17A+FOXP3+ cells in comparison to the control group, however the 

greatest increase was in the group that received EBV DNA 6 days prior to collagen. 

Additionally, we showed that the highest increase in the number of cells that were triple 

positive for IL-17A, FOXP3 and IFNɔ was in the group that received the EBV DNA in 

addition to collagen. A study by Afzali et al. (2013) showed that the number of IL-

17A+FOXP3+ cells in blood from RA patients was higher than in healthy controls (Afzali et 

al., 2013). On the other hand, several studies reported an increase in IL-17A+FOXP3+ cells 

in lymphocytes of IBD patients (Hovhannisyan et al., 2011; Ueno et al., 2013). 

Furthermore, a number of studies have demonstrated that IL-17A+FOXP3+ cells produce 

IFNɔ and IL-2 along with IL-17A (Jorn Bovenschen et al., 2011; Koenen et al., 2008; 

Pesenacker et al., 2013). It has been proposed that ongoing autoimmunity in the EAE 

mouse model is likely to represent defective function of Tregs and lose FOXP3 expression 
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under inflammatory conditions and can be induced to express proinflammatory cytokines, 

such as IL-17 and IFNɔ (IFNɔ+FOXP3+ IL-17A+) (Wei et al., 2009; L. Xu et al., 2007; 

Yang et al., 2008). In conclusion, these results might indicate that the increase in the 

number of triple positive IFNɔ FOXP3 IL-17A cells in the colons of arthritic mice could 

affect systemic inflammatory responses more so than non- IFNɔ producing 17A+FOXP3+ 

cells. 

  Following the observation that EBV DNA increases the incidence and severity of 

arthritis, upregulates immune cells involved in inflammation, and alters the diversity and 

composition of microbiota in an RA mouse model, we wanted to determine if EBV DNA 

contributes directly to RA development. This was done by fecal transplantation from 

arthritic EBV DNA treated mice to ones treated with antimicrobials followed by arthritis 

induction. We depleted the intestinal microbiota through antimicrobial-treatment instead of 

using germ free mice since we intended to use mice that had a mature immune system so as 

observe the effect of microbiota transplantation on arthritis development.  Microbiota is 

essential for the development of the immune system postnatally, which in turn contributes 

to their regulation. Studies performed in germ free animals showed that the microbiota 

plays a vital role in secondary lymphoid structure development (Bauer et al., 1963; Hamada 

et al., 2002; Mazmanian et al., 2005; Talham et al., 1999). Additionally, the lack of 

microbiota in germ free mice is not exclusive to the intestinal microbiota; hence, by using 

antimicrobial-treated mice we can examine the role of intestinal microbiota as a trigger for 

RA. In our study, we showed that mice that received feces from EBV DNA injected 

arthritic mice had a higher incidence and severity of arthritis in comparison to mice that 
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received feces either from collagen-treated mice or from distilled water- injected mice. 

Hence, this shows that the microbiota from EBV DNA-injected mice contributed to the 

higher incidence and severity of arthritis in the CIA mouse model. The incidence and 

severity of arthritis in the groups that received feces from collagen-treated mice and from 

distilled water-treated mice and then treated with type II chicken collagen were similar. 

This might be due to the likely possibility that both these groups would eventually have 

similar microbiota compositions since we are inducing arthritis using type II chicken 

collagen. These results suggest that the gut microbiota influences arthritis susceptibility. 

 

A. Limitations of the study: 

Although mice and humans share a large number of similar genes and have 

comparable immune systems, the development and activation of the immune systems are 

different. Additionally, the changes in the abundance and diversity of the intestinal 

microbiota identified in this mouse model might not be applicable to humans. Translating 

results from murine models to humans is limiting due to the existence of some key 

variations between the two systems such as dissimilarities in the anatomy and function of 

the intestinal tract as well as differences in the composition of gut microbiota in healthy 

humans and mice. The immune responses that might be induced due to microbiota changes 

in the intestine of arthritic mice can be numerous. Using immunofluorescence and confocal 

microscopy we identified 3 immune populations that might be involved. Future studies may 

identify other immune responses that might be involved.   
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B. Future perspectives:      

The immune response due to changes in the gut microbiota in individuals with 

autoimmune diseases are complex. Thus identifying other immune populations such as ɔŭ T 

cells by flow cytometry will provide valuable insight about the role of other immune cell 

populations that might be involved. Previous studies in our lab showed that endosomal 

TLRs are involved in the EBV DNA-mediated triggering of IL-17A production in mice 

(Shehab et al., 2019). Hence targeting these receptors in the CIA mouse model could be of 

therapeutic or prophylactic value. Given the ubiquity of EBV infection, a large proportion 

of RA-affected individuals may benefit from such approaches. Additionally, there is a need 

for assessment of the effect of bacterial products that might be released by the microbiota 

by detection and quantification, which might contribute to the severity of RA observed in 

these mice. 

 

C. Conclusion 

In conclusion, our study indicates that EBV DNA alters the composition and 

diversity of the intestinal microbiota in an RA mouse model resulting in dysbioisis, hence 

increasing the production of pro-inflammatory cytokines in the colons and joints, 

influencing the severity and incidence of the disease. A better understanding of the various 

factors involved in the development of RA will possibly help in creating individualized 

treatments, which might include targeting mediators triggered by viral DNA.   
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