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ABSTRACT
OF THE DISSERTATION OF

Sukayna Mohamed Fadlallah for Doctor of Philosophy
Major: Biomedical Sciences

Title: The Interplay Between EpsteBarr 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 thEpstein- Barr virus(EBV), which establishes latentyt thencan
reactivate, produce viral DNA and result in immunomodulatga.recently demonstrated
that EBV DNA is correlated with proinflammatory responses in mice and in rhewimatoi
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 agere trated with collagen (arthritis
inducing agent), EBV DNA 6 days before collagen, EBV DNA 15 days after collagen,
Staphylococcus epidermiddNA 6 days before collagen, EBV DNA alone, or water. Mice
were then monitored for 70 days for clinical signs aftercivithe pawthickness was
measured, gripping strength was determiaed, affected joints/footpads were
histologically analyzed. Serum cytokine levels of interleukin 17A1(TIA) and interferon
gamma (IFN) were determined bgnzymelinked immunosorberdassay (ELISA) The
number of cells either eexpressing IEL7A and IFMN in joint and colon histological
sections or IE17A, FOXP3 and IFNin colon histological sections were determined by
immunofluorescence (IF) and confocal microscopy determine thefeect of EBV DNA

on the composition of colonic microbigfacal samples were collected and 16S rRNA
sequencing was carried out. To determine if intestinal microbiota contribute to arthritis
progression directlyantimicrobiatcleared C57BL/6J mice wereroeentionalized with
microbiota from arthritisaffected mice by fecal transplantation followed by arthritis
induction with collagen and assessthgincidence and severity of RA.

Results The incidence of arthritis was significantly higher in mice teatived EBV

DNA prior to collagen compared toice that only received collagen or mice that received
S. epidermidi®NA. Similarly, significantly increased clinical scores, histological scores
and paw thicknesses with a significantly decreased grippieggitr were observed in



groups treated with EBV DNA and collagen when compared to mice treated only with
collagen. The highest increase in =d&rum levels was in the group that received collagen
alone.Mice that received EBV DNA in addition to collagehowed thénighest elevation

in IL-17A serum levelsAdditionally, the lattegroup showedhe highest number of cells
co-expressingFNo and IL-17A in joints and colons as well as the highest number of cells
co-expressing IE17A, FOXP3 and IFN in colons.Analysis of 16S rRNA sequencing of
microbiota from feces showed that EBV DNA resulted in a change in alpha diversity of the
microbiotaresulting in an increased Chaol microbial richness and decreased Shannon
diversityindex in the RA mouse model. The bdtaersity 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 thethe group that receivdeBV DNA 6 days prior to collagen having the

most number of genera/genus clusters altered. On the othemhéindcrobiatcleared

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.

Conclusiors: EBV DNA enhances proinflammatory cytokines, increases the incidence and
severity of arthritis, and alters the gut microbiotanR& mouse model. This better
understanding of the various factors involved in the development of RA will possibly help
in creating ndividualized treatments for RA patients. Such treatments may target mediators
triggered by viral DNA.



TABLE OF CONTENTS

ACKNOWLEDGMENTS.......c et 1
AB ST RACT e 2
ILLUSTRATIONS ... e e 9
TABLES ... 12
ABBREVIATIONS ... e, 13
INTRODUCTION. ... o emme e 18
A. EPSLEIRBAIT VIFUS.....eeiiiiiiiiiiiiiiiee ettt mmee e 18
1. HIStOry Of EBV oot 18

2. Classification and types of EBV.......ccooiiiiiiiiiiiiiiieeecc e, 19

B. Structure and genome Of EBV...........uuuiiiiiiiii i ereee 20
C. Replication cycles of EBV DNA..........oooiiiiiiiiiimme e e 21
I I (o o3 o] [ OO RTRRROPPR 21

N I (=1 o) o3 Y oX = P 22

D. Biology of EBVINTECHION.........cooiiiiiieeee e 23
E. Transmission Of EBV.........eiiiiiii et 25
F. Diseases associated With EBV..............uuuuuiiiiicceeiiiccnee e 26
1. INfECtiOUS MONONUCIEOSIS. ......uviieiiiiiieiie e s e ereer e e e e e e eees 26

2. EBV-aSSOCIated CANCELS........ccevvrerreniniimmreeeerinnnnaaaaeeeeeeesamamsssssaaseeeaeaaaeees 26

T O 1 01T e | K57= = TS =TSP 28

G. EBV and autoimmune diSEASES..........cvvveveverrriimmmeeeeeeeeeeeeeinnnnnne s smresnnnnnns 29
H. Rheumatoid arthritiS....... ... rree e e e e e e 30



1. Disease and SYMPLOMS.......ccccuuuuriiiiiirimeeiiiiirerrree e ee e e e e e e e e esemerrreeeaeeeaaaeeeaens 30
2. COMPICALIONS. ...eiiiiiiieee e e e e e e e e eeenee e 32

[. Epidemiology Of RA. ... e e e e e e e e e e e e 33
J. RISKTACDIS fOr RA ... et eeea e e e e e e 34
K. EBV @nd RA. ..ottt e e e ———— e 37
L. Types of rheumatic diSEASES.........ccovvviiiiiiiiieee e 38
M.  Classification and diagnosis Of RA.........oooviiiiiiiiiir e 39
N. Pathophysiology Of RA ... e 40
O.  Cytokines iNVOIVEd IN RA .......oeice e ereer e 44
i | B I TP P PP a7
L B N 1o PP PPPTR R PURPPPRTN al
P. Treatment Of RA. ... ... e 52
Q. Intestinal MICIODIOtA. ............vuuiiiiiie s e e e e e e 52
1. Classification of intestinal microbiota................oooooiiiimn e 53
2. Composition of the intestinal microbiota...............cooooiii e 55
R Interindividual microbiota variations............cc.uuuvuieeiiieeeiiiiiieeeeeeee e 56
S. Functions of the intestinal MICroDIOLaL. ..., 59
T Microbiota in hemMOStatiC StALE...........ccoeviiiiiiiii e 61
U Microbiota and autoimmuNe diSEASES.............uuuurrrrriireeiiriiiiieieeeeereeee e e e 62
V. Microbiota and rheumatoid arthritis............coooouviiiiieeme e 62
HYPOTHESIS AND SPECIFIC AIMS.........co i, 67
MATERIALS AND METHODS..........cccoiviivvivvieeeeeeeeeen O
A. Yol TR 70
B. TreatmMent AgENTS........ e e e 70



1. EBV DINA Lottt et et ener e e 70
2. Compl et e digverd (CRAJ [@reparaiion..........cccccvveeeeeieiieaneeeeeeeeeeenns 71
3. Type Il chicken collagen preparation...............ooooooemmnneeeesesieeee e 71

C. Determining the effect of EBV DNA on the incidence of arthritis in the RA mouse
model72

1. EXperimental SEIUR.........coovviiiiiiiiiimcr et eer e a e e e e e e e e e 72

2. Measuremst of the relative concentration of IgG antiicken collagen antibodies
74

D.  Assessing the Effect of EBV DNA on the severity dhatis in the RA mouse
model76

E. Assessing the involvement of-IL7A and IFMN in the response to EBV DNA in

the RA MOUSE MOEL........ccoiiiiiiiiiiieee i eserene e eeeeeeeaeeaseeeeeessmmmeenesd T
1. Enzyme linked immunoSorbent asSay.............uuuuieeiiiieecerirriiiiieeeeeeeeeeeeeenens 77
2. Immunofluorescence staining for mouse joint tiSSUES...........ccccevvvvvieeenennnn. 78

F. Determining the effect of EBV DNA ocolonic microbiota in the RA mouse model

80

I B 1N VN g1 = Tod 1 o o PSS 80

S 1o | 0[] (o1 o S PP PP PP PP 80

3. Microbiota analyBs...........ccooiiiiiiiiii e 81

G. Immunofluorescence staining for mouse colon tiSSUESs..............coovvvveeennn. 83
H.  Fecal transplantation from EBV DN#eated arthritic mice.............cccceevveeeee. 84
1. EXperimental SEIUR.......oooiiiiiiiiie e eeeee e s e e e e e e 84

2. Evaluation of incidence and severity of arthritis................cccvvceciinieeeeens 85

[. 0 SHAlISHCAl tESTS ... 85
RESULT S ..o e 87



A. EBV DNA increases thencidence of arthritis in the chicken collagen RA mouse
model87

1. Incidence Of ArthritiS..........cccooiiiiiiiiiieee e e 87
2. Relative concentration of IgG asnthicken collagen antibodies..................... 389
B. EBV DNA increases the severity of arthritis in the RA mouse madel........ 91
1. Average hind paw thiCKNesSS.............uuuiiiiiiiice e 91
2. ClNICAI SCOIES.....eeiiiiiiiiiei et 92
3. GHP SENGL. ..o 93
4. Histological analySiS...........cccoiiiiiiiiiiiiieeee e 95

C. EBV DNA increases local rather than systemic proinflammatory cytokines in the

RA MOUSE MOTEL..... et e e e e e e e e e e e e s s e e e e e e 99
1. Serum proinflammatory CytoKINES............cooiiiiiiiirrer e 100

2. EBV DNA increases IE17A and IFN double positive cell counts in arthritic

MOUSE ANKIE JOINES.....eiiiiiiiiiei et eeer e e e e e e e e e e e e e e nnne s 102

D. EBV DNA alters the composition and diversity of intestinal microbiota in the RA

MOUSE MOUEL.....o i ceees bbbt e e e e e e e e e e s seereeeeeeeeeeeas 104
1. Composition of the intestinal microbiota..............ccuevviiiieeciiiiiiiiiiin 105
2. Alpha and Beta diVErSity.........coooiiiiiiiieeee e 113

E. EBV DNA increases double positive-I.7A/ IFN9, double positive IEL7A/
FOXP3 cells, and triple positive 1L7A/ FOXP3/ IFMN cells in colon tissues @lrthritic

mice 118

F. Fecal microbiota transplantation from EBV arthraifected mice to antibimicrobial

treatedmice shows that rarobiota contribute directly to arthritis progression....... 123

1. Fecal microbiota transplantation from EBV DNA/collaggajected micenduced
the highest incidence of arthritis in an RA mouse model.............coovvvvvieeeeeenn. 124



2. Fecal microbiota transplantation from EBV DNA/collagen irgelcinice increases

the severity of arthritis in an RA mouse maodel..............oovvviiiiccciiiiiiiiiiiinnn 126
DISCUSSION. ...ttt eremr e 135
BIBLIOGRAPHY ..o nmmea 163



Figure

ILLUSTRATIONS

An overview of the cytokinenediated redation of synovial interactions

Summary of Multiple animal models of arthritis that have demonstrat
that the gut microbiota is critical for the development of diséageé .

Hosf microbiota interactionsinlael t h and i nf |l amme

Treatment regimen fassessing the effect of EBV DNA in the type Il
chicken collageninduced arthritis C57BL/6J mouse maoéled € € é é

Treatment regimensed forassessing the effect of the fecal microbiota

,,,,,,,,

""""""""""""

,,,,,

Relative concentration of IgG asthicken collagen antibodies in arthriti
mice in the EBV DNAtreated collageinduced arthritis mouse model

,,,,,,,,,,

//////////////////

////////////////

,,,,,,,,,,,,

/////////

""""

,,,,,,,,,,,

50

65
66

74

86

88
89

90

92

93

94

96

97

98



15. Histological scores in footpadad arthritic mice in the EBV DNAreated

////////////

////////////

1727Serum | FNo | evel s i n ar-trehtedicdllagen

,,,,,,,,,,,,,

18.Immunofluorescent stainingforiL 7 A and | FN2 i n
EBV DNA-treated collageinduced arthritis mouse mod&lé é é ......

19.1 F N o-*7A+ cell counts in ankle joints from the EBV DN#£eated

,,,,,,,,,,

20.Relative abundance of colon microbiota genera/genus clusters detec
arthritic and control mice in the EBV DN#eated collageimnduced

,,,,,,,,,,,,,,,,,,,

21.The percent abundancegrfam negative colon microbiota genera/gent
clusters whose abundance was altered in arthritic and control mice ir
EBV DNA-treated collageimduced arthritis mouse madeé é ..............

22.The percent abundance of gram positive colon micralgehera/genus
clusters whose abundance was altered in arthritic and control mice ir

s 7 7z oz

rrrrrrrrrrrr

////////

25.Principal Coordinate Analysis (PCOA) based on Bray and Curtis
dissimilaritydistance of mouse colon microbiota in the EBV Diéated

s s s s

26.Immunofluorescent staining fordlL 7 A , FOXP3 and |
the EBV DNAtreated collagetinduced arthtis mouse modet é é é .

27.1 F N o-F¥7A4Lcell counts in colons from the EBV DN#eated

rrrrrrrrrrrr

rrrrrrrrrrrr

1C

99

101

101

103

104

109

110

112

114

115

117

120

121

122



29.IL-1 7 A+ FOXP3+1 FNo+ cel |l coun-ts

////////

30. Incidence of arthritis in mice that received fecal microbial transplanta
(FMT) from EBV DNA-treatedarthritic or control mice and subsequent

"""""""""

31.The average hind paw thickness in arthaitected mice that received
fecal microbial transplantation (FMT) from EBV DN#eated arthritic or
control mce and subsequently induced with type Il chicken collagen.

32.Average grip strength of arthriteffected mice that received fecal
microbial transplantation (FMT) from EBV DN#&eated arthritic or
control mice and subsequently induced with typehltken collager .

33. Arthritis clinical score of arthritic mice that received fecal microbial
transplantation (FMT) from EBV DNAreated arthritic or control mice

///////

34.Representative kiological sections of ankle joints from mice that
received fecal microbial transplantation (FMT) from EBV DittAated
arthritic or control mice and subsequently induced with type Il chicke

,,,,,,,,,,,,,,,,,,,,,,,,,,

35. Histologicalscores of ankle joints from arthritic mice that received fec
microbial transplantation (FMT) from EBV DN#&eated arthritic or
control mice and subsequently induced with type Il chicken collégen

36. Representative histological sectiondadtpads of mice that received
fecal microbial transplantation (FMT) from EBV DN#eated arthritic or
control mice and subsequently induced with type Il chicken colé&agen

37.Histological scores in footpads of arthritic mice that received feces fr
EBV DNA-treated arthritic or control mice and subsequently induced

/////////////////

11

123

125

126

127

129

130

131

133

134



TABLES

Table

1. Key cytokine activities implicated in the pathogenesis of rheumato
arthritis.é é e ééeééeéeéeééeééeéeeeéeeée. . 49

eeeeééeeeceééeeccecee 77

12



EBV

HHV-4

EBNA

LMP

SEA

DNA

EBER

TR

BZLF1

BRLF1

I FNO

TNF

CSFKF1

VCA

MHC

BL

TGFb

ABBREVIATIONS

EpsteinBarr virus
Human Herpesvirus 4
EpsteinBarr nuclear antigen
Latent membrane protein
South East Asia
Deoxyribonucleic acid
EpsteinBarr virus encoded small RNAs
Terminal repeats
Internal repeats
BamHIZ leftward open reading frame 1
BamHIR leftward open reading frame 1
Il nterferonod
Tumor necrosis factor
Colony stimulating factor 1
Viral capsid antigen
Major Histocompatibilitycomplex
Infectious mononucleosis
Interleukin
Burkittis lymphoma

Transforminggrowth-factorb

13



T-reg
HL
NPC
GC

MS
SLE

RA
MBP
DCs
NKT
NK

RF
ACPA
APA
PAD
HLA
QKRAA
QKRAA
PTPN22
TCR
NHANES

TCDD

RegulatoryT cells
Hodgkinslymphoma
Bisopharyngeal carcinoma
Gastric carcinoma
Multiple sclerosis
Systemic lupus erythematosus
Rheumatoid arthritis
Myelin basic protein
Dendritic cells
Naturalkiller T cells
Natural killer cells
Rheumatoid factor
Anti-citrullinated protein/peptide antibody
Anti-perinuclear antibody
Peptidylarginineleiminases
Human leukocyte antigen
glutamineleucineargininealaninealanine
glutamine arginine-argininealaninealanine
Proteintyrosinephosphataseon-receptortype 22
T cell receptor
National health and nutritioexamination survey

Tetrachlorodibenzp-dioxin

14



PBMC Peripheral blood mononuclear cells

OA Oestoarthritis

PsA Psoriatic Arthritis

EULAR iropean League Against Rheumatism
VEGF VagularEndothelialGrowth-Factor
RASF Rheumatoid arthritis synovial fibroblast
FLS Fibroblastlike synoviocyte

ECM Extracellular matrix

GAG Glycosaminoglycans

RANKL Receptor activator of nuclear factor kagpa | i gand
MCSF Mcrophage colongtimulating factor
MMP Matrix metalloproteinase

TIMP Tissue inhibitors of metalloproteinases
BAFF B cell-activatingfactor

APRIL A proliferation inducing ligand

FGF Fibroblast growth factor

FFA Free fatty acids

INOS Inducible Nitric Oxide Synthase

PDGF Plateletderived growth factor

PG Prostaglandin

ROI Reactive oxygemtermediates

APR Aute phase reactants

15



ESR Erythrocyte sedimentation rate

CRP C-reactive protein

DMADR Diseag Modifying AnttRheumatic Drugs
GU Genitourinary

Gl Gastrointestinal

SFCA Short chain fatty acids

APC Antigen presenting cell

MAC Microbiota accessildarbohydrates
GH {gcoside hydrolase

PL Polysaccharide lyases

IBD Inflammatory bowel disease
HELIUS Healthy Life in an Urban Setting
LPS Lipopolysaccharide

AMP Atimicrobial proteins

SIgA Secretory immunoglobulin A
TLR Toll-like receptor

SFB Segmented filamentous bacteria
CIA Collagen induced arthritis

SAA Serum amyloid A

GMCSF Granulocytemacrophage colongtimulating factor
CCL5 Chemokine ligand 5

PSA Polysaccharide A

16



IACUC

ELISA

CFA

IFA

PBS

FBS

T™MB

Gf

TBS

DABCO

NGS

PCOA

OoTU

PCR

TSA

LB

ISP3

FMT

Institutional Animal Care and Use Committee
Enzymelinked immunosorbent assay
Complefer eundods adjuvant
Incompleter eundds adj uvant
Phosphate buffered saline
Fetal bovine serum
3,3, -tetramaihylbenzidine
Gravity force
Tris buffered saline
1,4-diazabicyclo[2.2. 2]octane
Immunofluorescence
New generation sequencing
Principal coordinate analysis
Operational taxonomic unit
Polymerase chain reaction
Trypticase soy agar
Luria-Bertani
Streptomyces Projedledium3

Fecal microbiota transplantation

17



CHAPTERI
INTRODUCTION

A. Epstein-Barr virus

1. History of EBV

EpsteinBarr 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 fr omEpsteirBetal. kl968)n 1®&L, | y mp h
Epstein, a cancer pathologist and electron microscopist, attended a lecture entided "T
Commonest Children's Cancer in Tropical AfdcA Hi t hert o Unrecogni s
givenby 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. Ira 5p&8jmen
was sent from Uganda to Epsteinds | aboratc
identified in the cultured cell§ heseaesults 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 Philadelphiawhd e vel oped serol ogi cal mar ker s.
that B cells might infect otherneannf ect ed B cell s and cause t|
(Epstein et al., 1964; Henle, 1968)s i ng t he mar ker s, they disc:
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 iflen | e 6 s | developedaglandulgr 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, 1®6 Nationwide studies in the UnitedStates

showedthat every glandular fever was caused by EBystein et al., 1967; Henle, 196

2. Classification and types of EBV

EBV, also known as humatuman herpesvirus(HHV-4), is considexd to be one of
the most prevalent viruses that affect hum@uwhen, 2000; Tzellos & Farrell, 2012)is a
member of the genusymphocryptovirusthat belongs to the gamma subfamily of the

Herpesviridaglamily of viruses(Sample et al., 1990)

There are two major types of EBV that affect humans, HB\hd EBV2, also known
as types A and B respectively. EBVand EBV2 are two distinct wileype EBV strains that
have significantly diverged at four genetic loci and have maintainedctyg@ctestic
differences at each locus. They differ in the genes that encode for nuclear antigens including
EBV nuclear antigens (EBNA3, EBNA-3A/3, EBNA-3B/4, and EBNA3C/6 (Sample et
al., 1990) This leads to differences in the transformation and reactivation capabilities. EBV
1 is more efficient in immortalizing B cellg vitro and is more viable in infected
lymphoblastoid cell linesthan EBV2 (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 EBY is widespread worldwid€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) oncogene as it has the highest degrgeobtymorphism(Li &
Chang, 2003) Based onLMP-1 variability, seven main groups were classified: B85

Al askan, China 1, Ch i(Bowaretal.,M@0€; ti & CiMegd2003; an d
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Tzellos & Farrell, 2012)New LMP-1 variants have also been identified in other regions such
as Southeastern Asia (BEA1), and Southeastern Asia 2 (SEA2) reported in Thailand
(Saechan et al., 2006, 201@) has also beestatedthat multiplevariants of EBV can be

identified in the same individu@Walling et al., 2003)

B. Structure and genome of EBV

The EBV genome was the first large virus to be sequenced and an@geeckt al.,
1984) It is composed of a linear dould&randed deoxyribonucleic acid (DNA) which
contains ~ 172,000 bagairs and encodes for 85 geriBepper & Zvaifler, 198l These
genes encode mostly for proteins that are important during replication, assembly of the
different compartments of the virus, and nucleotide metabd@iBgihm, 2010) However, a
few of these gees (12 genes) are expressed only during the latent gBastpere 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 (miR(KAes), 1996;
Knipe et al., 2001)The DNA has aeyies 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
sequencefCheung & Kieff, 1982) These repetitions indicate whether the source of EBV in
the infected cells comes from the samegerotor cell(Bouvard et al., 2009)'he genome is
also encapsulated by an icosadeltetradehdral nucleocaspid containing 162 caposmeres, which
is in turn enclosed by a viral matrix known as the tegun(i€rgff, 1996) The tegument
proteins function mainly in promoting DNA replication and aiding in immune response

suppressior{Suazo et al., 2015)The tegument is surrounded by a lipid bilayer envelope

20



harboring glycoproteins, which are important for cell tropism and receptor recognition
(Odumade et al., 2011The genome encode ganfor 13 glycoproteins, 12 of which are
expressed only during the Iytic 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 reliatieberg et al.,
2004) Reactiation occurs when latently infected memory B cells receive a signal to
differentiate into plasma cells and trigger the production of the virus thus infectirgBaiv
cells and epithelial celi®dumade et al., 20LI)here are three different temporal phases of
lytic gene expression, which includermadiate early, early, and lafgoung & Rickinson,
2004) Gene products in the immediagarly stage are expressed regardless of ampde
synthesized viral proteinsthe immediatesarly proteins function as transactivators that
initiate the expressionfaearly genes. BZLF1BamHIZ fragment leftward open reading
frame ) and BRLF1 BamHI R fragment leftward open reading frameat¢ two of the
immediateearly geneshat are expressed simultaneoustyl encode for the transactivators,
ZEBRA/EB1/Zta and RtaespectivelyOdumade et al2011; Tsurumi et al., 2005BZLF
predominantly localizes to the nucleus in infected cells, forms a homodimer and stimulate

cellular promoter¢Bhende et al., 2004Pn the other hand, BRLF1 initiates the transcription
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of target genes by binding to responsive elements. The induction capacity of BZLF&is mor

potent than that of BRLF@urata, 2018)

The early gene products inde: 1) BNLF2a which has a role in metabolism and
replication, 2) beR family of proteins that either induce or repress apoptosis, 3) BMFL1
products (EB2, Mta, SM) which are noncoding prot@&ingvoand promote the cytoplasmic
accumulation of unspliceEBV mRNA, and 4) BARF1 which inhibits the proliferative
effects of human colongtimulating factor 1 (CSRE) (Young et al., 2007)The late gene
expression results in the production of protehret 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 polymeré&mbinder & Lin, 2005; Furnari et al.,
1992) The latency program is divided into four stages: Latency lll, Latency II, Latency I,
and Latency 0. In latency Il nine latent genes are activateithahadle EBNAL, EBNA-2
(triggers transcription of all nine latent genes), EBISA, EBNA-3B, EBNA-3C, EBNA
LP, LMP-1, LMP-2A, LMP-2B (Rickinson & Kieff, 2007) EBER1 and EBER2 are also
produced during this phagArrand & 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&Z and EBNALP are vital for EBVmediated B cell transformation
and jointly activate viraland cellular gene transcription needed for the transformation.
EBNA-3A, 3B, 3C are coactivators of EBN2 EBNA-3A and 3C are necessary for B cell
transformation by inducing G1 cell cycle arrest, whereas EBBAs not necessary for this
process. LMPL ard LMP-2A imitate the active form of CD40 and B cell receptor (BCR)
signaling on B cell§Kang & Kieff, 2015) During latency Il phase a fewer genes are
activated namelEBNA-1, EBNA-LP, LMP-1, LMP2A, LMP-2B and EBER. Idatency |,
gene expression is further restricted with only EBNAnd EBER being activated. In latency

0, B cells remain quiescent and no viral genes are expr@dstinger et al., 2009)

D. Biology of EBV infection

B lymphocytes and epithelial cells such as those of theharynx are the primary
cellular targets of EB{ShannorLowe & Rowe, 2014)The mode of entry dhe 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) clagbmolecules. This causes the virus
to enter the B cell as the viral envelope fuses with the cell mem{Bpeek et al., 2000)
EBV may utilizeCD35 surface receptor as an alternative route to enter CD21 negative B
cells such as immature B cell®gembo et al., 2013)n epithelial cells, BMRR viral
protein associateswithl i nt e gr i n s (Xiametah, @000, 2009pUbsequentiy, |
the viral protein gH/ gL interacts with Uvb

envelope with the epithelial cell membrgi@hesnokova et al., 20Q9)
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Following an infection with EBV, the virus enters either the Iytic phase whereby
infectious virions are produced or the latent phase whereby lifelong persistence occurs
(Cohen, 2000; Young & Rickinson, 2004following 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 naive B cells. The virus can also
replicate in the oropharynx before infecting B cells and hence enters thhlytigHadinoto
et al.,, 2009; Perry & Whyte, 1998EBV then causes naive B cells transform into
proliferating lymphoblasts by triggering the growth transcription program; this marks the
transition into latencyThorley-Lawson, 2015)A small proportion of the EBV genes are
expressed during latency in one of three different patterns known as |lptegesms.The
infection and transformation of naive B cetito lymphoblast occurs during the latency lli

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

Subsequently, naive B cells translocate to the lymph node follicle, become germinal
center cells, induce the default program where limitgdl genes are expressed, and
differentiate into memory B cell@Hadinoto et al., 2008; Smatti et al., 2018he default
program occurs in the latency Il phase during which fewer proteins are produced. This
program is observed in nasopharyngeal carcem@and Hodgkin's lymphoma. Infected
memory B cells migrate to the peripheral circulation; over time their number decreases but
they are never completely eliminat@dhdinoto et al., 2008 Puring the third latency phase,
known as phase I, gene expression is further regulated. Only BBBAd EBER are
expressed throughout this phase which allows the latent genome to replicate as the memory

B cell divides. Thisprogrm i s obser ved i(@duBade el 2021Fer | y mp h
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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 shotation 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 {f@@wford, 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 througtimate oral contact
(Hjalgrim et al., 2007)Kissing and sharing utensils, toothbrushes, fand drinks with an
infected person helps in the transmission of EBMenters for Disease Control and
Prevention, 2016 Shedding of the virus can occurs faaks to months after infectigRafi-
Kremer et al., 2005)The virus can also be transmitted through blood or blood transfusion.
Additionally, EBV can be transmitted during organ and ggsansplantation, which can lead
to post transplantation lymphoproliferative disegé€ehen et al., 2009Breast milk may
contain the virus however it is a rare form of transmis¢iRerera et al., 2010Another
possible route of transmission is sexual contact as infected epithelial cells have been

identified in cervix and semen samp(@apesch & Watkins, 2001)
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F. Diseases associated with EBV

1. Infectious mononucleosis
Itis estimatedth8®® 0 % of t he wor |l dés popu(Tzlios on ar

& 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, iR588%o00f cases. IM is
considered selfimiting and usually resolves on its own without specific treatrf@atjuelin
et al., 2011) The most common symptoms are sore throat, cervical |ytepiopathy,
fatigue, upper respiratory symptoms, headache, fever, and myBhjfaur et al., 2013)
Most of the symptoms resolve within 10 days or less however fatigue and cervical
lymphadenopathy can persist for 3 weéBalfour et al., 2015)infection with EBV induces
both humoral and cellular immune response, which limit the infection, but do not completely
eradicate i{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 ( TUN Fterleukin (IL)

1b aib(Fossdtal, 1994)

2. EBV-associated cancers

EBV has also been associated with malignant lymphoproliferative diseases such as
Burkittos | ympihmamsa [(yBiph ondo d(gkkL) , and | ymph
epithelial carcinomas such as nasopharyngeal carcinoma (NPC) and gastric cancer (GC), and

human immunodeficiency virus (HIMElated diseases such as hairy leukopl@idaeda 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 EBVassociatd cancers yearljHsu & Glaser, 2000; Khan & Hashim, 201Bespite

intensive research, the etiology of EB®lated cancers remains unclear.

Burkittds | ymphoma is highly aggressive,
endemic, sporadic anchmunodefciencyassociatedHsu & Glaser, 2000)EBV is present
in more than 95% of the tumor in the endemic form. Additionally, this form invihegaw,
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 18886 of cases.
Sporadic form of BL affects a wider age range and is associated with white populations. The
jaw is less involved in the sporadarm of the disease whereas the ileocecal region is mainly
affected(Brady et al., 2007; Bl & 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 300% of AlIDSassociated BL. BL affects

males more than females in all three forms of the didétse& Glaser, 2000)

Hodgkinds | ymphoma ipresencehoh mutioucleated Réedd by
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 examge090 of HL
is positive for EBV in lowincome countries(Dinand & Arya, 2006; Gandtet al., 2004,
KennedyNasser et al., 2011Additionally, this type of cancer mostly affects children and
individuals above 70 years, males more than females, and/mita ethnic groupgHsu &

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 differentiatio in these cells: type | (squamous), type Il @kenatinising), type
[l (undifferentiated)B. Brennan, 2006; Youn§ Dawson, 2014)EBYV is highly associated
with type Il and llI(Young & Dawson, 2014)NPC is very common in northern Africa and
Southeast Asia, particularly southern China and East Malaysia and it afféetsmore than

femaleg(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 EB&ssociated
malignancy however only 10% of gastric adenocarcinoma are linked tqlE8V& Glaser,

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

(Camargo et al., 2011)

3. Other diseases

EBV has beelfinked with an increased risk of developing autoimmune diseases such
as multiple (MS) sclerosis, systemic lupus erythematosus (SLE), and rheumatoid arthritis
(RA) (Toussirot & Roudier, 2008The association between EBV and autoimmune diseases

is discusseth 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 diseasd&vans et al., 1971)The fact that EBV is ubiquitous, establishes
lifelong latency with thepossibility 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 mmicry, epitope spreading, bystander activation, and the autoreactive B
cells theory(Benoist & Mathis, 2001; Hafler, 1999; Olson et al., 20049lecular mimicry
involves an identical or similar epitope that is found in both the virus and the host l&ading
a crossreactive immune respongEujinami et al., 1983)Examples of molecular mimicry
include: EBVtencoded DNA polymerase and myeliasic protein (MBP) in MS, EBNAL
and myelin antigens in MS, EBNA and Ro autoantigen in SLE, the glla repeat region
of EBNA and type wcollagen or a 62 kDa synovial protein in RA, and EBV gp110 and the
HLAZDR4 shared epitop@-ujiwara & Takei, 2015)EBNA-1 has been particularly shown

to share similarities with a number of human antigens.

Infection with EBV resubk in a strong cytotoxic T cell response which can cause
bystander killing of surrounding nenfected cells. This could lead to increased autoimmune
responses and inflammation as the killing of these cells releasemsgdngFujiwara &
Takei, 2015) Related to bystander activation, epitope spreading occurs when an
environmental challenge such as a viral infection induces an immune re$padisg to the

release of selntigens and triggering the activation of autoreactive immune cells. This
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response might then O0spread©6 a-epdopesensithéert i n
the same or different prote{Getts et al., 20130n the other hand, 20% of EBV infected

naive and memory B cells can either encode or produce autoaesipechich could
subsequently translocate to distant organs, encounteransigién, produce these antibodies

and induce damage. Moreover, autoreactive B cells can stimulate autoreactive T cell
responses following contact with salfitigens hence induarcytotoxicity to infected cells.

It has been shown that synovial lesions in RA patients containia®¥dted plasma cells

that produce antibodies against citrullinated proteins, sasgéijen(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 erosifffirestein & Zvaifler, 1992)RA is considered an
autoimmune disease due to the presence of autoantibodies such as rheumatoid factor (RF)
and anti citrullinated protein antibody (ACPA) in patients long before the manifestation of
the diseasgAletaha et al., 2010RF, which binds to the Fc portion of immunoglobulins,
was discovered by Waaler in 1939 anddentified by Ree in 1948 by its ability to
agglutinate sheep red blood cells coated with rabbit s€Fremklin etal., 1957) RF is
detected in 80% of patients with RA and its presence predicts a more severe form of the

diseasdFirestein &Zvaifler, 1992) In 1993, Serre et al. initially determined that filaggrin
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was the target protein for Rgpecific antikeratin antibodies (AKAs). Consequently, it has
been demonstrated that AKAs were part of a group of antibodies collectively terangd as
citrullinated protein antibodies (ACPAs). ACPA includes other$p&cific autoantibodies
known as antperinuclear factors (APFs) and a8 which recognizes citrullirgontaining
peptides/proteis as a common antigenic entiyirbaFNeuhauser et al., 1999; Schellekens
et al., 1998; Sebbag et al., 199%owever, citrulline is the common critical
constituenfantigenic determinant of these antibodies. Citrullireenenstandard amino acid
produced by peptidylarginine deiminase (PADI) enzymes through posttranslational
modification of arginine during several biologic processes including inflammation
(Vossenaar et al., 2003M\CPAs are found irv0-90% of RA patients and have a better
diagnostic value in terms of specificity and sensitivity than (RFoot et al., 2000;
Schellekens et al., 2000; van der Helam Mil et al., 2005)Studies have shown that the risk
of development of RA is the Higst when RF and ACPA are both present in preclinical
samples prior to disease developmg@ielen et al., 2004)Additionally, RF is associated
with extraarticular manifestations of RA unlike ACPA. However, both RF and ACPA are
identified as independent risk factors for bone erofanglin et al., 2006; De Rycke et al.,
2004; Korkmaz et al., 2006RF titers decrease more consistently than ACPA during RA

treatmen{Song & Kang, 2010)

In the early stages of the disease, patients do not present with symptoms. General
fatigue and malaise are among the earliestspatific symptoms to appe@tarris, 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 knalscdre affected
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(Trieb, 2005) The metacarpophalangeal joint, proximal interphalangeal joint, and wrists are
the first to become symptomafi€leming et al., 1976)The hips and ankles are affected later
during the course of the disease. Rheumatoid tistlsi 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 sighelp differentiate rheumatoid from norflammatory
diseases of the joints, such as osteoarth({8igesh, 2004)Moreover, the joints become
swollen, warm, and red due to the dilation of synovium vegbkgis, 1990) During the

late stages of the disease, tendon erosion and destruction of joint surface may occur which
causes movement impairment and deformifMajithia & Geraci, 2007)Example of such
deformities include ulnar deviation, swan neck deformity, astdufnbdeformity (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 asymm@tader ¢ al., 2014)

2. Complications

Extraarticular manifestation occurs in -P5% of patients and include rheumatoid
nodules on the skin, vasculitis, osteoporosis, cardiovascular disease, lung disease, and
neuropathyCutolo et al., 2014; Turesson et al., 2pQRheumatoid nodules occurs in 30%
of RA patient and it is considered tim®st common noyoint feature(Turesson et al., 2003)
These are usually found on bony structures such as the elbow, heel, knuckles, and areas that
endure mehanical 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 R&huaAguilera et al., 2017)Moreover, people wh RA have a
higher risk of developing atherosclerosis, myocardial infarction and stroke due to
inflammation caused by R@&upta & Fomberstein, 2009)ung fibrosis and anemia are also
complications of RA. The chronic inflammation in RA causes anemia of chronic diseases
during which iron ispoorly absadoed and captured by macrophag@8mith et al., 1992)

Liver and kidney problems might also arise due to chronic inflammédierGroot, 2007;
Selmi et al., 2011)Another complication is local osteoporosis, which occurs due to systemic
cytokine release and immobilifinaldi et al., 2005)A common complication of RA is

tooth loss and periodontit{sle Pablo et al., 2009)

Epidemiology of RA

RA is estimated to affect 1% of the population worldwide and occurs twice the rate
in women compared to méHorai et al., 2000)Additionally, women develop the disease at
an earlier age compared to méetween 40 and 50 years of gg¢éamanos 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, réduce
fertility in females and breastfeeding increase the risk of developing ar(@ilisan &

Pearson, 2002)

A systematic review showed that incidence of RA is highest in North America and
Northern Europe and lowest in Southeast Asia and WesterS&hdran AfricdAlamanos
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 gvslapsanos & Drosos,
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2005) Depending on the severity and age of onset of RA, the projected survival of RA

patients decreasel® yeargGabriel et al., 2003; Wolfe al., 1994)

RA is considered one of the most common autoimmune dis€sisesn et al., 2017)
Additionally, the risk of developing other autoimmutigeases is much higher in RA patients
than matched control patients with osteoarth(fisnon et al., 2017)This might be due to
common genes involved RA as well as autoimmune diseagdemminki et al., 2009)in
Lebanon, therevalence of rheumatic diseases was found to be about 15% by Chaaya et al
(Chaaya et al., 20123 pecifically, the prevalenad 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 countrig&alouche Khalil et al., 2006)rhe 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 thohgto trigger an inappropriate immune response in genetically
susceptible individuals. Genetic factors contribute6B8® to the risk of developing RA
(Tobdn et al., 2010)nterestingly, family history of RA has been shown to increase the risk
of the disease 3 to 5 tim¢Smolen et al., 2016 set of experiments carried out in 1976
showed that there are genetic similarities in RA patientstwieid to the discovery that the
human leukocyte antigen (HLA)R genes found in the MHC is strongly associated with RA

(Stastny,1976) Thi s was mapped to the DRb1l chain,
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specifically amino acid 7674. This corresponds to glutamileicineargininealanine
alanine (QKRAA) or glutaminearginine-argininealaninealanine (QRRAA) and is located
in some RAassociated DR genes such as DR4, DR14 and(DBdom et al., 1989)HLA-
DRB1 accounts for one third of the genetic susceptibilities to(R#bon et al., 200).
Additionally, HLA-DRBL1 is the only genetic factor that is associated with iR all
populations worldwid€Lee et al., 2009)Specific allées within DRB1*04 and *01 clusters
encode the common eptitope sequences within the expressed DRB1 m@eegkrsen et

al., 1987)

Another common genetic factor involved in RA is the PTPN22 (protein tyrosine
phosphatase, nonreceptortype 22). A missense substitditidmno 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 -@ell recepto (TCR) signaling during thymic selection. This
increases the predisposition to autoimmunity as autoarsigecific T cells evade clonal
deletion(Begovich et al., 2004PTPN22 polymorphism are largetjgscribed in European
counties but not seen in Asian populatighee et al., 2009)Other mutations such those
affecting cestimulatory immune ghways, including CD28 and CD40, have been associated

with RA, however to a lower exte(molen 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 (NHABES) showed that advanced age, smoking, diabetes, and

osteoporosis were risk factors for the development of RAu & Lin, 2017) Results from
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several studies are also consistent with the sui@aylens et al., 2010; Censedior 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 immungenescence resulting in chronic amfimation and tissue damage
(Weyand et al., 2014)The age of disease onset seems to peak at the fifth decade of age;
however, recent studies suggeshdtdoward an older age at onset. Additionally, women
have a higher incidence of arthritis compared to men, which suggests hormonal,
reproductive, angenetic factors (Minked) might be involvedAlamanos & 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-ipftammatory state resulting in the production of
autoantibodies, oxidative stress, aqbptosis of cell§Chang et al., 2014)The effect of
smoking on RA might be related to TetrachlorodibeRatioxin (TCDD), which increases
the expression of H1 b , -6, hnld -8 and therefore exacerbates the pathophysiological
mechanisms involvediRA (Kobayashi et al., 2008The association of smoking with RA
is dosedependent with heavy smokers having a substantially increased risk of developing
RA (Harrison, 2002; Wilson & Goldsmith, 199%xcessive weight in obese people on the
other hand,puts excessive pressure on affected joints. Additionally, fats lead to the
production of preinflammatory cytoknes and increase inflammati¢viersini et al., 2014)
Additional risk factors include dietary factors such as high sodium levels intaftesétliium
levels induce serum/glucocorticeidgulated kinase 1 expression in animal models which

leads to an increase in cellular stress response and the differentiatieh7a [iroducing T
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helper (Th17) cell§Salgado et al., 2015MIternatively, some studies suggested a protective
effect of lifelong consumption of fish, olive oil, and cooked vegetables. This might be due to
the effect of omeg& long chain polyunsaturated fattgids 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 tixeetbpment of autoimmune diseases such as RA,

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

K. EBVand RA

EBV has longbeen thought to play a role in the pathogenesis of RA. EBV was first
implicated in the pathogenesis BA by Alspaugh and Tan, who reported that sera from
patients with RA were reactive against a nuclear antigen in-E&\sformed lymphocytes
and which was determined to be glycine/alanich repeats in EBNAL (Alspaugh et al.,
1978; Aslpaugh & Tan, 1976Antigenic sequence similarities exist between other EBV
proteins and RAspecific proteins as well. These include the QKRAA anaoiol sequence
of HLA-DRB1*04:01 also found in the EBV glycoprotein gp110, a major replicative antigen
involved in control of EBV infectior{fRoudier etal., 1989) EBNA-6 and HLADQ*0302
share several amino acid moti=ox et al., 1992)On the other hand, EB¥ncoded mimics
of human interleukin 10 (hH10) in addiion to aviral G proteircoupled receptor have
sequence similarities to CXC@Paulsen et al., 2005)Moreover, a citrullinated form of

EBNA-1 crossreacts with citrullinated human fibr{iCornillet et al., 2015)
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Studies have shown elevated viral loads, insem EB\trelated autoreactive
antibody levels, and decrease in the regulation of the localization of EBV byegiated
immunity in RA patients in comparison with healthy controls. EBV DNA/RNA have been
identified in peripheral blood mononuclear celRBMC), synovial fluids, and syvial
membranes in RA patien{Blaschke et al., 2000; Newkirk et al., 1994; Saal et al., 1999;
Takeda et al., 2000; Takei et al., 199X ditionally, antibodies against EBNA and VCA
have been detected at higher levels in sera and synovium of patients with RA when compared
to nonRA controls(Alspaugh et al., 1981; McDermott et al., 1988)studyrevealed 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 chronflainmatory 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 tenas. 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 genetidigtctors t
are implicated. Hence, more than 100 different conditions are classified as rheumatic
diseases. These include osteoarthritis (OA), RA, SLE, spondyloarthropathrds/losing
spondylitis (AS) and psoriati c deroddimaj t i s

infectious arthritis, juvenile idiopathic arthritis, polymyalgia rheumatica and many others
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(Sangha, 2000However, the two most commaheumatic 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 bes at joint marginéSangha, 2000)

M. Classification anddiagnosis of RA
The currently mostised classification systewas proposetly 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
6definite RAOG6 include: S yrmatve explanationifan theo n e
inflammation, and obtaining a minimum score of 6 (out of 10) based on four categories: site
of involved joints (05), serologic abnormality (®), levels of acutg@hase responsei(D),

and symptom duration {Q) (Aletaha et al., 2010)

Early diagnosis and treatment of RA affects disease outcomes and prevents
development of erosive features of the disease. Physicanieation 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 (CRPjGrassi 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 arthritigHeidari et al., 2004)Anti-RF antibodies and ACPA are also used for the
diagnosis of RA. ACPA have a higher specificity than -&%i antibodies however

measuring the level of both antibodies increases the diagnostic specificity {bteitfari et
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al., 2009) Analysis of joint synovial fluid can also be used to differentiate inflammatory from
norrinflammatory arthritis. Plain radiography is the standard imaging method tased
investigate anatomical changes that occur during RA; however, sonography and MRI are

more sensitive in detecting bone erosi@fsidari, 2011)

N. Pathophysiology of RA

The synovitis, swelling, and joint damage that characterizecalRi\ 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 phasel 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 cellsclose proximity in the synoviurfHarris, 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 celPodojil & Miller, 2009) The effectiveness of CD80/86
blockade as a treatment for RA supports the concept that T cells play an active role in the

pathophysitogy of RA (Mclnnes & 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 docal antigen is required to drive the T cell population in synofitisyand &

Goronzy, 2006) This stage is also marked by the homing of lymphocytes to the synovial
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membrane, which is characterizég the adherence of circulating lymphocytes to the
endothelium in the post capillary synoviaknules.Cell surface homing receptors and
vascular addressin proteins found on the lymphocytes andaoidiary venules respectively

are key players in the lWimg procesgHarris, 1990) Other mechanisms through which B
cells contribute to RA include the production of autoreactive B cells due to defectglin B ¢
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 agregate in microenvironments surrounding the blood vessels beneath the
synovial surfacéCavender et al., 1987Jhe synovial membrane becomes hyperplastic and
is predominantly populated with activated nogadrages and T cells (Feldmann et 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 fothe 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 pregéch et al., 1986)This leads to the release of a number

of factors thaincrease 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
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component of C5a, lkotriene B4 and cytokines such as TNF and lib the synovial fluid
(Harris, 1990) Neutrophils results in degranulation, activation of proteinasesrelease of

lysosomal enzyme@ienson & 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 fibreblast
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. Tiséadwee the
production of proinflmamtory cytokines, attach to and invade articular cartilage, stimulate
vascularization and angiogenesis, and plays an important role in bone ¢re$twne et al.,

2015; Neumann et al., 2010).

The third stage is chramiinflammation 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, articlar destruction, cartilage disintegration, and joint deteriorgtidiard et al.,

1987) Cartilage, a major component of the synovium, is composed of chondraayigbly
organized extracellular matrix (ECM) produced by these chondrocytes, typeatieokhnd
glycosaminoglycans (GAGY)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 cartilagkestruction observed during RMclnnes & Schett, 2011)

In RA patients, the presence of collaggype II) antibodies might be due to the immune
response initiated against epitopes of degraded collagen released during cartilage destruction

(Harris, 190). Bone destruction, a hallmark of RA, occurs due to the activation of osteoclasts
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and suppression of osteoblasts. It is still unclear whether autoimmunity or inflammation
initiate the onset of bone degradation. Evidence that supports the inflamthabopis that
TNF-U, -6/)1l-1 b ,-17A produced during the chronic phase exertgsteoclastogenic
effects and repress bone formation. This occurs through the receptor activator of nuclear
factor kappaB ligand (RANKL) and macrophage colosyimulatirg factor (MCSF) which
promote the differentiation of monocytes into osteocl@@kamoto 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-{Mistiri
stromelysin 1 (MMP3) releaed by chondrocytes, macrophages, and synovial fibroblasts
(Feldmann & Maini, 2008) Other enzymes such asrime, aspartic, and cysteine
endopeptidases released by chondrocytes and inflammatory cells cleave the major
components in cartilage and bone such as proteoglycan and collagen (type |, Il, IX, X, and
XI (Buttle & Saklatvala, 1992)he activity of these enzymes is regulated by tissubitohs
of metalloproteases (TIMP), however in RA these mechanisms are saturated and there is
imbalance in the production of MMPs and TIMPPeldmann & Maini, 2008)The detection
of systemic autoantibodies such as & and ACPAs long before the onset of arthritis
supports the notion that local inflammatory responses which can lead to RA autoimmunity

may initate at mucosal sites such as the gut and oral c@&moruelle et al., 2012)
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O. Cytokines involved in RA

The imbalance between pnoflammatory and andinflammatory cytokines is
implicated in the pathogenesis of RA by stimulating chranftammation and joint
destruction. Based on animal models, RA can be considered a Tireckdited disorder
orchestrated by subsets of T cells that produceinflammatory cytokines such as
interferono (| (BdNuzeKoops & Kalden, 2001)Moreover, a study conducted on sera
collected from RA patients showed that there is imbalance in Th1/Th2 ratio with an increase
inNThlt ype cyt oki née)ldvdlsrahtioa decreade im TPe (IL-6 and 1L10)
cytokine expressionfChunyan et al., 2017Recently, studies in rodent models support a
new theory that includes HL7A producing T cell§Lubberts et al., 2005)L-1 and TNFU
play a key role in inflammation duringRA. TNF i s i mport ant duri ng
however it become less dominant at later stages of the di¢éas&ten et al., 1996)
Additionally, TNFU act s as org mediator Hurirey imflaenmation rather than a
major participant in cartilage destructigienderson & Pettipher, 1989; van de Loo & van
den Berg, 1990)0n the other hand, HL does not play a major role during the acute phase
of arthritis however it is a key player in the propagation of the digkadberts & van den
Berg, 2003) IL-1 is considered to be crucial for cartilage and bone destru¢temderson
& Pettipher, 1989; van de Loo & van den Berg, 199)idies have shown that combination
therapy using both TNF and 4L blockers provides an optimal protection from disease

development in mouse models of RAanden Berg, 2001)

In patients with RA, the synovial fluid contains cytokines such &k i, -6, IL-L

7A, IL-12, IL-15, IL-18, IL-23 and Transforming growth factbeta (TGFb) pr oduced
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macrophages and fibroblasts all of which support the diffextori and proliferation of Thl

and Th1l7Dendriticcellsin the synoviuns e cr et e transforming gr owt
(IL)-1 b ,-6,IL-02, IL-15,1L-21, IL-23, andlL-18 whichsupport Th17 differentiation and
suppress production of regulatory T celleus shifting the homeostatic balance in the
synovium towards inflammatiofMcinnes & 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 p r o dMctnhes et al., 1996; Mclnnes & Liew, 1998; Ogata

et al.,, 1999)IL-12 and I-:18 have been shown to be potent -bhiying cytokines.
Additionally, a synergistic activity of H18 with IL-12 and I1l-:15 was shownatbe important

in sustaining Thl responses and monokine production in RA (a cytokine produced by
monocytes and macrophagg§jracie et al., 1999)Another important cytokine in RA
pathogenesis is H6 which serves important roles via the activation and maturation of B and

T cells, as well as thproduction of autoantibodi¢alonzi et al., 1998)

The proinflammatory responses are compensated by the productioantsf
inflammatory cytokines such as-l0 and TGFb . However, these mechasa
impaired or not sufficient to neutralize the pnflammatory response thus leading to joint
damaggFeldmann et al., 1996)L-10 is a dominant suppressive cytokine in the collagen
induced arthritis (CIA)nouse mode(Joosten et al., 1997Qdditionally, IL-10 has been
identified in RA peripheral blood and synovial joirfiatsikis et al., 1994, Llorente et al.,

1994). However, I-4 could not be found in the synovial fluid, synovial supernatants, or
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synovium of RA patients, which might promote the uneven Th1/Th2 balance and enhance

the chronic nature of RAMiossec & van den Berg, 1997JGRb has been det
abundantly in RA joints however its role as anflammatory agent has been questioned due

to its potential to act as a proinfalmmatory cytokiBeennan et al., 1990; Chu et al., 1991,

Fava et al., 1989; Lafyatis et al., 1988)was shown that TGB wh e n edplacaillyd u c

plays a role in the reparative process during joint destruction and cartilage tissue scarring.
However, when it is overproduced in chronic lesions, ®GFcan contri bute t o
process that occurs during RA by recruiting immune catid promoting angiogenesis

(Feldmann et al., 1996)

IL-23, a member of the L2 cytokine family, plays a main role in inducing the
differentiation of CD4 naive T cells into Th17 cell®astos et al., 2005; Ballionna et al.,
2002) Additionally, it has been shown that T@®F, -6, ahd Il-21 activate T cells and
stimulate the initial differentiation of naive T cells into Th17 cells, conferring responsiveness
to IL-23 which is essential for Th17 cell expans{&chinocca et al., 2021%everal studies
have shown that the plasma levels of2lR and I-:21 are increased in RA patients in
comparison to control patient§lelis et al., 2010; Rasmussen et al., 20I0gse cytokines

are elevated in earktages of RA and correlated with disease act{Wtglis et al., 201Q)

The receptor activator of nucl asiafactof act or
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 arel lbss(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., 2016)RA, RANKL is produced by activated Th17
cells, synovial fibroblasts, macrophages, dendritic cells and activated E@k#imoto &
Takayanagi, 2011; Yeo et al., 201hportantly, IL-17A induces th expression of RANKL

on osteoblasts and synoviocytes and subsequently triggers RANK signaling in osteoclasts
(Lavocat et al., 2016; Van Bezooijen et al., 20003ble 1 demonsites the role of the
different cytokines in the pathogenesis of arthritis. Figure 1 gives an overview of the

cytokinemediated regulation of synovial interactions.

1. IL-17A

IL-17A functions as a prmflammatory cytokine in the host defense against
extracelular bacterial and fungal infectiofsl wakur a et al ., 20he8; OO0 (
IL-17 family consists of six related cytokines:1IA, IL-17B, IL-17C, IL-17D, IL-17E (IL-
25), and 1-17F (Aggarwal & Gurney, 2002)IL-17A and IL-17F share the highest degree
of homology. 1l-:17A is mainly produced by Th17 cells however several other immune cells
can produce 11 7 A S u c feellsarsatural GillerTT (NKT) cells, DCs, activated
monocytes, mast cells, neutrophilsdaymph tissue inducer (LTi) cell§Gaffen, 2008;
Harrington et al., 2005; Park et al., 200/)-17A, the most studied member of thell
family, acts on multiple cell types and enhances the production of varicusflaramatory
molecules such as TNB JL-1, IL-6 and I1-8. Moreover, it stimulates the expression of
chemokines like CXCL2 and MCP, acute phase proteins, matrix metalloproteinases, and
antimicrobi al -dgengnt2iCasi st als 20£0h Iwakwsa ebal., 2008; Liang

et al., 2006)
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Several studies have demonstrated a pivotal role fdr7A in stimulating RA in
humans. In patients with RA, highdis of IL-17A and their receptors have been detected in
tissue extracts and synovial fluif¢fdonorati et al., 2001Kotake et al., 1999; Ziolkowska et
al., 2000) Additionally, IL-17A together with TNFU have a synergistic
predictive of poor disease outcolfi@affen, 2009)Production of I17A stimulatefRASFs
and macrophagkke synoviocytes to upregulate production of26. This induces the
production of the inflammatory cytokines-ILb ,-6, and TNFU by monocyrn es th
stimulate differentiation of Th17 celli_-17A plays a role during RA in the differentiation
of neutrophils, activation and cytokine release from neutrophils, monocytes, MMP-IVIMP
-2, -9, and-13) and prostaglandin productigkicinnes & Schett, 200AVu et al., 201k
Hence, 1l-:17A has an essential role in the pathogenesis of RA by mediating pannus growth,
matrix turnover, cartilage destruction, and osteoclastogenesis. AdditionaHy7AL
upregulates the production of vascular endothelial growth rfa&BGF), subsequently
promoting angiogenesis in the synoviy#u et al., 2016)However, some studies have

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

Cytokine Articular cell Potential functions in the pathogenesis of rheumatoid arthritis
expression
IL-1 U a n | Monocytes, B cells, ySynovial fibroblast cytokine, chemokine, M1
IL-1 b synovial fibroblasts, PG rel ease; osteoclast activati on; ZGA@ellsynt
chondrocytes adhesiormolecule expression
IL-18 Monocytes, PMNs, T-cell differentiation (Th1 cells with 112; Th2 cells with |:4); NK-cell activation, cytokine release an
DCs, platelets, cytotoxicity; Zchondrocyt e G#reGytokiyenetedse and alhesian |
endothelial cells molecule expression; PMN activation, cytokine release and migratio@ngiogenic for endothelial cell
TNF Monocytes, Tcells,B| y Monocyte activation, cytokine and PG redleafg
cells, NK cells, PMNs,| apopt osi s, c¢cl onal regul at i-eelhadhesiod mole€liR exprgssidnu n (¢
mast cells, synovial cytokine release; ZsynoVialhbehi Byabhasi spr § Mi
fibroblasts, osteoblast{ y adi pocyte FFA release; endocrine effects
RANKL Stromal cells, Stimulates bone resorption via osteoclast maturation and activation; modulztisDIC interactions
osteoblasts, T cells
BAFF lg/lgr;ocytes, T cells, B-cell proliferation, antibody secretion, isotype switching and survivaklTco-stimulation
APRIL Monocytes, T cells B-cell proliferation
IL-17A TH17 cells, synovial |y Synovi al fibroblast cytokine and MMP rel ea:;§
fibroblasts synthesis; 9yleukocyte cytokine production
IL-12 Macrophages, DCs Thi-cell proliferation and maturation;-@ell and Nkcell cytotoxicity; B-cell activaton
IL-23 Macrophages, DCs Th17-cell proliferation
IL-7 Synovial fibroblasts, | T-cell expansion and survival; macrophage activation; haematopoietic regulation; thymic regulatiol
monocytes cell maturation
IL-15 Monocytes, synovial | T-cell chemokinesis, activation and memory maintenanesglBdifferentiation and isotype switching;
fibroblasts, mast cells,| NK-cell activation and cytotoxicity; synovial fibroblast activation; macrophage activatippression
B cells, PMNs, DCs (dose dependent); PMN activation, adhesion molecule expression and oxidative burst
IL-10 Monocytes, Tcells,B| y Macr ophage cytokine release, i N-Ce8cyakndrelsasel u
cells DCs, epithelial ZMHC expression, aredrgymaitrudwmdti iomn,andr ed fect
cells cytokine release; Zsynovi al -telisotymebvitechimg MMP 4
IL-6 Monocytes, synovial B-cell proliferation and antibody production; haematopoiesis and thrombopoie=a;proliferation,
fibroblasts, B cells, T . . - . . L. .
cells di fferentiation andpbwtsetorspbhgp; Yyhiaepatbenc
TGFbD Synovial fibroblasts, | Wound repair, matrix maintenance and fibrosis; THA7d TReec e | | prol icklleratio
monocytes, T cells, proliferation and effector function; initial
platelets phase leukocyte chemoattractant, gelatinase and integriessiqum; early macrophage activation then
suppression; Z i NOS expression
BMP family Epithelial cells, Regulate crucial chemotaxis, mitosis and differentiation processes during chondrogenesis and
(BMP2Zi synovial fibroblasts, osteogenesis; tissue morphogenesis
BMP15) mesenchymal
embryonic tissues
PDGF Platelets, Paracrine and/or autocrine growth factor for varionsdges; wound healing
macrophages,
endothelial cells,
synovial fibroblasts
FGF family Synovial fibroblasts, | Growth and differentiation of mesenchymal, epithelial and neuroectodermal cells
monocytes
VEGF Monocytes, Angiogenesis
endothelial cells,
synovial fibroblasts
IL-32 Epithelial cells, Macrophage cytokine, PG and MMP release
monocytes, synovial
fibroblasts
Type | IFNs Widespread Antiviral response; broad i mmunomodul atory ¢

lymphocyte activation, differentiation, survival (antiprolifevafi and cytoskeletal alterations

APRIL, a proliferatiorinducing ligand; BAFF, Bcell activating factor; BMP, bone morphogenetic protein; DC, dendritic cell; FFA, free fatty ad
FGF, fibroblast growth factor; GAG, glycosaminoglycans; IFN, interferon; IL, interleukin; INOS, inducititemitde synthase; MMP, matrix
metalloproteinase; NK, natural killer; PDGF, platedetived growth factor; PG, prostaglandin; PMN, polymorphonuclear leukocyte; RANKL,
receptor activator of nuclear facterB

b; TH,

T helper;

( RANK)
TNF,

I igand,;
tumor necrosi s

ROI ,e;TCRA&Fc el vereggpgear i nTEFmMed
f act or (Mclfinee&Schett, 20074 | at or y
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Figure 1. An overview of the cytokinemediated regulation of synovial interactions.

The component cells of the inflamed rheumatoid synovial membrane are depicted in
innate and adaptive predominant compartments of the inflammatory respivsel
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 cellgioimelial cells and synovial

fibroblasts. APRIL, a proliferaticinducing ligand; BAFF, Bcell activating factor; RANKL,

receptor activator of nuclear facterB ( RANK) | i gand; VEGF, vasc.!l
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factor; FGF, fibroblast growth factor; 4@SF,macrophage colongtimulating factor; TGF,

transforming growth factor.

2. I FNO

| FNo2, the only member of type 11 interfe
innate immunity to protect against viral, bacterial, and protozoan infe¢@ts, 2020) It
has pleotropic immunological functions and is secreted by activated T cells (Th1, cytotoxic
T cells) NK cells, mamphages, and mucosal epithelial cdtlacts as an important activator
of macrophages and inducer of MHC Il molecule expression, coordinate the activation of the
innate immune system, manage lymphoicgtelothelium interaction, regulate Th1/Th2
balance,and influence cellular proliferation and apopto@slliau, 1996; Boehm et al.,
1997) Abnormal expression of F N9 has been associated Wi

inflammation.

| FNo2 has been implicated in synovi al i n
| F Nhas 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 | *T ¢iNsubmset grodiciRgNiBN awedr eCDeBnr i c |
(Kato,2020) On t he other hand, |l FNo -pOrvehdhuacts ng T
as a negative feedback mechani{€arvalheiro et al., 2013) FNo can al so i ndu
phosphatase activity and a transcription factor Runx2 expression that promote osteoblast

differentiation. Concerningosteosla di f f erenti ati on, dwual rol e
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(Gao et al., 2007; Ji et al., 2009; Kwak et al.,, 2010)| FNo att enuates the

Th17 cells, which ameliorates autoimmune disor@@iathys et al., 2000)

P. Treatment of RA

Once RAdiagnosis 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 d life, and controlling and containing complicatiof@asserman, 2011pisease
modifying antirheumatic drugs (DMARDS) are the main drugs used for RA therapy. They
include biological and nchiological 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 duringdbination 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 impraowusift@oekoop
Ruiterman et al., 2007) herapy for RA may include steroids in combination with DMARDSs.
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 Lederge i s t he Aecol ogi cal

commensal, symbi oti c mi cr obi (haderberg, 12G00) s har
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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 tra€Gl), and genitourinary tract (GWBrusca et al., 2014The gut ontains

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 humé@Bdckbked

et al ., 2005; OO0 Htasrestimaled Bdt 20% affalarmcprgaRi€h® that

live in and on the human body are#dbed in the guf O6 Har a & S h Arouac an ,
300 1000 different spectelive in the intestine however 99% of these bacteria are derived
from about 3040 species(Beaugerie & Petit, 2004; Guarner & Malagelada, 2003; Sears,
2005) Additionally, bacteria constitui®0% of the dry mass of fecéStephen & 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 édieholson et al., 2012At 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 integliag et al., 2006; Palmer et al.,
2007) The intestinal microbiota of infants is less compean that of adults and can differ
greatly depending on the mode of delivery, type of feeding (breastfeeding offbetlieg),
and antibiotics, prebiotics, or probiotic usggeuhy et al., 2012) The intestinal microbiota
of infants born vaginally have a high abundancéaofobacilli during the first fev 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; Backhed et 46).28 contrast, the intestinal
microbiota of infants born via-8ections lacks early colonization of tBacteroideggenus,

but are inhabited by facultative anaerobes sucElastridium species(Jakobsson et al.,
2014; Salminen et al., 2004Additionally, a low percentage of infants born through C
section have similar fecal microbiota as their motfi@éskhed et al., 2[b). During the early
period of development, the microbiota is dominated&bterobactemandEnterococcin the

first few days. This is followed by a period whereby anaerobic organisms such a
Bifidobacteria, Clostridia, Bacteroidespp. and anaerobicStreptococcibecome more
dominant(Adlerberth & Wold, 2009)

In adults, twethird of the gut microbiota is dominated by two divisions of bacteria,
namely Bacteroidetes and Firmicutes with other phyla including Actinobacteria,
Proteobacteria, Verrucomicrobiand Fusobacteriabeing present in lower proportions
(Eckburg et al., 2005; Tremaroli & Backhed, 2012he composition of the intestinal
microbiota is relatively stable in adults however st Subject to various perturbations
(Dethlefsen & Relman, 2011)n the elderly, the GI tract is characterized by low grade
chronic inflammation which occurs due to agéatedphysiological changes in the intestinal
tract(Franceschi, 2007)This results in changes in the composition of the gut microbiota in
the eldely. 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 knowrpo thave immunomodulatory effectBiagi et al., 2013;
Woodmansey et al., 20044 study by Claesson et al. (2011) indicated that the intestinal
microbiota of individuals aged 65 and abous significantly distinct from younger

individuals(Claesson et al., 201Ihe microbiota of the elderly has an increased abundance
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of Bacteroidetephyla andClostridiumcluster IV, in contrast with younger subjects in whom
cluster XIVa is more domamt. 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 leteym residential care had a high
percentge of Bacteroidetesin their intestinal microbiota, while elderly living in the
community had a more diverse intestinal microbiota dominatdeirnyicutes(Claesson et

al., 2012)

2. Composition of the intestinal microbiota

So far, the MetaHit and the Human Microbiome Project have ¢gedvihe most
comprehensive understanding and identification of the htamaaciated microbial
collection (Hugon et al., 2015; MetaHIT Consortium et al., 2018)e gathered data
identified 2172 species classified into 12 different phyla, of which 93.5% belonged to
Proteobacteria Firmicutes Actinobacteriaand Bacteroidete{Hugon et al., 2015)More
variations exist below the phylum level with most bacteria belonging to the genera
Bacteroides Clostridium Faecalibacterium Eubacterium RuminococcusPeptococcus
PeptostreptococcysndBifidobacterium(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
butyrateproducing bacteria, includingaecalibacterium prausriti, Roseburia intestinalis

and Bacteroides uniformigMetaHIT Consortium et al., 201.0More 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 pdojhagehe 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) andRuminococcus
(enterotype 3). It was shown that the most common was enterotype 3, which included
RuminococcuandAkkermansigArumugam et al., 2011However, other studies indicated

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

enetotype 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 microbiotderitical twins differ largely, sharing
less than 50% of species phyloty€srnbaugh et al., 2010k ven though the gut microbiota
is stable within the same individual, the density and composition is algretiemical,
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 Fitigho e
(2010) demonstrated that the intestinal microbiota of infants from rural Africa was dominated

by the Actinobacteria(10.1%) andBacteroideteg57.7%) phyla(De Filippo et al., 2010)
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The diet of these individuals was rich in starch, fibers and plant polywaabe$. 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 pratitionally, this

study demonstrated thRrevotellg a SCFA producers, ag only present in the microbiota

of African children. This is also evident in healthy individuals whose diet is rich in
carbohydrates and simple sugd&/u et al., 2011) Furthermore, a decreased SCFA
production is apparent in inddals consuming a low MAC diefSonnenburg &
Sonnenburg, 2014) Extr e mb a séeadnd mbéh s eddpd adi et s cause
modifications in tle gut microbiota. High abundanceAlfstipes Bilophila andBacteroides

have been identified in the microbiota of individuals whose diets are animal based.
Additionally, Firmicutes associated with the metabolism of dietary plant polysaccharides,
was fourd in low concentrations in these individudBavid et al., 2014)On the other hand,

the microbiota of individuals whose diets are plbased have a greater abundance of

Prevotellaand an overall highernkrsity in the gut microbiomé¢ J ef f ery & .06 Tool

The ability of gut bacteria to digest dietary or mucin glycans is determined by the
glycoside hydrolases (GHs) and polysaccharide lyases (PLs) encodedrbgetimmes.
Some species of the gut microbiota are able to digest a wide range of polysaccharides, whilst
others are specialized in targeting specific glycé@sckburn & Koropatkin, 2016)
Bacteroidetegenome encode more glycaleaving enzymes thafrmicutesmemberdqEl
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(&bkKaoutari et al.,

2013) Diets that contairsulphated compounds frodietary amino acids can increase the
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abundance of sulphateducing bacteria, which have been implicated in certain autoimmune

diseases such as IBQarbonero 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 Amerindiangoin the Amazonas of Venezuela, residents of rural
Malawian communities, and inhabitants of USA metropolitan a(¥assunenko et al.,
2012) Results indicated that the @8pulation had a large proportionerizymes involved
in the breakdown of glutamine and others involved in vitamin and lipoic acid biosynthesis.
This was assoated 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 syrifetsenenko et al.,
2012) Race and ethnicity might also affect the composition of the gurbbiota. A study
by Brooks et al. (2018) showed that twelve microbe families varied in abundance based on
the race or ethnicity of thadividual (Brooks et al., 2018)The Healthy Life in an Urban
Setting (HELIUS) study, a populatidvased sample of Amsterdam resitde 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 descdteschasaux et al., 2018)arying socioeconomic conditions has
also been linked to changes in the intestinal microbiota. A study by Millat. (2016)
demonstrated that the diversity of the microbiota and the abundaBaetefoidesncreased
in relation to higher socioeconomic status in Chic@diler et al., 2016) In another study

that involved a large sample of twins in the United Kingdomai wadicated that there was
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an association between individual and ateeel income and diversity and relative

abundance ahe gut microbiotgdBowyer 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 barriegngnoenesisHooper 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 predominaBFCAs in the gut are propionate, butyrate and acetate in the ratio
of 1:1:3 (Louis & al., 2014) These metabolites play a major role in regulation of gene
expression, chemotaxis, differentiation, proliferation and apop{GsigéaOliveira et al.,

2016) SCFAs also play a role in modulating the immune system and inflammatory response
by enhancing the production of cytokines such a$8linvolved in maintaining and repairing
epithelial integrity(CorréaOliveira et al., 2016; Morrison & Preston, 201@)cetate is
produced by most of the microbiota in the intestinal tract; propionate is mainly generated by
Bacteroideteswhereas butyrate production is mainly Bymicutes (Louis et al., 2016;

Macfarlane & Macfarlane, 2003; MorrisonRRreston, 2016)

The intestinal microbiota is also important in teenovasynthesis of vitamins. Lactic

acid bacteria anBifidobacteriaare two crucial members of the gut microbiota that play this
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role. Lactic acid bacteria synthesize vitamin B12, alkhcannot be produced ksjither
animals, plants or fungjLeBlanc et al.,, 2013; Martens et al., 200B)fidobacteriais
involved in the production of folate, which is essential for metabolic processes sulhas D
synthesis and repa{Pompei et al., 2007)Vitamin K, riboflavin, biotin, ncotinic acid,
panthotenic acid, pyridoxine and thiamine are other vitamins produced by the gut microbiota

(Hill, 1997).

The gut microbiota lpys 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 sysm on the other hand. In the Gl tract, Paneth cells, specialized secretory cells,
produce anti mi cr ob i -ddfessins, cathdlicidins, colentigsi, his@tes) i n
lipopolysaccharide (LPS)inding protein, lysozymes, secretory phospholipage ahd
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
membrandHooper & Macpherso, 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 ba(téci@uckin et al.,

2011; E. W. Rogier teal., 2014) Finally, the gut microbiota hasodulating epithelial
properties and are involved in promoting cell renewal and wound h&&wgnson 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,
secrebry IgA antibodies, and antimicrobial proteif®cher & Abramson, 2011Yhe tight
junctions between the epithelial cells providesecond defense boundaffooper &
Macpherson, 2010)Additionally, the innate immune cells in the lamina propria represent
another defense strategy through the surveydmtection of antigens in the gut contents
(Kelsall, 2008) The gut microbiota shapes the development of the immune system and
maintains a basglhysiological level of intestinal inflammatiafWu et al., 2016) These
symbiotic bacteria elicit signals that promote regulatory T cells (Treg) or Th cell
differentiation. For example Bacteroides fragilisinduce antinflammatory immune
responses througiolysaccharide A (PSA) leading to the activation efLllproducing Treg
cells. This capsular protein signals through Tiodi-like receptor TLR)-2 pathway hence
leading to immune suppression and repression of Th17 resp@tmasd et al., 2011)0n
the other hand, segmented filamentous bacteria (SFB) induce the activation of lamina propria
Th17 cells which leads to the production ofIZA and promotes pfmflammatory immune
responseglvanov et al., 2009)Hence, in a healthy gut, the microbiota plays a role in the
regulation of Thl7 and Tregell differentiation thus affecting immune responses,

development of autoimmune diseases, and immune tolef@dncet 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 metatvolites
microbiotaderived 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 sks@BD), diabetes type 1,
SLE, and MYLi et al., 2019; H. Xu et al., 2019FheFirmicutes/Bacteroideted=(B) ratio
is widely accepted to have an portant influence in maintaining normal intestinal
homeostasis. Increased or decreased F/B ratio is considered as dysbiosis with the latter

observed in autoimmune diseag8janov et al., 2020)

V. Microbiota and rheumatoid arthritis

Under certain pathological condition 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 dev@idgpment
et al., 2016)

The first evidene that the microbial flora might be involved in the pathogenesis of
RA was the observation in 1970 that gemee rats in an adjuvaiiduced arthritis model
had 100% arthritis incidence with severe joint inflammation, whereas conventional control
rats deeloped a mild form ofhe disease at a low inciden@&hashi et al., 1979everal

studies performed later in mouse models further supported this notion. It was shown that
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monao-colonization of germ free mice in two spontaneous arthritis models, the K/BxN and
IL1rn"/~ mouse model, witt8FB and Lactobacillus bifidusrespectively 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, producéAlard induce
production of arthritogenic autoantibodies from plasma cells. However -fgeenmice in

the K/BXxN model of arthritis do not develop the disease when they are not colonized.
Lactobacilluscan also induce arthritis in the IL1famodel. 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 clinicahnifestation at distant sitésbdollahiRoodsa et al., 2008;

Wu et al., 200). Additionally, in a study done in the collagemuced arthritis (CIA) RA
mouse model, the genusactobacilluswas the dominant genus prior to arthritis onset.
Moreover, gerrifree mice conventionalized with the microl@dtom arthritisaffected mice
showed a higher frequency of arthritis induction than those conventionalized with the
microbiota from arthritisfree 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 thdiifidobacteria, BacteroidesPorphyromonadlrevotella
group,Bacteroides fragilisubgroup, an@Eubacterium rectalieClostridium coccoidewere
less abundant in RA patient8/aahtovuo 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 alteratibadatobacilluspopulation in
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RA patients is temporal (Liu, et al. 2013). A study by Satteal. (2013)reported that
Prevotella copriwas significantly increased in nesnset untreated RA patier{cher et al.,
2013) Moreover, the interactions between the various symbiotic bacteria are affected in RA
patients as shown in a study( Gudnien elvya @&u INoors
2011) The proportions oBifidobacterig Bacteroids andLactopositivecolibacteriawere
significantly decreased while the growth of opportuniginterobacteriaand Staphylococci
organisms was increased. A study by Zhang et al. (2015) showed that there was an association
between dysbiosis in RA and clinical indscesuch as the titers of immunoglobulin,
autoantibodies, ACPA, and RF. Treatment with DMARDs patrtially restored the gut
microbiota in these patien{ghang et al., 2015)

In RA, SFB orLactobacillusincrease the production of serum amyloidS¥AA) in
the ileum leading to cascade of events that involves the inductioaincé 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 CD709"CD11& cells. These cells then secrete@lIL-23p19,and TGFb a n d
induce the differentiation of Th17 cells. Th17 cells releasgallL-21, IL-22, granulocyte
macrophage colony stimulating factor (@88F)and TNFU whi ch ar e al | I mp
pathogenesi 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 asdnélsadfies and autoreaativ
T cells become localized to the synovial tis¢8eher & Abramson, 2011Jurthermore,
cytokines suchs®lL-17A and 1-:22 couldinduceRANKL expression in human synovial

fibroblasts, leading to osteoclastogenesis and bone erosion in autoimmune @finmits
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al., 2012; Liberts et al., 2003)n addition, 1l-:17A could induce the production of VEGF
in FLS, contribting to the angiogenesis in RRyu et al., 2006)Moreover, Il-17A induces
the production of various prioflammatory cytokines and MMPs in whole synovial tissue,

synovial fibroblasts, ah cartilage, leading to inflammation, matrix turnover, and cartilage

destruction during RA developmeflovanovic et al., 1998; Moran et al., 200Bigure 3

shows hostmicrobiota interactions in healthy and arthritic individuals.
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Figure 2. Summary of multiple animal models of arthritis that have demonstrated that
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arthritis, SFB: segmented filamentous bacteFiaR: Toll-like receptor
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CHAPTER I

HYPOTHESIS AND SPE@IC AIMS

Viruses and bacteria are consideried 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 EBActivated infection, may
influence the development of autoimmune d&#s 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 iRhenouse
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 tyglés that might be inwwed.

Aim |: Determine the effect of EBV DNAon the incidence and severity of arthritis in

an RA mouse model

EBV, one of the most common viruses that affect humpessists in the host and
can reactivate at any tim€his can lead toecurrent infections during which it can produce

viral antigens like viral DNA. Persistence of this viral DNA might trigger agartmimmune

67



response and hence plays a role in the pathogenesis of autoimmune diseases such as RA.
Thus, this aim focuses onsassing 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 arthritignducing agent, EBV DNA 6 days prior to the inducing agent, or EBV

DNA 15 days #er 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 1I: 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 syst&dditionally, 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 fees 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 [, isolating bacterial DNA, and performing 16S rRNA
sequencing. Additionally, several imnaunells and cytokines are important in RA
pathology including: Th17, Thl, Tregcells;fIL7 A and | FNo2. Therefor e,
this aim concentrates on identifying the immune cell populations and the cytokines that are

altered in our RA mouse modeldahow 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
microscopyto enumerate immune cells that might have a pathological role. Additionally,

sera is collected and ERA is performed to determine the level of cytokines.

Aim Ill:_ Determine if microbiota contribute directly to arthritis progression by fecal

transplantation from EBV arthritis -affected mice to antmicrobial -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
antimicrobiatcleared mice with microbiota from arthriggfected mice or control mice. This
is dore 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 Il
MATERIALS AND METHODS

A. Mice

The murine model for arthritemployed was the collagenduced arthritis (CIA) in
C57BL/6J micgInglis et al., 2007) Female, 12 weeks of age mice, were utilized. The
mice wee 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 dooused in nonndividually ventilated cages (neivC)
in the sam&oom with a room temperature of 2Z25°C and a -hour lightdark 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-B9& 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 humber of
144 x 10° induces a peak of HL7A, a proinflammatory cytokine, in BALB/c mice 6 days
post treatment with the DNfRahal et al., 2015Hence, this copy number was adopted for

in vivo experiments.
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2. Compl ete Freundés adjuvent (CFA) prepara
To prepare CFA, hedtlled Mycobacterium tuberculos{gnvivogen, Toulouse,

France), at a concentrationof 3.3 mgim was added to incomplete F

(IFA) (Chondrex, Inc, Redmond, Washington). A high concentratidv.dafiberculosiss

needed to elicit a higimcidence of RA in the CIA mouse modétglis et al., 2008)The

preparation was carried out in a fume hoo#lasuberculosis is toxic if inhaled and then

stored at 4 °C.

3. Type Il chickencollagen preparation

Thetype Il chicken collagenvas obtained from Chondrex, Inc, Redmond,
WashingtonType Il chicken collagen can be easily denatured, hence all working
procedures that involved the collagen were done on ice and datkeTo obtaira
working concentration of 4 mgim 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 theincidence 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 oérthritis was performed as previously descrifledlis et al., 2007;
Pietrosimone et gl2015) The arthritisinducing emulsion was produced by mixing an
equal volume ofype Il chicken collagen (Chondrex, Inc, Redmond, Washington) with
compl ete Freundés adjuvant (CFA). This was
mL syringe ad sealing its tip with a-8vay 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 (10300000 rpm) and then cooled for 5 mirgutey
keeping the mixture in the ice water bath. This was repeaBaiih2es 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 watendifnoddiffuse, it
was of the right consistendyinally, the emulsion was transferred tol syringes with a
27-gauge needlesnd kept on ice for injectiong®ooster injections dfype Il chicken
collagen were administered 20 days after the initial gellachallenge; these were given in

a manner similar to that of the primary challenge but instead of CFA, IFA was used. The

72



emulsion injections were given subcutaneously in the tail by inserting the needle 25 mm
distal of the hairline. If injected properlhe 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 Ol. C57BL/6J mice that rece

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
chalenge with collagen. The days chosen for administration of EBV DNA were selected
based on our previous observations that theaptoimmune cytokine H17A peaks in
mouse sera 6 days after administration of the IRa&hal et al., 2015Hence, in the
current study, the DNA was administered so peak levels-&#7A would either coincide
with collagen administration or with anticipated appearance of symptoms which occurs
around 3 weeks after administration of the arthimtducing agent. Injections containing
the viral DNA harbored 144x3@ opi es of EBV DNA in 100 ¢l
given intraperitoneally. Mice that received 144¥¢00 pi es of EBV DNA i
distilled water intraperitoneally were also examined. In addition, a control bacterial DNA
treated group was included which received 27.2 rigtaphylococcus epidermidiNA in
100 pl of water; this was administered 6 days prior to collagen (amount equivalent to 144 x
10° copies of EBV DNA). Mice were then monitored for 70 days for the development of

arthritis by assessing the ankle joint macroscopically for rednessvatiohg.
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Group 1 Distilled water Distilled water
Group 2 E
Collagen +CFA Collagen +IFA
Group 3 E
EBV DNA | Collagen +CFA Collagen +IFA
Group 4 E
Collagen +CFA EBV DNA | Collagen +IFA
Group 5 E
EBV DNA
Group 6 E
S.Epidermidis Collagen +CFA Collagen +IFA
DNA
[ [ | 1 |
Day -6 0 15 20 70

Figure 4. Treatment regimen for assessing the effect of EBV DNA in the type Il chicken

collageninduced arthritis C57BL/6J mouse model EBV, EpsteirBarr virus; CFA, complete

Freun

2.

dos

adjuvant ;

I FA,

i ncompl et e

Freund©os

Measurement othe relative concentration of IgG antthicken collagen antibodies

The relative concentration of IgG aiwtiicken collagen antibodies was detected by

enzymelinked immunosorbent assay (ELISA). Commercially available microtiter plates
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were coated witliypell chicken collagen (Chondrex, Inc, Redmond, Washington). This

was done by diluting the collagen stock (4 mighm 0.01 M acetic acid) using 1x
phosphate buffered saline ( RBBRe)chickemcolageni n a |
was then added to the various wells in 100
cover, and incubated overnight at 4°C. The collagen coated plate was then washed 3 times

with wash buffer (Abcam, Cambridge, UK, catalogue nunalbdi99081). The plate was

blocked with 100 pl fetal bovine serum (FBS) peil for 30 minutes at room temperature.

The sera of mice from the distilled water treated group, coltagegiving group, and EBV

DNA 6 days prior to collagen treated group (3 enper group) were diluted 1:2 with FBS

and then 100 €l from each d-wdllplatee The datemp | e wa
was then incubated for 2 hours at room temperature after which it was washed 3 times

using the wash buffer. Horse radish perasiel (HRPconjugated goat IgG anAthouse

antibody (Pierce, Waltham,USA) was diluted to 1/2000 with 0.1 M Tris buffered saline, pH

8, containing 25% FBS and 100 ¢l was added
hours at room temperature after whitlvas washed 3 times with the wash buffer. 38 6
50-tetramethylbenzidine (TMB) was then added to each well (100 ul) and incubated at

room temperature in the dark for 10 minutdandredyl of the stop solution (Abcam

Cambridge, UK) was then added teleavell to end the reaction. The absorbances of the

various samples were then measured usingl t i skanE FC Micropl ate F
(Thermo ScientificWaltham,USA at a wavelength of 450 nm. The relative concentrations

of the groups were normalized to thentrol 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 oktlankle joint and measuring the width of the ankle
joint from one side to the othdtach measurement was notegiim. Additionally, the
affected hind paws were clinically scored using scored using an arbitrary scoring system as
follows: 0, no redness arsvelling; 0.25, slight redness; 0.5, slight redness and swelling;
0.75 1, mild redness and swelling; 11255, moderate redness and swelling; 1275
severe redness and swelling (modified from that of AbdeRadudsaz et 312008) (Table
2). If a mouse &d more than 2 paws thatreaffected, 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 cEhape 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 triplicam@stain the average for each
mouse.

Furthermore, histological assessment of affected joints/ footpads was carried out.
Joints/ footpads were fixed in 10% formal deh
(Thermo Fisher Scientific, Waltham,USA), amidlgedded 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 (68 based on sewvgy). Footpads were scored based on
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inflammatory infiltrates and edema-Bbased on severity) (Tal. Blinded scoring was

perfomed by two independent scorers.

Table 2.Clinical and histological scoring systems for arthritic C57BL/6J mice.

Pawlinical scoring

Paw Score Clinical Observati

0 No redness and swel

0. 25 SIlight redness

0.5 SI'ight redness and

0.7T15 Mil d redness and s\

1.255 Moderate redness al

1.125 Severe redness and

Ankl e joint section histological scor

Ankle Joint Cartilage Edema Inflammatory Connective

Score Destruction Infiltrate 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 Edema Inflammatory Infiltrate

Score

0 None None

1 Mild Mild

2 Moderate Moderate

3 Severe Severe

E. Assessing thenvolvement of IL-17A and IFNo in the response to EBV DNA in

the RA mouse model

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. Sulysequent

the levels of IL17A and IFMN in the sera from arthritic mice from the various groups and
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nonarthritic mice from the control group was determined using &7A mouse

SimpleStep ELISA Kit and a IFlNmouse ELISA Kit (Abcam, Cambridge, UK). In
summaryserial dilutions of the standards were prepared and 5QU108re pipetted to

their respective wells for tHENo and IL-17A assay respectively. The sera samples were
diluted 1:2 with the sample diluent and transferred to their respective wells in(b0/ £0
aliquots (IFNb and IL-17A assay respectively) Fi fty €l of the respecH
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 fdr-ti8A\ assay and

3 hours for the IFNassayWells were then washed 3 times usixgaashing buffer. For
thelFNo assay, & StreptavidinHRP was added to all wells and incubated at room
temperature for 30 minutes. The wells were washiét&s using & washing buffer. For

bot h as s aytaramethylbdnzidn® (THB) 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 ddeleich changes the color
from blue to yellow, and the intensity of the color was measured at 450 nm using

Mul ti skanE FC Micropl at e Walthant,dSAet er ( Ther mo

2. Immunofluorescence staining for mouse joint tissues

The number of cells thatere double positive for H17A and IFN 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 blotdr 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. Rally, 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 60°C. The citrate buffer was prepared from 0.1M tri
sodium citrate dihydrate and 0.1M citric acid (1Braof citric acid and 82 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 waghed w

deionized water itwo changes for 5 minutes eaé&nother wash with Triduffered 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. Aftangltek

samples in 15% FBS in 1x PBS for 1 hr, the slides were incubated overnight with the
fluorochromelinked antibodies Brilliant Violet 605 anthouse 1:17A (1:1500) and

Pacific Blue 405 antimouse IFM (1:1500) (Biolegend, California, USA) preparedlix

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
°C. The mounting solution consisted of 80% glycerol, 223mMdig4abicyclo[2.2

2]octane (DABCO), and 4mM THBEICI. 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 inch

79



F. Detemining 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 abawel stored immediately &80°C for microbiota anabys
and future fecal transplantation experiments. Total genomic DNA was extracted from the
stool samples using the ergdlt precipitation method. Initially, the stool pellets were
thoroughly homogenized using a tissue homogerizemel, Wisconsin, USA)ntil no
solid particles were visible. Phenol was then added at a volume of 250 pl to the suspension
and vortexed to ensure maximum DNA concentration. The samples were centrifuged at a
high speed for 15 minutes at 4°C. The mixture separates into a logvenl fpdoyer, an
interphase, and a colorless upper agueous phase. The upper layer was collected and 25 pl of
3M sodium acetategH: 5.2), 1 pl of glycogen, and 750 pl of 100% ethanol were added.
The mixture was then stored-80°C overnight. The followingay, the samples were
centrifuged at a high speed for 15 minutes at 4°C and the pellet was washed 3 times using
70% ethanol to remove impurities. Finally, the samples were resuspesidgdrisEDTA
(TE, pH 8.0). The concentration of the DNA was measusatguhe DeNovix D1

(Wilmington, USA).

2. Sequencing
After carrying out sample size, quantity and quality checks, 16S rRNA sequencing

was carried out by Macrogen, Inc. (Seoul, Korea) Sdopiencing library was prepared
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usi ng Macr og e nwhgh rdsalts ia anlampliqgor whaose 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 lilbary preparation process. The adahigated fragments were then PCR
amplified and gel purifiedThe DNA samples were amplified using the universal primers
that target the 16S region v&): Bakt_341F: CCTACGGGNGGCWGCAG and

Bakt 805R: GACTACHVGGGTATCTAATC. 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 throughitdge amplification. When cluster generation was

complete, the templates were sequenced using the Herculase Il Fusion DNA Polymerase
Nextera XT Index Kit V2 (Aligent, CA, United States) and the Next Generation

Sequencing (8S) lllumina® 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 Hrieense.The analysis wasarried out
based on the UseGalaxy tutori al A16S Microb
2019). Initially, raw data were uploaded as FASTQ files onto the usegalaxy platform. This
was followed by the quality control step which involved mergirggrérads into contigs,

followed by filtering and trimming of reads by summarizing the data per read, removing
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sequences with ambiguous bases and longer than a given threshold, and speeding up
computation.Speeding up computation parameters involved detegwuinique/identical
sequences in the data and counting/summarizing the number of times each unique sequence
was observe across each of the samplafier assessing and improving the quality of the
data, sequence alignment was carried out. The firstrstiysi 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, prelustering, and removal of ahera. In the preclustering step, near

identical sequences were merged togetiesequences 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 removalasfimeras, which occurs when two unrelated
templates are joined to form a hybrid sequence. After cleaning the data, taxonomic
classification was carried out and Ribacterial sequences were removed. Finally,
Operational Taxonomic Units (OTU) clustering veasried 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 thregftiltBmann et al.

2019) The percent abundance of the genera identified in each group was detemcdined

the relative abundance of the microbiota was determined in each giosipvas done by
identifying the abundance of the major genera/genus clusters, characisrizdng 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 Chaol
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index which represent thebundance/evenness and the richness of the data respectively.
The Shannon index was calculated usingdneula: Shannon Index (H)=x p | n p
(where p is the proportion (n/N) of individuals of one particular species/genus (n) divided
by the total numbeof individuals (N)). The Chaol index was calculated usinddhaula:
Chaol = &s+ f1(f1-1)/2(f2+1) (Wwhere Susis the number of species/genera observiad, f

the number of singletons andd the number of doubleton&}potelli & Colwell, 2001)

The beta diversity was calculatedt@mms 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 dis(Bnag & Curtis,

1957)

G. Immunofluorescence staining for mouse colon tissues
The number of cells that were double positive fel A"/ IFN9* or IL-

17AYFOXP3 and triple pasitive forlL-17A* IFNa* / 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 tiats, the colon sections did not undergo
the decalcification step. The antibodies used Waorochromelinked Brilliant Violet 605
antkmouse IL:17A (1:1500), Pacific Blue 405 antiouse IFN (1:1500), and Alexa Fluor
488 antimouse FOXP3 (1:1500) (Hegend, California, USA). The number of double
positive cells per area was determined using ImageJ (NIH, Wisconsin, USA) and expressed

as count per in¢h
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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 arthriteffected mice t@ntimicrobiattreated mice66
female 3- week oldC57BL/6J micewnere used. The pups were obtained as soon as they
could be weaned from their mothers which occurs at week 3 oT hganice were then
divided into 3 groups each containing 22 mice. The mice receivadtemnicrobialcocktail
that consisted of amoxicillin (0.5 mg/mL), vancomycin (2.5 mg/mL), metronidg@de
mg/mL), amphotericin B (0.025 mg/mL), streptomycin (0.025 mg/mL), penicillin (25
U/mL) and ciprofloxacin (0.0625 mg/mi(Noureldein & Eid, 2020)Theantimicrobial
cocktail aimed to target gram positive, gram negative, aerobic and anaerobic bacteria,
parasites, and fungi. Ttaatimicrobialcocktail 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 oftheek period on different agar media
plates. These plas included: Trypticase soy agar (TSA), Blood agar, MacConkey agar,
International Streptomyces Project Medium 3 (Ragar (oatmeal agar), and Luria
Bertani (LB) agar. The absence of bacterial colonies on these plates validated the loss of
microbiota fran these mice. Subsequently, the mice received fecal samples previously
obtained from 1) distilled water group, 2) collagesated arthritic mice and 3) EBV DNA
6 days prior to collagen treateaktthritic mice. Fecal suspensions were prepared by

homogenizng the one pellet{20 mg) in sterile PBS per mouse using a tissue
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homogenizer. The homogendB90ul) was given to each mouse by oral gavage. Fecal
microbiota transplantation (FMT) was done once per week for four weeks. Collagen
induced arthritis was #n 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 arthyigssessing
the ankle joint macroscopically for redness andlbmg. 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.

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 Malitney U Test. Mean
comparisos and alpha diversity indices were analyzed using thetaiexd unpaired

Student 6s t test . P values |l ess than O0.05
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Amphotericin B
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Ciprofloxacin previously received collagen arthritis development
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Figure 5. Treatment regimen used for assessgthe effect offecal microbiota transplantation
from EBV DNA -treated arthritic mice. The treatment plan for fecal transplantation and

induction of arthritis irthetype Il chicken collagesinduced arthritis C57BL/6J mouse model.
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CHAPTER IV

RESULTS

A. EBV DNA increases he 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 modetanges between 50% and 8Q@ampbell et al., 2000; Inglis et al.,
2008; Pietrosimone et al., 2015)ence, 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 collageceiving grougdFigure 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 togeatiahowever, 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 appearinginahous groups at 3
weeks postreatment with the inducing agent. Additionally, arthritic mice in the group that
received EBV DNA 6 days prior to collagen slexl symptoms within a narrower period

(Days 2150) of time in comparison to the group that ordgeived collagen and the group
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that received EBV DNA 15 days post collagen (Day62). Figure 7 shows representative
ankle joints from arthritisffected and control mic&he degree of redness and swelling in

individual mice from the different groupsaw variable.
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Figure 6. Incidence of arthritis in the EBV DNA-treated collageninduced arthritis

mouse modelIncidence (%) of arthritis in various groups of C57BL/6J mice treated with
type Il chicken collagen (n=31), EBV DNA 6 days before collagen (n=30), EBV DNA 15
days after collagen (n=323, epidermidi®NA 6 days prior to collage(m=10), and

control mice teated with distilled water (n=32) or EBV DNAonly (n=8). i ndi cat es

0.05; comparisons were made to the group that received collagen only.
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Figure 7. Representative images of hind paws from arthritisaffected animalsin the
EBV DNA-treated collageninduced arthritis mouse model Redness and swelling in the

paws and footpads are indicative of arthritis.

2. Relative concentration of IgG antthicken collagen antibodies

The role of anticollagen antibodies as an initiating agent of RA has belest
extensively. In humans, 300% of RA patients have artiipe 1l collagen antibody
responses depending on the stage of the dig¢€asé et al., 1996; Morgan et al., 1989;
Ronnelid et al., 1994 Additionally, several studies have shown thati-type Il collagen
specifc antibodies can play a role in triggering inflammaiiowivo by several
mechanismg¢Holmdahl et al., 1991; Mo et al., 19940 this study we measured the
relative concentration of IgG arnthicken 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 thateceived distilled water onlyhe fold increase of the relative

concentration of the antiollagen antibodies was 11.06 and 13.31 folds in the collage
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receiving group and EBV DNA 6 days prior to collagen treated group respectively

compared to the distilled waterr e at e d

control

group (in both

Additionally, the relative concentration of agtllagen antibodies was significantly hiy

in the group that received EBV DNA 6 days prior to collagen compared to the group that

received collagen only (p&00054). Figure 8 shows the relative concentration of IgG anti

chicken collagen antibodies in the arthritis groups and the distilled e@t&ol group.
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Figure 8. Relative concentration of IgG antichicken collagen antibodies in arthritic

mice in the EBV DNA-treated collagenrinduced arthritis mouse model Relative

concentration of IgG antihicken 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).

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 severitg afisiease.
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 um in the distilled
water group, 2237.5 um in the EBV DNaAceiving group, 2280 um in the group receiving
S. epidermidi®NA in addition to collagen, 2294.74 um in the collagezated group,
2533.33 um in the group receiving EBV DNA 6 days prior to the collagen (p=0.0048,
compared to the collagen group) and @pon 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 thicknessn the EBV DNA-treated collageninduced
arthritis mouse model Average hind pawhickness in C57BL/6J mice treated with
distilled water, EBV DNA only, collageanly, S. epidermidi®NA 6 days prior to
collagen, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. *

i ndi c at;e@npgisors wé&récmade to the group thatived 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 collagerinduced
arthritis mouse model Clinical scores of arthritic mice treated wihepidermidi®NA 6
days prior to collagercollagen onlyEBV DNA 6 days before collagen or EBV DNKS
days after col | agoeparisor's waremdhde todhe graup that réceided

collagen only.

3. Grip strength
Joint inflammation in mice induces grip strength deficit and loss of physical
functionality (Montilla-Garcia et al., 2017 hus, tke 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 df in the control groups (distilled water and EBV
DNA group respectively). On the @hhand, 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=0934 both compared to the collagen group).
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Figure 11.Average grip strength of arthritic animals in the EBV DNA-treated
collageninduced arthritis mouse model. Average grip strengtirom animals treated with
distilled water, EBV DNA onlyS. epidermidi®NA 6 days prior to collagen, collagen
only, EBV DNA 6 days before collagen or EBV DNA 15 days after collagy@mdicates

p 0.05;comparisons were made to the group that receivedgsil 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
cdlagen 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 coll agen, whereas, 58. écivedEBVmMi c e
DNA in addition to collagen. Concerning mice that receiSedpidermidiNA 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 thane4footpad
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 slgogater tissue damage

and inflammation than mice that were injected with collagen.
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S.epidermidis

A Inflammatory infiltrate
A Cartilage destruction
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F i g u r Repraséntative histological sections of ankle jointsithe EBV DNA-treated
collagentinduced arthritis mouse model Histologicalsectionsobtained from anklesf
arthritic animals treated with distilled water, EBV DNA orBy,epidermidi®NA 6 days
prior to collagen, collagen only, EBV DNA 6 days before collagen or EBV DNA 15 days

after collagenCartilagedestruction and inflammatory infiltrates are indicated.
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Figure 13. Histological scores of ankle joints from arthritic micem the EBV DNA-
treated collageninduced arthritis mouse model. Histological scores of sections obtaine
from ankles of arthritic animals treated wihepidermidi©NA 6 days prior to collagen,
collagen onlyEBV DNA 6 days before collagen or EBV DNA 15 days after collagen. *

i ndi c@Q5emnpapisons were made to the group that received collagen only.
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Fi g u r Reprdséntative histological sections of footpadeom the EBV DNA-
treated collagenrinduced arthritis mouse model Histologicalsectionsobtained from the
footpals of arthriticanimals treatedith distilled water, EBV DNA onlyS. 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 micen the EBV DNA-treated
collageninduced arthritis mouse modelHi st ol ogi cal scores of sec
footpads of teated WithS. épidesmideNA éhdays prior to collagen,

collagen only EBV DNA 6 days before collagen or EBV DNA 15 days after collagen. *

i ndi c @a5ea@snpagpisons 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, 1L7A and IFMN 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 vekigdated control group. Since the

increase in the incidence of arthritis in the group of mice that receBRADNA 15 days
postcollagen was not significant, this group was not included in our cytokine assessments.
Additionally, since the group that receivBdepidermidi®NA in addition to collagen

showeda similar incidence and severity of arthritis in conmgar to the collageneceiving

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 IFdsera levels (p=0.003d 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). Thessults indicate that arthritic mice have
higher levels of these proinflammatory cytokines1lIA was higher in the group that
received EBV in addition to collagen than the group that was given collagebudrihis

increase was not significant (p=134), whereas IFblwas higher in the latter (p= 0.045).
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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 witlistilled water, EBV DNA only, collageanly, or EBV DNA 6
days before col | aagmaparisond were made o the geosip that réceived

distilled water.
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Figure 17.Serum IFNo levels in arthritic animals of the EBV DNA-treated collagen
induced arthritis mouse model Serum IFN levels in C57BL/6J mouse groups treated
with distilled water, EBV DNA only, collageonly, or EBV DNA 6 days before collagen.

* 1 ndi0c0&;tomparispns were made to the group that received distilled water.

2. EBV DNA increases 1:17A and IFNo double positive cell counts in arthritic
mouse ankle joints

To identify the number of cells positive for both-1ZA and IFMN in the affected
joint ankles, immunofluorescence and confocal microscopy imaging were carrietheut. T
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 matehidd arthritis.
A low level of intensity was determined in the group that received distilled water (Figure
18). The highest count of {L7A and IFMN double positive cells was detected in
histological sections obtained from mice that received EBV DNAyS gaor 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 botHLZA and IFN 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 IFNo in ankle joints from the

EBV DNA-treated collageninduced arthritis mouse model.Immunofluorescent staining

for IL-17A and IFM in ankle joint sections from arthritic animals in C57BL/6J mouse
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groups treated with EBV DNA, collagemly, EBV DNA 6 days before collagen or

distilled water.
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Figure 19.IFNo*IL -17A* cell counts in ankle joints from the EBV DNAtreated
collagenrinduced arthritis mouse model.IFN2 * IL-17A" cell counts were determined by
immunofluorescent staining of ankle joint sections from arthaiticnals in C57BL/6J
mouse groups treated with EBV DNA, collaganrly, EBV DNA 6 days before collagen or

distilled water; * indicates p° 0.05 compar

D. EBV DNA alters the composition and diversityof 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 statedtipfulines of evidence indicate that there is

an association between the intestinal microbiota and autoimmune diseases including RA
(Scher & Abramson, 2011)Iit has been indicated that patients with RA have a change in
the gut microbiota composition which might trigger or drive inflammat®oher 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
amean abundana#f > 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 cluBarmesiella(7.47%),Bacteriodeg4.41% ),
Tannerella(4.4%),TM7 genus incertae sedi.4%),Allobaculum(3.58%),Alistipes
(3.56%),Prevotella(2.57%),Ruminococcugél.79%),Helicobacter(2.17%), andHallela
(1.03%). On the other hand, the microbiota of the group that was treated with collagen only
was distinct and comprised mainlyMlistipes(5.71%),TM7 genus incertae sedis,65%),
Bacteriodeg3.83%),Helicobacter(1.93%),0doribacter(1.25%), and?arbacteriodes
(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 incertaeeslis(2.64%,

3.51%),Barnesiella(1.08%, 1.05%). An@doribacter(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 abundand&cofetobacter, Anearoplasma,
ClostridiumclusterXVIll, Enhydrobacter, Helicobacter, Lactobacillus, Methylobacterium,
Micrococcus, Mucispirillum, Nitrospira, Orbus, Parabacteriods, Paracoccus,
Pedomicrolum, Perlucidibaca, Propionibacterium, Rhodococcus, Rotid,
Streptococcusgvas significantly decreased compared to the control. On the other hand, the
percent abundance Bityricicoccus, Desulfovibrio, Enterorhabdus, Paraprevotella
VeillonellaandPsaudomonasncreased significantlyn comparison to the contrdfhe
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 the control group. The percent abundandeesulfovibrio,
Enterorhabdus, ParaprevotellandClostridiumclusterXl increased significantly in the
group that received collagen only when compared to the control. Concerning the group
treated only with EBVDNA, the percent abundanceAinetobacter, Anearoplasma,
Helicobacter, Lactobacillus, Methylobacterium, Mucispirillum, Orbus, Parabacteriods,
PedomicrobiumandAlistipeswas decreased significantly in comparison to the control.
Whereas the percent allance ofEnterorhabdus, VeillonellandParaprevotella
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 dtdyaprevotellawas the only genus
whose abundance was significantly changed among all groups when compared to the
control group. The percent abundané€lostridiumclusterXl was only significantly
changed in the group that was treated with collagen only when compared to the control
group. The percent abundarafd_euconostocBifidobacterium Sphingomonasand
Naxibacterwereonly 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 abundanoéButyricicoccusClostridium XVIII, Enhydrobacter,

Prelucidibaca, Rhodococcus, Rothéand Streptococcusvere only significantly changed in
the groupthat received EBV DNA 6 days prior to collagen when compared to the control
group. The percent abundance of the g&listsipeswas only significantly altered in the

group treated only with EBYYNA in comparison to the control group (Figure 21 and 22).

From the statistically significant genera and clusters mentioned above, four genera
namelyEnterorhabdus, Desulvovibrio, Pseudomonas, Pediocoatul/eillonellawere
not present in the control mice but appeared in arthritic mice in the group thatdeceive
EBV DNA 6 days prior to collagen and the group treated only @atlagen.Eleven genera
were completely eliminated in the group that received EBV DNA 6 days prior to collagen
and these include&nydrobacter, Freidmanniella, Micrococcus, Nitrospira, Reoccus,
Pedomicrobium, Leuconostoc, Prelucidibaca, Rhodococcus, Pediocaodipthia.ln

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

abundane 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 anch@2y. these
genera/genus clusters, 6 showed an increase in the percent abundance in arthritic groups in
comparison to the distilled water group nani@gsulfovibrio, Enterorhabdus,
ParaprevotellaPseudomonas, VeillonelendButyricicoccus 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 incluleidetobacter, Anearoplasma,
ClostridiumclusterXVIll, Enhydrobacter, Helicobacter, Lactotilus, Methylobacterium,
Micrococcus, Mucispirillum, Nitrospira, Orbus, Parabacteriods, Paracoccus,

Perlucidibaca, Propionibacterium, Rhodococcus, Rothia, Streptococcus, Alistijoes,

Bifidobactera.
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Figure 20. Relative abundare of colonmicrobiota genera/genus clustersletectedin

arthritic and control mice in the EBV DNA-treated collagerinduced arthritis mouse

model. Relative abundance of the major bacterial taxa, characterized as having a mean
abundance of >1% of the totadcterial content igroups that received either distilled

water ,EBV DNA only, collagen only, oEBV DNA 6 days prior to collagedetermined

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 ajram-negativecolon microbiota genera/genus

clusters whose abundance was altered in arthritic and control mice the EBV DNA-

treated collagenrinduced arthritis mouse mode. The percent abundance gfam
negativegenera/genus clusters thegre significantly altered in mouse groups that received

distilled water EBV DNA only, collagen only, oEBV DNA 6 days prior to collagen

determined using 16S rRNA sequencing. The red arrows indicate a trend of increased or
deaeased percent abundance in the arthritic groups compared to the distilled water

administered group* i ndicates p’° O0.05 compared to mi ¢

Aindicates p’° 0.05 compared to mice treated
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Figure 22. The percent abundance ofyram-positive colon microbiota genera/genus

clusters whose abundance was altered in arthritic and control mice the EBV DNA-

treated collagenrinduced arthritis mouse modée. The percent abundance gfam
positivegenera/genus clusters thatre significantly altered in mouse groups that received

distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to collagen
determinedusing 16S rRNA sequencing. The red arrows indicate a trend of increased or
deaeased percent abundance in the arthritic groups compared to the distilled water
administeredgroup* i ndicates p’° 0.05 compared to mi

Aindicates p’° 0.05 compared to mice treated

2. Alpha and Betadiversity

Diversity is defined as fAvariability amo
complexes of which organisms are part, and it is defined as species richness and relative
speci es abundan Shlassn& Hamelsman, 2008bhatdivensiéy ds
organism diversity in a single habitat or at a local scale and is defiteahia of richness
and evenness. Beta diversity is measured among various communities or habitats and

observes changes in organisms along a grafii¢hittaker, 1960)

Alphadiversity can be defined in terms of Shannon and Chaol 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 richeg(Lemos et al., 2011; McCarthy & Magurran, 2008he Choal

index, developed by Anne Chao, is an estimator of the risiinescommunity. 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

speciegChao, 1984)

In this study we measured the Shannon and Chaol indeces of the microbiota among
the various groups to determine the alpha diversity. Results showed that the Shannon index
significantly decreased in all groups incomparisoon t he di sti |l |l ed water
0.0001 in all groups) (Figure 23). The greatest decrease occurred in the group that received
EBV DNA only. The Chaol index increased significantly in all groups when compared to
the distill ed waakimall groupsy(piguile B4). The highest ir@redse
in the richness occurred in the group that received collagen only. Additionally, both the
Shannon and Chaol indeces significantly decreased in the group that was treated with EBV

DNA 6 days prior to cilagen in comparison to the group that was treated with collagen

ony(pvd ue O 0.0001 for both indice
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Figure 23. Shannon index of mouse colon microbiota ithe EBV DNA-treated

collageninduced arthritis mouse model Shannon indx in mouse groups that received

distilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to collagena
measure of alpha diversity. i ndi cates p’° O0.05 compared to

water only. A indicates p’° 0.05 compared to
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Figure 24. Chaol richness estimator index of mouse colon microbiotatine EBV
DNA-treated collageninduced arthritis mouse model Chaol index in groups that
receiveddistilled water, EBV DNA only, collagen only, or EBV DNA 6 days prior to

collagen,as a measuref alpha diversity* i ndi cates p° O0.05 compar

distlledwa er only. A indicates p’° 0.05 compared

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 dissimilarit

among various groug§&ower, 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 ofmouse colon microbiota inthe EBV DNA-treated collagenrinduced arthritis

mouse modelPCOA, as a measure of Beta diversity, was calculated usifByalyeand Curtis
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dissimilarity distance of the intestinalicrobial compositiorand comparisons were made
between groups that were treated vdistilled water, EBV DNA only, collagen only, or EBV

DNA 6 days prior to collagen.

E. EBV DNA increases double positive IE17A/ IFN9, double positive [L-17A/
FOXP3 cells, and triple positive IL-17A/ FOXP3/ IFNa cells in colon tissues of

arthritic mice

Under pathological conditions, the intestinal microbiota is altered leading to
dysbiosis. The result is dysregulated immune responsdsféardmation in thecolon,
which can eventually lead to tissue damage and disease development. Hence, in order to
determine part of thdysregulated immune responste number of double positive-IL
17A/ IFNo cells, double positive H17A/ FOXP3 cells, ad triple positive 1L17A/ FOXP3/
IFNo cells was identified in the colons of the various groups of mice with
immunofluorescence staining. The number ofLTA™/IFN2" cells was the highest in the
colons of mice that received EBV DNA 6 days prior to colla@ge®.0147 vs control,
0.0457 vs collagen, 0.0122 vs EBV DNA only) (Figure 27). The lowest numher of
17A*/IFN9" cells was observed in the colons of mice that received collagen only however
this decrease was not significant in comparison to the copt0IX9 vs control, 0.832 vs
EBV DNA) (Figure ). Similarly, the number di-17A* FOXP3 cells in the colons was
highest in mice that received EBV DNA 6 days prior to collager0(0178 vs control,
0.00205 vs collagen, 0.0039 vs EBV DNA only). The nundfék -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 positiie-17A/ FOXP3/ IFN

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, @.0207 vs collagen, 0.0128 vs EBV DNA only)dire 29).

The number of triple positivik-17A/ FOXP3/ IFN 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 significas®(173 vs control).411 vs EBV DNA).

Figure 26 showsnmunofluorescent staining for 1L7A, IFNo, and FOXP3 in arthritic mice

and control mice.
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Figure 26.Immunofluorescent staining for IL-17A, FOXP3 and IFNb in colons from
the EBV DNA-treated collageninduced arthriti s mouse modellmmunofluorescent

staining for IL-:17A, FOXP3 and IFNb in colon sectionfrom C57BL/6J mouse groups
treated withdistilled water EBV DNA only, collagenonly, or EBV DNA 6 days before

collagen.
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Figure 27. IFNo*IL -17A* cell counts in colons from the EBV DNAtreated collagen

induced arthritis mouse model.IFN2 * IL-17A" cell counts were determined by

immunofluorescent staining of colon sections from arthritic animals in C57BL/6J mouse

groups treated witHistilled water, EBV DNA only, collagen onlyr EBV DNA 6 days

before collagen * i ndicates p° 0.05 compared
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Figure 28. IL-17A*FOXP3* cell counts in colons from the EBV DNAtreated 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 treatewith distilled water EBV DNA only, collagen onlypr EBV DNA 6 days

before collagen * i ndicates p° 0.05 compared to mic
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Figure 29. IL-17A" FOXP3*IFNo* cell counts in colons from the EBV DNAtreated
collagentrinduced arthritis mouse model.IL-17" FOXP3IFNo * cell counts were
determined by immunofluorescent staining of colon sections from arthritic animals in
C57BL/6J mouse groups treateith distilled water, EBV DNA only, collagen onlgy

EBV DNA 6 days beforecalgen * i ndi cates p’' (Qed@ith compar e

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 ithe microbiota composition contributes directly to arthritis

progression in an RA mouse model, fecal transplantation from EBV arddfitisted mice

to antimicrobialtreated mice was carried out.
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1. Fecal microbiota transplantation from EB\DNA/collageninjected 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 piagsto
collagen. These mice were then induced wjte Il 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%. Simildrly 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 arthsignificantly increased
(94.4%, p0.0178 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 distilleate). All of these mice started
developing arthritis at day A2ost 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 arthritisdey 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 thavas 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 indua@on.
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Figure 30. Incidence of arthritis in mice hat received fecal microbial transplantation
(FMT) from EBV DNA -treated arthritic mice and subsequently induced with type I
chicken collagen.Incidence (%) of arthritis in various groups of C57BL/6J mice that
received feces from mice that were injected wytle Il chicken collagen (n=18), mice that
were treated with EBV DNA 6 days before collagen (n=a&BJjfommice treated with
distilled wate (n=16). Subsequent to FMT, arthritis was indulogdype Il chicken

collagen administratigrr i ndi cat es othe ouftbat receivagfacesdrdm

mice treated with collagen only.
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2. Fecal microbiota transplantation from EBV DNA/collageimjected mice increases
the severity of arthritis in an RA mouse model
The average hind paw thickness in mice that received feces from cetitagead
mice and mice that were inoculated with feces from distilled wagected mice was
similar; the averag hind paw thickness in these mice was 2370 um and 2375 um
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 um),
an indication of ioreased severity of arthritisfp * 0. 0001 compared to mi
feces from collagen treated mic€)gure 31 shows the average hind paw thickness in the

various groups of mice.
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Figure 31.The average hind paw thicknas in arthritis-affected mice that received fecal
microbial transplantation (FMT) from EBV DNA-treated arthritic mice and

subsequently induced with type Il chicken collagenThe average hind paw thickness in
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various groups of C57BL/6J mice thrateived FM from mice that were injecteslith
collagen alone, mice that were treated with EBV DNA 6 days before collagerce treated
with distilled water. Subsequent to FMT, arthritis was indunetypell chicken collagen

administration i ndi c atommarego the grou@tbat 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
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 deatdasks.3941 gf in mice that
received feces from EBV DNA and collagen treatedmiece(p 0. 0001 compared t

received feces from collagen treated migagure 32).
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Figure 32.Average grip strength ofarthritis -affected mice that received fecal microbial
transplantation (FMT ) from EBV DNA-treated arthritic mice and subsequently induced

with type Il chicken collagen The average grip strength in various groups of C57BL/6J mice
thatreceived FMT from mice that were injecteith collagen alone, mice that were treated

with EBV DNA 6 days before collagenr from mice treated with distilled water. Subsequent

to FMT, arthritis was induced by typlechicken collagen administratiph i ndi cat es p’

comparedo the group thateceived 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 fes from EBV DNA in addition to collageinjected mice were
significantly higher than the clinical scores of mice that received feces from mice that were
treated with collagen or distilled water5p.0006compared to mice that received feces from
collagent r eat ed mice and p= ~0.0001 compared to 1
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 werkwidat
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 Il chicken collagen Clinical scores in various groups of C57BL/6J ntitat

received FMT from mice that were injected wathllagen alone, mice that were treated with

EBV DNA 6 days before collagenr frommice treated with distilled water. Subsequent to

FMT, arthritis was induced by tygechicken collagen administratiph i ndi cat es p’

comparedo 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 gfaupe 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 collagevere significantly higher than the scores of mice
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that received feces from mice that were distilled water treated or collagen inpgeted (

"0.0001 compared to mice that received feces from distilled water injected mice and mice that
received feces fromotlagen treated miggFigure 35). The histological scores of the ankle

joints in the arthritic mice were all below a score of 8 in mice that recéeed from distilled
waterinjected mice. Similarly, a large proportion (90%) of the scores were cldsielew 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 daya to collagen.

%«d

FMT from EBV DNA FMT from collagen group FMT from control group

Day -6 + collagen A : Cartilage destruction
A :Inflammatory cell infiltrate

Figure 34.Representative histological sections of ankle joints from mid&at received
fecal microbial transplantation (FMT) from EBV DNA-treated arthritic mice and
subsequently induced with type Il chicken collagenHistological sectionfrom various

groups of C57BL/6J mice thegceived FMT from mice that were injected wathllagen
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alone, mice that were treated with EBV DNA 6 days before collaggnommice treated

with distilled water. Subsequent to FMT, artisrivas inducedby type Il chicken collagen

administration. Cartilage destruction and inflammatory infiltrates are indicated
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Figure 35.Histological scores of ankle joints from arthritic micethat received fecal

microbial transplantation (FMT) from EBV DNA -treated arthritic mice and

subsequently induced with type Il chicken collagenHistological scores of the ankle

joints from various groups of C57BL/6J mice thrateived FMT from mice that were

injected withcollagen alone, mice that were treated with EBV DNA 6 days before collagen,

or frommice treated with distilled water. Subsequent to FMT, arthritis was indwycisge

Il chicken collagen administratipnindi c at es p’

@ thé group tbatrecaived d

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 dayd@collagen

than the scores of mice that received feces from mice that were distilled water treated or
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collageninjectedf= "~ 0. 0001 compared to mice that rece
mice and p= 0.0003 compared to mice that received femesdistilled water treated mie

(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 receifaks from distilled water injected mice and mice

that received feces from collagerated 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 andlamage was highest in arthritic mice that received feces from mice treated

with EBV DNA 6 days prior to collageifrigure 34 and 36 showspresentative histological

sections from ankle joints and footpads of arthritic mice that received feces from thesvari

groups.
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A : Inflammatory cell infilirate

Figure 36.Representative histological sections of footpads o miteat received fecal
microbial transplantation (FMT) from EBV DNA -treated arthritic mice and
subsequently induced with type Il chicken collagenHistological sections in various
groups of C57BL/6J mice thaeeceived FMT from mice that were injected withllagen
alone, mice that were treated with EBV DNA 6 days before collayénpm mice treated
with distilled water. Subsequent to FMT, arthstiwas inducedy type Il chicken collagen

administrationInflammatory infiltrates are indicated
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Figure 37. Histological score®f footpadsfrom arthritic mice that receivedfecal

microbial transplantation (FMT) from EBV DNA-treated arthritic mice and

subsequently induced with type Il chicken collagenHistological scores of the footpads

in various groups of C57BL/6J mice thateived feces from mice that were injected with

type 1l chicken collagen, mice that were treateth EBV DNA 6 days before collageor

from mice treated with distilled water. SubsequerfElT, arthritis was induced by type

chicken collagen administratiph i ndi cat es othe rouftbatreceivegh ar e d

feces from mice treated with cajjan 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 commd&BV-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 studieobygroup indicated that EBV DNA enhances
the production of proinflammatory cytokines in wild type miBahal et al., 2015)n the
study athand,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., 1986Trentham et al., 1977This 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 standarnd fovo models of RA(Asquith
et al., 2009)Collagen type I, the only form of collagen that induces asugibacute
polyarthritis in this model, is the main type in articular cartilage. In some RA patients,
immunoreactivity to collagen type Il has been identifi€dok et al., 1994; Tarkowski et

al., 1989) Since our aim was to deteine 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 thatitredence of arthritis in this model ranges between
50% and 80%, providing a margin to observe the EBV DNA e{feampbell et al., 2000;
Inglis et al., 2008; Pietrosimone et al., 20I®H)e model in C57BL/6J mice also results in a

milder, however more chronic disease, withlpnged T cell responsémmglis et al., 2007)

Similar to other studie@nglis 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 inaccordance 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
receivedthe 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 thetatiprwas
not significant when compared to the control groups. We previously observed-tié IL
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 hidaelg the result of

an EBV DNAtriggered I1-:17A response early in the arthritreduction protocolWe have
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previously observed that EBV DNA results in arllLA peak 6 days after administration;

this is expected to create an environment that is ripihdmflammatory 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 BNL5 days post collagen would cause a peak in
IL-17A levels after the disease has progressed. Our observations may indicate that
increased levels of HL7A are of a more relevant impact early on during the disease

initiation phase.

It has been well documtad that the generation of collagen typspkcific
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 inducedttv collagen(Svensson et al., 1998)dditionally,
administration of artcollagen antibodiemduce arthritis in DBA1 mic€Holmdahl et al.,
1986) In our study we observed that mice that developed arthritis had a significantly higher
relative conentration of IgG antibodies against type Il 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 serigs o 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-gyme Il collagen antibads
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 receptGaten, 1994; Holmdahl et al., 1991; Mo

et al., 1994; Ravetch & Clynes, 1998)

Previous studies have demonstrated a pathologic role fbr ALin mouse models
of arthritis by neutralizing this cytokingubberts et al., 2004)r using IL-17A deficient
mice (Nakae et al., 2003Additionally, IL-17A has been shown to play a primary role in
CIA by priming collagen speciiT and B cell§{Nakae et al., 2003)n our study, IE17A
sera levels were increased in all arthritic mice (collagen and collagen with EBV DNA) in
comparison to the distilled wat&neated group. The higheastrease in IE17A levels were
observed in the groups that received EBV DNA alone and EBV DNA in addition to
collagen. Lubbertst al.(2004) have indicated that417A not only plays a role in the
initial phase of the disease by inducing inflammationtessiie destruction, but also
functions in the later phases by prolonging and propagating the diteaberts et al.,

2004)

Contradictory roles for IFblin 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-I1l on APCs intuding cells that do not express this molecule 3) induction of
differentiation of ThO cells to Th1 which in turn produce tHince creating a positive
feedback loop and 4) stimulation of leukocyte trafficking and chemokine production. On
the other handis 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 mobilizatior(Schurgers et al., 2011n our study, the IFblsera levels were
increased in arthritic groups. However, the highest increase in this cytokine was in the
group that received dalgen only. In line with our results, the studylbglis et al.(2007)
showed that IFNIlevels in lymph node cells in the C57BL/6J CIA model were high both in
the early and late phase of the disg#sglis et al., 2007)The level of IFNd 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 Thl to a Th17 immune response.

As indicated aba®, the role of IFdand IL-17A in autoimmune and inflammatory
diseases is wellocumented. However, little information is known about the interplay of
these cytokines in autoimmune diseases. Several studies have showrlfhatlENo" T
cells were elevatkin various autoimmune diseases. A study by Kebal. (2009)
demonstrated that there was an increased tendency for lymphocytes obtained from the
bl ood of multipl e scl ernmaucieg Thl tellféebitesal.,t o e x p
2009) Additionally, a large number of lymphocytes that are double positive for these
cytokines were identified in thedins of these patients. Annunzia&toal. (2007) showed
the presence of a subset of Th17 cells that produce bothalfdNIL-17A in the gut of
patients wi t PAnnGnziathet d.,200dDusstudy shows that the highest
counts of I:17A* IFN2" 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 i-&hd IL-17A are more cytotoxic and potent

(Boniface et al., 2010)he systemic levels of IFlNand 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 syslerets 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, bbthadnticollagen antibodies and the joint-17A+
IFNo+ cells were significantly elevated in the group that received both EBV DNA and
collagen. Therefore, the enhanced levels of the artfrigigering antibodies coupled with

the increase in localized lammation 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 noigiota 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 toialsisb This results in
dysregulated immune responses and inflammation which can lead to tissue damage and
disease developme(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 moas. 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 ol gdmzse
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 tredtiedollagen alone

or treated with EBV DNA 6 days prior tmllagen.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., 2QIIMese results are also in accordanitd other

studies that characterized the gut microbiota in human autoimmune diseases such as RA,
inflammatory bowel disease (IBD), and psorig&#ongo et al., 2011; Scher et al., 2013,
2015; Sun et al., 2019pur results also showed that the decrease in the diversity of the
microbiota was more pronounced in artlarithice 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 divefsitycrobiotain

terms of the Shanndndex negatiely correlates with rheumatoid factor levels (indicating
disease severity) in RA patier{tShen et al., 2016Y0n the other hand, the Chaol 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 abundafseveral genera/genus clusters in the EBV DNA
treatedmice, whichwould allow ovefrepresentation of rare speci€ancerning the beta
diversity, our results showed that samples from the different groups were not dissimilar and
diverse. This is not sunsing 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 sk genera was increased in mice that had arthritis in
comparison to the control and this iease was highest in the group that received EBV

DNA 6 days prior to collagen. These genera inclu@edyricicoccusParaprevotella
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Enterorhabdus, Desulvovibrio, Pseudomorasg]jVeillonella A study employing the

DBA/1 CIA mouse model showed that the attance of th&nterorhabdugienuswas low

in mice prior to arthritis development but dramatically increased as the disease progressed.

In the same study, the abundance of@kesulvovibriogenus was also increased in arthritic

DBA/1 mice in comparison to otrol mice(Liu et al., 2016) Additionally, the abundance

of enteropathogenic bacteria suctPagudomonakas been shown to be significantly

increased in patients with reactive arthritis in comparison to healthy cofMatgasson et

al., 2018) Concerning the genillonella, several studies have reported an increase in its
abundance in the gut or oral microbiota in different diseases such as SLE, RA, and

Ankylosing Spondylitif Chen et al ., 2018; Li erhe al ., 20
abundance of the genBsiraprevotellawvas incrased in autoimmune diseases including
ankylosingspondylitisand Bec het 6s di s e@isatalj20l14;sreatad.r al st u
2018) In our study we showed that the abundance of the géumysicicoccusvas

increased in arthritic mice in comparison to the conBatyricicoccus belonging to the

family of Clostridiaceagis a producer of butyrate, a short chain fatty acidH&CSCFAS

help promote epithelial function and induce antiammatory immune responses in the
intestinegParada Venegas et al., 2018he abundance @&utyricicoccudn our study may

have increased in arthritic mice due to the changes in the flora composition; however, this

increae was not sufficient to compensate for the other proinflammatory factors.

The percent abundance 2 different genera was significantly reduced in arthritic
mice in comparison to the distilled wateeated mice. The greatest decrease in the

abundance ahese 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 clustdusieHelicobacter,
ParabacteriodsAlistipes,Acinetobacter, Anearoplasm@nhydrobacterlactobacillus,
Methylobacterium, PropionibacteriurBjfidobacterium, Micrococcus, Mucispirillum,
Nitrospira, Orbus, Paracoccu®erlucidibaca Rothia, Rhodococcus, Clostridium XVIII,
andStreptococcusThe role ofAnearoplasmaClostridium XVIIL Parabacteriods, and
Bifdobacteriaas immunomodulatory agents in the gut microbiota has been well
documented. A recent study by Beller et al.2@0emonstrated that gut microbiota
belonging to the genusnearoplasmancreae the levels of mucosal IgA, strengthen the
intestinal karrier, and promote aninflammatory immune responses by inducing T&F
production(Beller et al., 2020)Similarly, Atarashi et al. (2011) showed tiGibstrdia
species including th€lostridium XVIlicluster induce the production of-Il0 andpromote
Treg proliferation(Atarashi et al., 2011)Additionally, the abundance @fiostridium XVIII
has been identified to be low in autoimmune diseases such @éd BAal., 2021) Another
genus which has been associated with-iafiammatory immune responses is
PacbacteroidsA study byKverkaet al. (2011) showed th&arabacteroids distasonis
drives T cell differentiation towards an airtflammatory immune respongkverka et al,
2011) Species oBifidobacteriumgenus are normal residents of a healthy human intestine
and modifications in their composition or a decrease imhmdance aheir populations
is one of the most frequent characteristic present in inflammatdrgw@nimmune diseases
(Tojo et al., 2014)These are in line with owesults, whichkshow that the percent
abundance of these genera was significantly reduced in arthrde in comparison to

control mice.
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The proportions ofhe Alistipes Rothia,andStreptococcugenera 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\b$tipesandStreptococcusvere
significantly reduced in arthritic mice when comgrto nortreated miceAlistipeshas
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 probiotispecies such &treptococcuandRothiacan induce the production

of inflammatory meiators suchas H1 7 a n dCoirég &t al., 2019)

The HelicobacterandMucispirillum genera have been associated with autoimmune
diseases and inflammatigBerry et al., 2015; Papamichael, 2014pwever the
abundance dfiucispirillum has been reported to be decreased in DBA/1 arthritic mice in
the study by Liu et alLiu et al., 2016) Similarly, the proportion oflelicobacterhas been
shown to be reduced in RA patients in Ch{8an et al., 2019)nterestingly, the
abundance dflelicobacterwas reported to be reducedMS patients and infection witH.
pylori could be a potential protective factor for MS developnfEetrini et al., 2015)it
has also been indicated that chronic infection Witlpylori induces Th2 and Treg
proliferation which increase artiflammatory cyt&ines and protect against autoimmune
disease¢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 ourstudy,we report that thelaindance oPropionibacteriumandRhodococcus

was reduced in arthritic mice in comparison to distilled water treated mice.
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Propionibacteriumpelongingto alypophylic taxa, has been identified at low abundance in
skin biopsies of patients with systemsiderosis, a progressive autoimmune disease
(Johnson et al., 2019t has also been shown that propionic acid bacteria which include
Propionibacteriumcan act as probioti®/orobjeva et al., 200810n the other hand, the
genusRkRhodococcublas been identified at ew proportion in RA patientSun et al.,

2019) Thus,this supports our results in whi€mopionibacteriumandRhodococcusvere

reduced in arthritic mice.

Associations between tidethylobacteriunandMicrococcts generaand
autoimmune diseasésive not been well investigatdthwever, excep study by
Alekseyenko et al. (2013) indicated tih&¢thylobacteriunhas a reduceabundancén skin
lesions of patients with psoriasis vulgadekseyenko et al., 2013Another study showed
that the proportion dflicrococcuswasreduced n pat i ent s ndromeim Sj °gr er
comparison to healthy contrgslacFarlane, 1984)Additionally, theOrbus
EnhydrobacterPerlucidibaca,andNitrospiragenera has not been previously associated
with autoimmune or inflammatory diseases. Our study identified that lower levels of these

genera were detected in artlrrithan in the control groups.

The abundance @&cinetobacterParacoccusandLactobacilluswas reduced in
arthritic mice in comparison to the control miéeinetobactehas been associated with
autoimmune diseases such as MS and the abundance of this genus w#s lbeund
increased in MS patien{€ekanaviciute et al., 201Paracoccudasalso been identified
as a risk factor for inflammation in the skiran Rensburg et al., 2015)hese 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 microtiatdobacilluscan have
either a protective or harmfuble in autoimmune diseases depending on the species.
Lactobacillus salivariusLactobacillus inersandLactobacillus reminidhiave been

identified in high numbers in RA patients and have been associatethevievelopment

of the diseasélLiu et al., 2013)On the otherhand,actobacillus plantarumLactobacillus
rhamnosusl.actobacilluscasei,andLactobacillus helveticusan act as probiotics and have

been associated with atiflammatory immune responsgge 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 help in the development and maturation of the immune sy§&amsollen et
al., 2016) In adulthood, a homeostatic environment in the intestine is maintained by
regulating a basal level of inflammation and providing tolerance teasétiens and
commensal bacteri@uchmann et al., 1995Vhenever 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 toaabémmune
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 diseasg@heng et al., 2020)n 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 makilyAfl F N o

cells and 1:17A"FOXP3" cells in the colons of these mice and in control mice. As

discussed earlier, cells that-egpress IE1 7 A and | FNo2 are more cyto
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have been identified in a number of autoimmune disgaserinziato et al., 2007;

Boniface et al., 2010; Kebir et al., 2009here was no significant difference in the number
of IL-17A*l F Ncells in the group thakceived collagen only and the group that received
distilled water. However, the number of II7A"l F Ncells significantly increased in mice

that received EBV DNA 6 days prior to collagen.

FOXP3'CD4" Treg cells are heterogeneous in gene expressionopipen and
suppressive activities. A recent studgntified FOXP3 IL-17A" Treg cells in the
i ntestinal | amina propria of Crohnés diseas
the ability to secrete H17, IL-22, IL-21, while expressing highvee | s of RORDO't
(Hovhannisyan et al., 2011In our study, both groups of arthritic mice had an increase in
the number of IE17A"FOXP3 cells in conparison 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 andl F N o inwha group that received the EBV DNA in
addition to collagen. A study by Afzali et §2013) showed that the number of IL
17A*FOXP3 cells in blood from RA patients was higher than in healthy confidili et
al., 2013) On the other hand, several studies reported an increasd "AIEOXP3 cells
in lymphocytes of IBD patientdHovhannisyan et al., 2011; Ueno et al., 2013)
Furthermore, a number of studies have demonstrated tHERALFOXP3 cells produce
| FNo2 &unaldng Wwith I-17A (Jorn Bovenschen et al., 2011; Koenen et al., 2008;
Pesenacker et al., 2013&)has been proposed that ongoing autoimmunity in the EAE

mouse model is likely to represent defective function of Tregs andr@X®&3expression
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under inflammgory conditions and can be induced to express proinflammatory cytokines,
suchaslIkl 7 and | "FOXPI IL-L7RNWei et al., 2009; L. Xu et al., 2007;

Yang et al, 2008) In conclusion, thesesults might indicate that the increase in the

number of triple positivé F NFOXP3IL-17A cells in the colons of arthritic mice could

affect systemic inflammatory responses more so thaninéhNo pr o drROXP3n g 17 A

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 DN
contributes directly to RA development. This was done by fecal transplantation from
arthritic EBV DNA treated micéo onedreated withantimicrobialsfollowed by arthritis
induction. We depleted the intestinal microbiota throagtimicrobiattreatmeninstead of
using germ freenice sinceve intended to use mice that had a mature immune systas so
observehe effect of microbiota transplantation on arthritis developmiitrobiota is
essential for the development of the immune system postnatalth wmhturn contributes
to their regulation. Studies performed in germ free animals showed that the microbiota
plays a vital role in secondary lymphoid structure developifgier et al., 1963; Hamada
et al., 2002; Mazmanian et al., 2005; Talham et al., 1998]itionally, the lack of
microbiota in germ free mice is not exclusive to the intestimatobiota;hence py using
antimicrobiattreated 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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receved fecesither from collageftireated mice or from distilledata- injected mice.
Hence, this shows that the microbiota from EBV DMfected mice contributed to the
higher incidence and severity of arthritis in the CIA mouse model. The incidence and
sewerity of arthritis in the groups that received feces from collagesated mice and from
distilled watertreated mice and then treated wtighe 1l chicken collagen were similar.
This might be due to the likely possibility that both these groups wouldwatgrhave
similar microbiota compositions since we are inducing arthritis ugegyll chicken

collagen. These results suggest that the gut microbiota influences arthritis susceptibility.

A. Limitations of the study:

Although mice and humans share a langenber 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 betapplicable 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 differencesha 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 immunepulations 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. Thesndt i f yi ng ot her i mmune pop
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 DNAnediated triggering of H17A production in mice
(Shehab et al., 201%lence targeting these receptors in the CIA mouse model bewdl
therapeutic or prophylactic value. Given the ubiquity of EBV infection, a large proportion
of RA-affected individuad may benefit from such approachadditionally, 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 nue.

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 pmflammatory cytokines in the colons ajuihts,
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 triggeredraiy DNA.
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Objective: We recently demonstrated that EBV DNA is correlated with proinflammatory
responses in mice and in rheumatoid arthritis (RA) patients; hence, we utilized an RA
mouse model to examine whether EBV DNA enhances the risk and severity of arthritis and
to assess its immunomodulatory effects.

Methods: C57BL/6J mice 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
clinical signs and affected joints/footpads were histologically analysed. The relative
concentration of IgG anti- chicken collagen antibodies and serum cytokine levels of IL-
17A and IFNY were determined by ELISA. The number of cells co-expressing IL-17A and
IFNY in joint histological sections was determined by immunofluorescence.

Results: The incidence of arthritis was significantly higher in mice that received EBV DNA
prior to collagen compared to mice that only received collagen. Similarly, increased clinical
scores, histological scores and paw thicknesses with a decreased gripping strength were
observed in groups treated with EBV DNA and collagen. The relative concentration of IgG
anti-chicken collagen antibodies was significantly increased in the group that received
EBV DNA 6 days prior to collagen in comparison to the collagen receiving group. On the
other hand, the highest number of cells co-expressing IFNY and IL-17A was observed in
joints from mice that received both collagen and EBV DNA.

Conclusion: EBV DNA increases the incidence and severity of arthritis in a RA mouse
model. Targeting mediators triggered by viral DNA may hence be a potential
therapeutic avenue.

Keywords: rheumatoid arthritis, C57BL/6J mice, i I
inflammatory responses

type I, in-Barr virus DNA, pro
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INTRODUCTION

Epstein-Barr virus (EBV) belongs to the Herpesviridae family and
is considered one of the most prevalent viruses that affect humans
(1, 2). It is estimated that more than 90% of the world’s population
is seropositive for EBV (2). Upon infection, EBV establishes latency
in B lymphocytes, which permits subsequent reactivation and
recurrent infection. During these frequent recurrences EBV
antigens including its DNA are shed (3). During childhood, EBV
infection can be asymptomatic or may result in mild illness.
However, if the infection is acquired during adolescence, it
results in Infectious Mononucleosis (IM) (4). EBV has been
associated with malignant lymphoproliferative diseases such as
Burkitt’s lymphoma, epithelial carcinomas such as nasopharyngeal
carcinoma, and Human Immunodeficiency virus (HIV)-related
diseases such as hairy leukoplakia (5). Additionally, EBV has been
linked with an increased risk of developing autoimmune diseases
such as multiple sclerosis (MS), systemic lupus erythematosus
(SLE), and rheumatoid arthritis (RA) (6).

Rheumatoid Arthritis (RA) is an inflammatory disorder that
mainly affects joints and results in cartilage degradation and
erosion, systemic complications, debility and early death (7).
This disease is estimated to affect 1% of the population
worldwide and occurs twice the rate in women compared to
men (8). Although the cause of RA is unknown, a number of risk
factors have been identified including environmental stimuli and
genetic factors (9). Infectious agents are considered the undisputed
leaders as environmental triggers (10-12). Particularly, EBV has
been identified to be the most common potential environmental
trigger for RA (13). Studies have showed elevated viral loads and
increase in EBV-related autoreactive antibody levels in RA
patients compared to healthy controls. EBV DNA/RNA have
been identified in peripheral blood mononuclear cells (PBMC),
synovial fluids, and synovial membranes in RA patients (14-17).
Additionally, antibodies against Epstein-Barr nuclear antigen 1
(EBNA-1) and viral capsid antigen (VCA) have been detected at
higher levels in sera and synovium of patients with RA compared
to non-RA controls (18, 19). This results in decreased control of
the virus, persistent exposure to EBV antigens and chronic
inflammatory responses.

Although IL-17A plays an important role during bacterial and
fungal infections, when produced in excess it is implicated in the
pathogenesis of autoimmune diseases (20, 21). Several studies
have demonstrated a pivotal role for IL-17A in inducing RA in
humans. In patients with RA, high titers of IL-17A and their
receptors have been detected in tissue extracts and synovial fluids
(22). IL-17A plays a role in the differentiation of neutrophils,
activation and cytokine release from neutrophils, fibroblasts, and
monocytes, and triggering of Matrix Metalloproteases (MMP)
(23, 24). Cells producing both IL-17A and IFNY have been
implicated in autoimmunity and are detected at high levels in
inflamed human and murine tissues (25). Hence, IL-17A has an
essential role in the pathogenesis of RA by mediating pannus
growth, matrix turnover, cartilage destruction, and osteoclastogenesis.

Like other members of the Herpesviridae family, EBV DNA is
rich in unmethylated CpG motifs. Studies have shown that these
CpG motifs present in the genomes of bacteria and some viruses,

such as Herpes simplex virus 1 (HSV-1) can activate the immune
system promoting Thl-like responses (20, 26). Previous research
by our group showed that EBV DNA induces proinflammatory
responses, including IL-17A cytokine production, in mice, as well
as triggers immune responses in flies (27, 28). Our group also
demonstrated that increased EBV viral DNA loads in patients with
rheumatoid arthritis (RA) correspond with higher levels of serum
IL-17A. However, this correlation was not found in non-RA
controls (29). Thus, with the study at hand we intended to
examine the impact of EBV DNA on disease processes and
evolution. This was done by assessing the effect of its DNA on
the incidence and severity of arthritis in a mouse model of RA and
determining the involvement of Th17 proinflammatory response.

MATERIALS AND METHODS

Mice

The murine model for arthritis employed was the collagen-
induced arthritis (CIA) in C57BL/6] mice (30-32). Female, 12-
weeks of age 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. 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.

Determining the Effect of EBV DNA on

the Incidence of Arthritis in the

RA Mouse Model

To assess if EBV DNA affects the incidence of arthritis in the CIA
mouse model, female C57BL/6] mice were used. These mice
were divided into five groups as shown in Figure 1. Induction
of arthritis was performed as previously described (30, 33).
The arthritis-inducing emulsion was produced by mixing an
equal volume of type II chicken collagen (Chondrex, Inc,
Redmond, Washington) with complete Freund’s adjuvant
(CFA). To prepare CFA, heat-killed Mycobacterium tuberculosis
(Invivogen, Toulouse, France), at a concentration of 3.3 mg/ml,
was added to incomplete Freund’s adjuvant (IFA) (Chondrex,
Inc, Redmond, Washington). 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
emulsion injections were given subcutaneously in the tail. The
volume of both the eliciting agent primary and booster shots
injected was 50 pl. C57BL/6] mice that received 50 pl 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 (Advanced Biotechnologies, Columbia, MD) 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
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FIGURE 1 | Treatment regimen for assessing the effect of EBV DNA in the type Il chicken collagen-induced arthritis C578L/6J mouse model. EBV, Epstein-Barr

virus; CFA, complete Freund’s adjuvant; IFA, incomplete Freund's adjuvant.

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 (34). 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 144x10° copies of EBV
DNA in 100 pl of distilled water and were given
intraperitoneally. Mice that received 144x 10° copies of EBV

DNA in 100 pl 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 pl of water; this was administered 6
days prior to collagen (amount equivalent to 144 x 10 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.

The relative concentration of IgG anti-chicken collagen
antibodies was detected by ELISA. Commercially available
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microtiter plates were coated with Type II chicken collagen
(Chondrex, Inc, Redmond, Washington). This was done by
diluting the collagen stock (4 mg/ml in 0.05 M acetic acid)
using 1X phosphate buffered saline (PBS) to a final concentration
of 10 pg/ml. The chicken collagen was then added to the various
wells in 100 pl aliquots, sealed with adhesive plastic cover, and
incubated overnight at 4°C. The collagen coated plate was then
washed 3 times with wash buffer (Abcam, Cambridge, UK). The
plate was blocked with fetal bovine serum (FBS) 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 were diluted 1:2 with FBS and
transferred to their respective wells in 100 pl aliquots. 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 ul 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. 3,3’, 5,5”-tetramethylbenzidine (TMB) was then added to
each well (100 ul) and incubated ta room temperature in the dark
for 10 minutes. A stop solution (Abcam) was then added to end
the reaction. The absorbances of the various samples were then
measured with an ELISA reader at a wavelength of 450 nm. The
relative concentrations of the groups were normalized to the
control group that received distilled water only.

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. Additionally, the affected hind paws were clinically
scored using a scoring system modified from that of (35) (Table 1).
If a mouse had more than 2 paws that are 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 mouse was allowed to grip the
metal 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 is
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 Protocol™ Decalcifier B
(Thermo Fisher Scientific, Waltham,USA), and embedded in
paraffin. Sagittal sections were stained with hematoxylin and
eosin. Ankle joints and footpads were scored based on the
severity of a number of factors (Table 1). Blinded scoring was
performed by two independent scorers.

Assessing the Involvement of IL-17A and
IFNY in the Response to EBV DNA in the
RA Mouse Model
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 IFNY' in the sera from
arthritic mice from the various groups and non-arthritic mice
from the control group was determined using a mouse IL-17A
ELISA Kit and a mouse IFNY ELISA Kit (Abcam, Cambridge, UK).
The number of cells that were double positive for IL-17A and
IFNY in joints from the various groups of mice was determined

TABLE 1 | Clinical and histological scoring systems for arthritic C57BL/6J mice.

Paw clinical scoring

Paw Score
0

0.25

0.5

0.75-1
1.25-15
1.75-2

Clinical Observation
No redness and swelling
Slight redness
Slight redness and swelling
Mild redness and swelling
Moderate redness and swelling
Severe redness and swelling

Ankle joint section histological scoring

Ankle Joint Score Cartilage Destruction Edema
0 None None

1 Mild Mild

2 Moderate Moderate
3 Severe Severe

Footpad section histological scoring

Footpad Score Edema
0 None

1 Mild

2 Moderate
3 Severe

Inflammatory Infiltrate Ci Tissue Disrupti
None None

Mild Mild

Moderate Moderate

Severe Severe

Inflammatory Infiltrate
None

Mid

Moderate

Severe
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by immunofluorescence performed on histological sections of
the ankle joints. Initially the sections were deparafinized by
immersing the slides in xylol 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 60°C. 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) (36). The slides were then washed with Tris-
buffered saline (TBS) (pH 7.4) 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-labeled antibodies antibodies Brilliant
Violet 605 anti-mouse IL-17A (1:1500) and Pacific Blue 405
anti-mouse IFNY (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
then each covered with mounting solution and a coverslip then
stored at 4°C. The mounting solution consisted of 80% glycerol,
223mM 1,4-diazabicyclo[2.2. 2]octane (DABCO), and 4mM
Tris-HCI. Slides were observed using a Laser Scanning
Confocal Microscope (Zeiss, Germany). The number of double
positive cells per area was determined using Image] (NIH,
Wisconsin, USA) and expressed as count per inch?.

Statistical Analysis

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 were analyzed using the two-tailed
unpaired Student’s t test. P values less than 0.05 were
considered statistically significant (37, 38).

RESULTS

EBV DNA Increases the Incidence of
Arthritis in the Chicken Collagen RA
Mouse Model
The CIA murine model in C57BL/6] 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% (33, 39, 40). Hence, the model
allows observing the additive effect of EBV DNA on incidence.
The incidence of arthritis was 54.8% in the collagen-receiving
group (Figure 2A). 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

Frontiers in Immunology | www.frontiersin.org

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 that received EBV DNA 15 days post collagen (Day 21-
62). Figure 2B 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.

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 (41-43). Additionally, several studies
have shown that anti type II collagen-specific antibodies can play
a role in triggering inflammation in vivo by several mechanisms
(44, 45). 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 change of the relative concentration
of the anti-collagen antibodies was 11.06 and 13.31 fold in the
collagen receiving group and EBV DNA 6 days prior to collagen
treated group respectively compared to the distilled water control
group (in both groups p= < 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 2C shows the relative concentration of IgG anti-
chicken collagen antibodies in the arthritis groups and the
distilled water control group.

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.

The average affected hind paw thickness (Figure 3A) was
2172.22 pm in the distilled water group, 2237.5 um in the EBV
DNA receiving group, 2280 pum in the group receiving S.
epidermidis DNA in addition to collagen, 2294.74 um in the
collagen-treated group, 2533.33 pm in the group receiving EBV
DNA 6 days prior to the collagen (p=0.0048, compared to the
collagen group) and 2500 um in the group receiving EBV DNA
15 days after the collagen (p=0.0040, compared to the collagen
group). 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 3B).
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 the mice that received
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FIGURE 2 | Effect of EBV DNA on the incidence of arthritis in the collagen-induced arthritis mouse model (A) Incidence (%) of arthritis in various groups of C57BL/
6J mice treated with type Il 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). (B) Representative images of hind paws from arthritis-affected
animals. Redness and swelling in the paws and footpads are indicative of arthritis. (C) 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. * indicates p< 0.05; comparisons were made to

the group that received collagen only.

collagen only or mice that received the bacterial control DNA in
addition to collagen, respectively, were below 1.5.

Joint inflammation in mice induces grip strength deficit and
loss of physical functionality (46). Thus, the grip strength in
arthritic and healthy mice (basal levels in controls) was measured
(Figure 3C). Results indicated that the average 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).

Histological analysis of the affected ankle joints (Figure 3D)
and footpads (Figure 3E) 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 >4 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 3F displays representative histological sections
from ankles 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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EBV DNA Increases Serum
Proinflammatory Cytokines in an 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 IFNY play a major role in
the development of arthritis. Thus, levels of these cytokines were
determined in the sera of arthritic mice from 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.
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FIGURE 3 | Effect of EBV DNA on the severity of arthritis in the collagen-induced arthritis mouse model. (A) Average hind paw thickness in C57BL/6J mice treated
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after collagen. (B) Clinical scores of arthritic mice treated with S. epidermidis DNA 6 days prior to collagen, EBV DNA 6 days before collagen or EBV DNA 15 days
after collagen, compared to mice treated with collagen only. (C) Average grip strength of arthritic animals compared to control mice treated with distilled water.
(D) Histological scores of sections obtained from ankles of arthritic animals treated with S. epidermidis DNA 6 days prior to collagen, EBV DNA 6 days before
collagen or EBV DNA 15 days after collagen compared to mice treated with collagen only. (E) Histological scores of sections obtained from footpads of arthritic
animals treated with S. epidermidis DNA 6 days prior to collagen, EBV DNA 6 days before collagen or EBV DNA 15 days after collagen compared to mice
treated with collagen only. (F) Representative histological sections of ankle joints from mouse groups. * indicates p<0.05.

Additionally, since the group that received S. epidermidis DNA
in addition to collagen did not show a similar incidence and
severity of arthritis in comparison to the collagen-receiving
group, the immune response in these mice was not assessed.
Treatment of mice with collagen only or EBV DNA 6 days
prior to collagen led to a significant increase in IFNY 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)
(Figures 4A, B). 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
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