Rheumatoid arthritis pathogenesis:
From systemic autoimmunity to synovial inflammation
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General concept for RA pathogenesis

Gw! Aa Ly Fftyzad tAFSt2y3a LINROS

V disease riskgenetically predisposed individuals lose delérance, produce autoantibodie

V asymptomatic autoimmunity:.characterized by prototypic autoantibodies reactive agai
posttranslationally modified proteins, often citrullinated antigens.

V symptomatic synovitisAcute joint inflammation transitions

into chronic, destructive synovitis. Tissue responds with a maladagtivevwound healing re
(pannus), which by itself has destructive featuresanit £ f S R G2 A NNJ
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Autoimmunity in RA starts long before symptoms:

ACPA (anti citrullinated peptide antibodies) and RFs (Rheumatoid factors) decades be

symptoms
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Twin Studies iIn Rheumatoid Arthritis:
Increased incidence in twins and in families with affected

members
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Genetic risk for RA:
Major contribution of HLADR

Studies in twinsC genetic contribution to RA accourfsr ~60%of the variation in
liability to disease.

The most important genetic risk : cldd$iC class Hegion (HLADR).
MHC contributel8¢37%o0f the total genetic susceptibility to RA, increasing dise
liability 4¢6-fold.
ForACPA ve RA: HLA wi amd two additional amino acid positionsHiLAB and
HLADPIn conferring risk to aCClepositive rheumatoid arthritis.
¢ These variants account fa2.7%of the phenotypic variance of seropositive RA risk
¢ common validated alleles outside the MHC exptad@oof this variance
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Shared Epitope Hypothesis

Alleles Associated with Rheumatoid Arthritis
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Shared epitope hypothesis

AllHLADRBA&lleles associated with RA risk encode a conserved sequence of 5 amino &
(positions 7@74) that surrounds th@eptide-binding pocketof the antigenpresenting

molecule.
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Shared epitope hypothesis

The presence of this shared epitope suggests that the molecules containing it might
V bind thesame antigeninduce altered Lellcantigen presenting cell interactions,
V and/or shape the Xell repertoire participating in broader adaptive immune response

....-—-—--""'""'T cell recaeptor

Antigen fragment

‘3 F—__—__________...la molecule

Arthritis and Rheumatism, 1987, Vol. 30, No.



RA related Genes autoimmunity

[ HLADRBY <<' <" > 71 &, h MIONO> ¥ACPA 6 _ ' ¢ "




Genetic association to autoimmunity

Shared Epitope alleles (HDRB1) are associated with development of -&1@P
(and RFs) antibodies and thus only to seropositive

Table 1. Distribution of SE and anti-CCP positivity*

Dutch EAC RA patients

Anti-CCP positive (n = 195) Anti-CCP negative (n = 213)
Dutch controls
SE (n = 423), no. (%) No. (%) OR (95% CI) No. (%) OR (95% CI)
+/+ 26 (6) 49 (25 1.79 (6.58-21.13)| 16 (8) ‘1.38 (0.71-2.67)
+/= 153 (36) 107 (55) 4.37 (2.88-6.65) 88 (41) 1.29 (0.91-1.82)
—/= 244 (58) 39 (20) 1.0 109 (51) 1.0

* The following alleles were classified as shared epitope (SE) positive: DRB1*0101, *0102, *0104, *0401,
#0404, #0405, *0408, *0413, *0416, *1001, and *1402 (4). EAC = Early Arthritis Clinic; RA = rheumatoid
arthritis; CCP = cyclic citrullinated peptide; OR = odds ratio; 95% CI = 95% confidence interval.

AR\Vol. 52, No. 11, 2005, pp 3433138



Mechanism of the shared epitope / AGB#sociation:

DRB1 alleles bind more avidly citrulligentaining peptides

w Itis partly attributable to the findinghat citrulline-containing
peptides bind more avidly than unmodified molecules to the binding

pocket of DRBInolecules that contain the epitope, with subsequent
activation of CD4+ T cells.
J. Immunoll171, 538541 (2003).
w The shared epitope also seems to function asgnamunostimulatory
ligand that polarizes-€ell differentiation towards type 17 T helper

(TH17) cells, which are associated with autoimmunity.
J. Immunol185, 192¢1934 (2010).

C HLA-DRB1*04:01Vimentin-71Citgg 75 d HLA-DRB1*04:02Vimentin-71Citgs 75
Gl

J. Exp. Med. 2013 Vol. 210 No. 12 2569




Gene<L T cell function:

HLADR4+ & T cell dysfunction

Telomere damage and abnormal T cell differentiation
In healthy HLADR4+ individualand
asymptomatic firstdegree relatives of patients with RA



Gene<L T cell function:
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HLADRBI1 alleles are associated toell senescence

Premature telomeric loss in rheumatoid arthritis is
genetically determined and involves both myeloid
and lymphoid cell lineages
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HLADR4 Affects Telomeric
Length in CD4 T Cells
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HLADR4 Affects Telomeric
Length in CD4 T Cells
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HLADRB1*04 alleles or genes in linkage disequilibrium regulate stem
replication and contribute to thaccumulation of senescent and
autoreactive T cells in rheumatoid arthritis.

Telomere Shorteningin HLA -DR 4
T Cells Correlates with Functional
Markers of Cellular Senescence.
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Context

dependent
mechanisms

If not in the joints where autoimmunity
starts?
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If not in the joints where autoimmunity
starts?

w Mucosal tissue siteandneutrophil extracellular trapsmay provide
relevant contextual signals through whichrullinated antigensgain
Immunogenicity, supporting that early steps of tolerance loss may
occur in the lung and the gut.

w Nevertheless, how tolerance to the modified peptides is broken
remains unclear, and a common denominator is not clear



S Lung as the site afitrullinationand initial ACPA
MEERISYS development

Early, untreated ACPAve RAexhibit higher levels of expressio
of the citrullinated protein in large bronchial biopsy tissue
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Lung as the site afitrullinationand initial ACPA
MEERISYS development

Enrichment of ACPAs in the lungserum of
ACPApositive patients with early, untreated RA
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dependent Lung as the site afitrullinationand initial ACPA

mechanisms deve|0pment

Enrichment of ACPAs in the lungserum of ACRAositive patients
with early, untreated RA

10004 10000

specificcitrullination, and antibody enrichment in the lungs early
In the development of ACH4ositive RA.
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dependent: Immune activation in BAL and bronchial biopsies of patients
o early untreated ACPRpositive RA

Lymphocytic infiltration in the bronchial biopsies of
patients with ACPAositiveuntreated early rheumatoid arthritis
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dependent. Immune activation in BAL and bronchial biopsies of patients
o early untreated ACPRpositive RA

Immune activation are present in bronchial biopsies of
patients with ACPAositive untreated early RA
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dependent: Immune activation in BAL and bronchial biopsies of patients
o early untreated ACPRpositive RA

Immune activation are present in bronchial biopsies of
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dependen

mechanisms

Neutrophil Extracellular Traps
V web-like structures, composed of decondensed chromatin
complexed with >30 different neutrophil proteins that can
capture, neutralize, and kill a variety of microbes.

Restingneutrophils

Brinkmannet al., Science 2004



NETs externalize citrullinated autoantigens involve
In RA pathogenesi€itrullinated vimentin

w  Vimentin and a&nolase decorate w  Vimentin externalized in control
control and RA NETSs. and RA NETs is citrullinated.
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Increased spontaneous NET release of RAdeBophils

Research Article

Neutrophil extracellular traps exacerbate Th1-mediated

autoimmune responses in rheumatoid arthritis by
promoting DC maturation
Garyfalia Papadaki’?, Konstantines Kambas®, Christiana Choulaki®2, Katerina Vlachou®%4,

Elias Drakos®, George Bertsias™?, Konstantinos Ritis®, Dimitrios T. Boumpas
Paul R. Thompson®, Panayotis Verginis** and Prodromos Sidiropoulos?

DAPI MPO

CTLPMNs

RA PMNs

Merge

NET releasing cells (%)

NET releasing cells (%)

.‘01 \AAd
60 ** YYvy
50 vy
401 %
30 A.‘_‘ ywwy
=+
20 uy A vvY
K
B
low 8
v
o—= %2 - -
> o
& & & F
o o
& & &
& -
ns
301 L
—
=
=
204 %o
]
. ugm
% [
10- % %

A
o~ I —
L4 L™ A
&

& & 35
vﬁ° X2
< - &
& § &
<
&

PapadakiEurJiImmunol 2016:2542



NETs inhibition attenuates CIA severity and-antiagen antibodies

DBA/L CIA mouse model
NETSs inhibitor: @midine {.p)
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dependent

mechanisms

Initiation of RAassociated immunity againsitrullinated
proteins in the lungs.
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General concept for RA pathogenesis

aw! Aa |y Ffty2ad tAFSt2y3 LINROS

V symptomatic synovitisAcute joint inflammation transitions into chronic, destructive
synovitis. Tissue responds with a maladaptive wound healing response (pannus), wt
itself has destructive featuresamdA f £ f SI R 2 ANNBGSN
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From autoimmunity to synovitis

Immune factors contributing to synovial localization of
iInflammation

V CD3+ Tells are present in mostarly synovitiscases and thaistologic phenotypeof

synovial biopsy samplgsedictsdisease persistence and severity.
Ann. Rheum. Dis. 78, 76472 (2019). Cell Rep. 28,2424 70.e5 (2019)

V 5SONBI &SR T NBI dzScfli® B theestongest pirétiistor fobtieb ¢
progression fromACPA positivity to synovitis

Sci. Rep. 10, 3669 (2020)
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aallmarksof T cells in rheumatoid arthritis
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DNA repair deficits in rheumatoid arthritis

Affected cell type

Functional effects
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DNA repair deficits in rheumatoid arthritis
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RA CD4 have increased DNA damage and faiodbilize DNA repair
mechanism.

ATMis in the apex of the pathway

J Exp Med. 2009 Jun 8;206(6): 14
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ATMis in the apex of the pathwayf impaired DNA damage in RA

Accumulated DNA
damage in CD4 T cells in

RA.
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ATMis in the apex of the pathwayf impaired DNA damage in RA

Overexpression of ATM restores the defect in DNA damage
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LYy V| O@@ucose shunthigitowardthe PRRS &4 dzf & AY

reduced glutathione antbss of ROS

SciTranslMed. 2016 Mar 23;8(331):331ra3
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IntracellularROS regulates cell cycle progressiproliferative efficiency
andy | G@&@rBemory conversion.

ROSdeficient RA T cellgperproliferatg  FIF At G2 YIFAY Gl A
and bypass the G2/M cell cycle checkpoint.
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RA naive CD4 cells upon stimulation expteger ATMand have a
differentiation skewing towards TH1 & TH17.

Low ROS mimics RA
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Human synovial tissudSG chimeras

DO D7 D14
Harvest of
Engraftment of £ Immune reconstitution synovial graft
human synovium \ WithRA -
or healthy PBMC
NSG
mouse

NSG severely immunodeficient mice
The mice carry two mutations on the NGE)iLthenetic background
V Severe combined immune deficiensgid and
V Complete null allele of the IL2 receptor common gamma chihrgu"




ATM regulates the lineage commitment and the arthritogenic potenti

of T cells

Setting:
V CD45R0depleted PBMCs from healthy individuals or RA patients
were adoptively transferred into synoviuengrafted NSG mice.

V Mice were treated with the ATM inhibitor Kt55933
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Replenishing intracellular ROB RA T cells
1. CorrectsATM insufficiency,
2. Reversed cell madifferentiation and arthritogenic effector functions
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ATMoW T cells in RA patients promote tissue inflammatic

Unleashed T cells promoting
innate immunity tissue inflammation
MR\
IR\

N Cytoplasmic
N\ DNA fragments

mutation Biased T cell

differentiation

Progeriod syndrome

ataxia-telangiectasia
(A-T)

DNA damage
accumulation

Diminished
mitochondrial
respiratory activity

G2/M cell cycle checkpoint
bypass

Experimental Gerontology (2017)



General concept for RA pathogenesis
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Immunity

Deficient Activity of the Nuclease MRE11A Induces T
Cell Aging and Promotes Arthritogenic Effector
Functions in Patients with Rheumatoid Arthritis

Li et al., 2016, Immunity 45, 9316



Immunity

Deficient Activity of the Nuclease MRE11A Induces T
Cell Aging and Promotes Arthritogenic Effector
Functions in Patients with Rheumatoid Arthritis

V RAT cells, age-related telomeric defects
manifested not only as shortening, but also

as damage accumulation.

V Aged RAT cells were low-expressers for the DNA repair

severe nuclease MRE11A irrespective of immunosuppresion
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Immunity

Deficient Activity of the Nuclease MRE11A Induces T
Cell Aging and Promotes Arthritogenic Effector
Functions in Patients with Rheumatoid Arthritis

V Restoring MRE11A Expression Repairs Telomeric Dam:

and Prevents T Cell Aging
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Restoring MRE11A Expression in RA T Cells Preventartnatogenic
Effector Function
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Rheumatoid arthritis CD4* T cell
Old CD4* T cell

Young CD4* T cell

Telomere
amage

v MRE11A
¥ Nuclease activity

¥ Telomere maintenance

' |

Effector CD4* T cell Effector CD4* T cell

1 Telomeric damage foci

1 Heterochromatin
unraveling

1 Migration
1 Tissue accumulation

1 Induction of IL-1B, IL-6
and TNFa
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Cell Metabolism

The DNA Repair Nuclease MRE11A Functions as a
Mitochondrial Protector and Prevents T Cell
Pyroptosis and Tissue Inflammation

Li et al., 2019, Cell Metabolism 3@16



Cell Metabolism

The DNA Repair Nuclease MRE11A Functions as a
Mitochondrial Protector and Prevents T Cell
Pyroptosis and Tissue Inflammation
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MRE11Aorotects mtDNAfrom oxidative damage and leakage into the cytosc
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MRE11Aprotects against inflammasome assembly on T cells

MREZ11A loss of functianducesaberrant caspasé activation in RA T cell
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V We exploited a chimeric mouse model to test the in vivo relevance of MREL1
In mtDNAleakage, caspask activation,pyroptosis and tissue inflammation.

Synovial tissue was engrafted into NSG mice, which were reconstituted with either healthyderi&Rl
peripheral blood mononuclear cells (PMBCs) and synovial grafts were explanted 7 to 10 days later
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RA T cells in inflammatory lesions are predisposed to cleave caspase
shortening their survival and providing a trigger for tissue

inflammation
Synovitis induced with Synovitis induced with
healthy T cells RAT cells E

Cleaved Cleaved
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Caspase-1 Caspase-1

Caspase-1*CD3* cells (%)
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MRE11A Protects Synovial Tissue from Inflammation

MRE11A overexpression
V suppressed tissue inflammation,

V reduced transcripts of innate (IL1B, IL6, and TNFA) and adaptive markers (TRB and TNFSF
V maintained tissue protective molecules (IL10 and TGFB1)
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MRE11A Protects Synovial Tissue from Inflammation

MRE11A overexpression
V suppressed tissue inflammation,

V reduced transcripts of innate (IL1B, IL6, and TNFA) and adaptive markers (TRB and TNFSF
V maintained tissue protective molecules (IL10 and TGFB1)
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MRE11A Protects Synovial Tissue from Inflammation

MRE11A overexpression
V suppressed tissue inflammation,

V reduced transcripts of innate (IL1B, IL6, and TNFA) and adaptive markers (TRB and TNFSF
V maintained tissue protective molecules (IL10 and TGFB1)
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Progeroid ataxia-
telangiectasia-like disorder
(A-TLD)

hypermobility and
tissue inflammation
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Metabolic abnormalities identified ifi Rderived naive CD4+
T cells undergoing activation

link to Inflammation and tissue invasiveness

Bioenergetics in RA T cells
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The multiple faces of fibroblasts in R/
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’
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nature

Defining inflammatory cell states in rheumatoid

immunology arthritis joint synovial tissues by integrating

single-cell transcriptomics and mass cytometry
Nat Immunol2019 Jul;20(7):92842

Cellular composition by
Histological assessment flow cytometry

tSNEvisualization of synovial cell types in OA,
leukocytepoor RA, and leukocytech RAby mass
cytometry density plot.



