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

“RA is an almost lifelong process in with distinct phases:

v' disease risk: genetically predisposed individuals lose self-tolerance, produce autoantibodies.

v' asymptomatic autoimmunity: characterized by prototypic autoantibodies reactive against
post-translationally modified proteins, often citrullinated antigens.

v' symptomatic synovitis: Acute joint inflammation transitions

into chronic, destructive synovitis. Tissue responds with a maladaptive wound healing response
(pannus), which by itself has destructive features and will lead to irreversible tissue injury”
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Autoimmunity in RA starts long before symptoms:

ACPA (anti citrullinated peptide antibodies) and RFs (Rheumatoid factors) decades before
symptoms
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Twin Studies in Rheumatoid Arthritis:
Increased incidence in twins and in families with affected

members
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Genetic risk for RA:
Major contribution of HLA-DR

Studies in twins =@ genetic contribution to RA accounts for “60% of the variation in
liability to disease.

The most important genetic risk : class MHC class Il region (HLA-DR).
MHC contribute 18-37% of the total genetic susceptibility to RA, increasing disease
liability 4—6-fold.
For ACPA +ve RA: HLA-DRB1 and two additional amino acid positions in HLA-B and
HLA-DP in conferring risk to anti-CCP—positive rheumatoid arthritis.

— These variants account for 12.7% of the phenotypic variance of seropositive RA risk

— common validated alleles outside the MHC explain ~4% of this variance
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Shared Epitope Hypothesis

Alleles Associated with Rheumatoid Arthritis

67 68 69 70 71 72 713 74
oréows 7010 [——E-E A
DR4/Dw14 (31*0404) n—n—ﬂ- Q R A
oraowis 105) A
ort proron) E—E—E--EHE—E-E A
ot ro01) BB

>

g

>




Shared epitope hypothesis

All HLADRBI1 alleles associated with RA risk encode a conserved sequence of 5 amino acids
(positions 70—74) that surrounds the peptide-binding pocket of the antigen-presenting

molecule.
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Shared epitope hypothesis

The presence of this shared epitope suggests that the molecules containing it might:
v" bind the same antigen, induce altered T-cell-antigen presenting cell interactions,
v and/or shape the T-cell repertoire participating in broader adaptive immune responses.
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RA related Genes & autoimmunity
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Genetic association to autoimmunity

Shared Epitope alleles (HLA-DRB1) are associated with development of anti-CCP
(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 3433-3438



Mechanism of the shared epitope / ACPA-association:

DR-B1 alleles bind more avidly citrulline-containing peptides

e Itis partly attributable to the finding that citrulline-containing
peptides bind more avidly than unmodified molecules to the binding
pocket of DRB1 molecules that contain the epitope, with subsequent
activation of CD4+ T cells.

J. Immunol. 171, 538-541 (2003).

e The shared epitope also seems to function as an immunostimulatory
ligand that polarizes T-cell differentiation towards type 17 T helper
(TH17) cells, which are associated with autoimmunity.

J. Immunol. 185, 1927-1934 (2010).

C HLA-DRB1*04:01Vimentin-71Citgg 75 d HLA-DRB1*04:02Vimentin-71Citgs 75
n70

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




Genes = T cell function:

HLA-DR4+ & T cell dysfunction

Telomere damage and abnormal T cell differentiation
in healthy HLA-DR4+ individuals and
asymptomatic first-degree relatives of patients with RA



Genes = T cell function:

HLA-DR4+ & T cell dysfunction

HLA-DRB1 alleles are associated to T-cell senescence

Premature telomeric loss in rheumatoid arthritis is
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HLA-DRB1*04 alleles or genes in linkage disequilibrium regulate stem cell
replication and contribute to the accumulation of senescent and
autoreactive T cells in rheumatoid arthritis.

Telomere Shortening in HLA-DR4
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?

e Mucosal tissue sites and neutrophil extracellular traps may provide
relevant contextual signals through which citrullinated antigens gain
immunogenicity, supporting that early steps of tolerance loss may
occur in the lung and the gut.

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



G Lung as the site of citrullination and initial ACPA
MEChanISMmS development

Early, untreated ACPA +ve RA exhibit higher levels of expression
of the citrullinated protein in large bronchial biopsy tissue.
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Lung as the site of citrullination and initial ACPA
mechanisms development

Enrichment of ACPAs in the lungs vs serum of
ACPA-positive patients with early, untreated RA
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e Lung as the site of citrullination and initial ACPA

mechanisms

development

Enrichment of ACPAs in the lungs vs serum of ACPA-positive patients
with early, untreated RA
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The presence of ACPAs is associated with parenchymal lung abnormalities, site-
specific citrullination, and antibody enrichment in the lungs early
in the development of ACPA-positive RA.
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dependent. |Immune activation in BAL and bronchial biopsies of patients with
early untreated ACPA-positive RA

mechanisms

Lymphocytic infiltration in the bronchial biopsies of
patients with ACPA-positive untreated early rheumatoid arthritis
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dependent. |Immune activation in BAL and bronchial biopsies of patients with
mechanisms early untreated ACPA-positive RA

Immune activation are present in bronchial biopsies of
patients with ACPA-positive untreated early RA
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dependent. |Immune activation in BAL and bronchial biopsies of patients with
early untreated ACPA-positive RA

mechanisms

Immune activation are present in bronchial biopsies of
patients with ACPA-positive untreated early RA
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dependent

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.

Resting neutrophils

Brinkmann et al., Science 2004
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NETs externalize citrullinated autoantigens involved
in RA pathogenesis: Citrullinated vimentin

. Vimentin and a-enolase decorate
control and RA NETs.

. Vimentin externalized in control
and RA NETs is citrullinated.
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Increased spontaneous NET release of RA PB-neutrophils

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?
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NETs inhibition attenuates CIA severity and anti-collagen antibodies

DBA/1

CIA mouse model
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dependent

mechanisms

Initiation of RA-associated immunity against citrullinated

proteins in the lungs.
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General concept for RA pathogenesis

“RA is an almost lifelong process in with distinct phases:

v' symptomatic synovitis: Acute joint inflammation transitions into chronic, destructive
synovitis. Tissue responds with a maladaptive wound healing response (pannus), which by
itself has destructive features and will lead to irreversible tissue injury”
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From autoimmunity to synovitis

Immune factors contributing to synovial localization of
inflammation

v' CD3+ T cells are present in most early synovitis cases and the histologic phenotype of

synovial biopsy samples predicts disease persistence and severity.
Ann. Rheum. Dis. 78, 761-772 (2019). Cell Rep. 28,2455-2470.e5 (2019)

v' Decreased frequency of naive CD4+ T cells is the strongest predictor for the
progression from ACPA positivity to synovitis.

Sci. Rep. 10, 3669 (2020)

v’ Differential methylation patterns of naive CD4+ T cells characterize the earliest

stages of joint inflammation in patients who were drug naive
Clin. Epigenetics 12,54 (2020)



Hallmarks of 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 fail to mobilize DNA repair
mechanism.

ATM is in the apex of the pathway

J Exp Med. 2009 Jun 8;206(6):1435-49
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ATM is in the apex of the pathway of impaired DNA damage in RA
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ATM is in the apex of the pathway of impaired DNA damage in RA

Overexpression of ATM restores the defect in DNA damage
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In naive RA CD4 Glucose shunting toward the PPP results in > of NADPH and

reduced glutathione and loss of ROS

Sci Transl Med. 2016 Mar 23;8(331):331ra38



In naive RA CD4 Glucose shunting toward the PPP results in I of NADPH and
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Intracellular ROS regulates cell cycle progression, proliferative efficiency,
and naive-to-memory conversion.

ROS-deficient RA T cells hyperproliferate, fail to maintain the naive phenotype,
and bypass the G2/M cell cycle checkpoint.
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RA naive CD4 cells upon stimulation express lower ATM and have a
differentiation skewing towards TH1 & TH17.

Low ROS mimics RA
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Human synovial tissue—NSG 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 NOD/ShiltJ genetic background
v' Severe combined immune deficiency (scid) and
v' Complete null allele of the IL2 receptor common gamma chain (IL2rg"!)




ATM regulates the lineage commitment and the arthritogenic potential

of T cells

Setting:
v/ CD45RO* depleted PBMCs from healthy individuals or RA patients
were adoptively transferred into synovium-engrafted NSG mice.
v Mice were treated with the ATM inhibitor KU-55933
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Replenishing intracellular ROS in RA T cells
1. Corrects ATM insufficiency,
2. Reverses T cell mal-differentiation and arthritogenic effector functions
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ATM'"°% T cells in RA patients promote tissue inflammation

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

N Cytoplasmic
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G2/M cell cycle checkpoint
bypass

Experimental Gerontology (2017)



General concept for RA pathogenesis

“RA is an almost lifelong process in with distinct phases:

v' symptomatic synovitis: Acute joint inflammation transitions into chronic, destructive
synovitis. Tissue responds with a maladaptive wound healing response (pannus), which by
itself has destructive features and will lead to irreversible tissue injury”
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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, 903-916



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 Damage

and Prevents T Cell Aging
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Restoring MRE11A Expression in RA T Cells Prevents Pro-arthritogenic
Effector Function
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Rheumatoid arthritis CD4* T cell
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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 30, 1-16



Cell Metabolism

The DNA Repair Nuclease MRE11A Functions as a
Mitochondrial Protector and Prevents T Cell
Pyroptosis and Tissue Inflammation
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MRE11A protects mtDNA from oxidative damage and leakage into the cytosol
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MRE11A protects against inflammasome assembly on T cells

MRE11A loss of function induces aberrant caspase-1 activation in RA T cells.
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v" We exploited a chimeric mouse model to test the in vivo relevance of MRE11A
in MtDNA leakage, caspase-1 activation, pyroptosis, and tissue inflammation.

Synovial tissue was engrafted into NSG mice, which were reconstituted with either healthy or RA-derived
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-1,
shortening their survival and providing a trigger for tissue
inflammation
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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 TNFSF11),
v' maintained tissue protective molecules (IL10 and TGFB1)

D14

Immune reconstitution

RA PBMC transfected with

myc -MRE11A construct  Haryvest of
Engraftment of synowal graft
human synowum

Immune reconstllutlon
NSG rnouse RA renc
Treatment
vehicle or caspase-1 inhibitor

Li et al., 2019, Cell Metabolism 30, 1-16



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 TNFSF11),
v' maintained tissue protective molecules (IL10 and TGFB1)

I J K Con plasmid MRE11A plasmid L
8-OH-dG mtDNA E
Do D7 D14 T x* Cleaved X 50 il
7 Immune reconstitution Z 37 ° Caspase-1 »
RA PBMC transfected with o =404 °
myc-MRE11A construct  Harvest of E [ 8
Engraftment 9f - synovial graft - ﬁ + i ...
human synovium A0 o 21 . o 30
o /3 £ . ‘ o 42
A58 ™ o .
o< 0 :_ 201 ® o
@® 9 > o @ e T .
00 o 1 » ° °
° 4
/\ Immune reconstitution = g 10 ]
NSG RA PBMC f5: 7] v
mouse §] 8 0-
Treatment © o
vehicle or caspase-1 inhibitor g 0 MRE11A Con. MRE11.A
= Con 1 plasmid plasmid
plasmid plasmid

Li et al., 2019, Cell Metabolism 30, 1-16



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 TNFSF11),
v' maintained tissue protective molecules (IL10 and TGFB1)
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Progeroid ataxia-
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Metabolic abnormalities identified in PA-derived 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 RA

— Muscle,,’
’

Bone
Ligament
Capsule
Synovium
Cartilage

— Osteoclast

Osteoblast
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Lining layer
fibroblast
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Immune function
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fibroblast
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Nat Rev Rheumatol. 2021 Apr;17(4):195-212
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Defining inflammatory cell states in rheumatoid
arthritis joint synovial tissues by integrating
single-cell transcriptomics and mass cytometry

Histological assessment

Leukocyte-rich RA

Nat Immunol. 2019 Jul;20(7):928-942
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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 Immunol. 2019 Jul;20(7):928-942

Table 1 | Conserved cell populations in rheumatoid arthritis joints

Cell subsets Marker genes (human) Marker genes (mouse) |Activation marker or effector
genes
Fibroblasts
Lining layer Negative (CD90); positive Negative (Cd90); RANKL:OPG ratio, CCL9, CLIC5,
(CD55 and PGR4) positive (Pgrd) MMP1, MMP2Z2, MMP3, MMPQ,
MMP13,HAS1, HTRA4 and
DNASE1L3
Sub-lining layer Positive (CD90 and CD34) Positive (Cd90 and Cd34) |IL6, IL33, IL34,IFI30,LIF, CXCL9,
(immunomodulatory . i CXCL12,CXCL13,CCL2,CCL19
MNegative (CD34); positive and CCL21
(CD90 and DKK)
Sub-lining layer Negative (CD34); positive Negative (Cd34);
(perivascular) (CD90 and HLA-DRA) positive (Cd90)
d — e h

THY1*CD24*HLA-DR" {
THY1*CD24*HLA-DR” |
THY1*CD34 HLA-DR®
THY1-Cadherin-11*
THY1-Cadherin-11-

THY1-CDa4*HLA-DR | |
THY1“CDa4-HLA-DRY

THY1"CD34 HLA-DR" ]

CD34+ sublining (SC-F1)
HLA-DRA sublining (SC-F2)
DKK3* sublining (SC-F3)

f ) g Lining (SC-F4)
THY1 HLA-DR cDa4 Cadherin-11 £ 22 ERL RS Tomenires
i, "::g;k wh N FAP S S?;&@\‘@@ ScRNA-seq cluster
" 3 Wy | o §7% | HECEEEES Podoplanin .@%’“@’,@’T&é&.@(}&
Tasife v U npte) HE HLA-DR o of o of of (P oF
A Vbl N THY1 L LR P
: " mE Cadherin-11 L Ll LIRS Zscors
B I CDa4 RXARRQARQ]RD R e
Normalized intensity CD146 30 3

am Mass cytometry clusters
1 8 =&




nature Defining inflammatory cell states in rheumatoid
immunology arthritis joint synovial tissues by integrating

single-cell transcriptomics and mass cytometry
Nat Immunol. 2019 Jul;20(7):928-942

4-5 Functionally distinct fibroblast subgroups

Sublining fibroblasts as a potential therapeutic target in RA:

e Are a major source of pro-inflammatory cytokines such as IL6

e All SF subsets express TNF receptor 1, but none is a TNF producer
e Express MHC Il (SC-F2, THY1*CD34—HLA-DR"M)

Further studies are needed to define molecular mechanisms that regulate
sublining fibroblast expansion in RA.



Distinct fibroblast subsets drive inflammation and
damage in arthritis

Adam P. Croft!, Joana Campos!, Kathrin Jansen?3, Jason D. Turner!, Jennifer Marshalll, Moustafa Attar?, Loriane Savary!, Corinna
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Adoptive transfer into the joint, different fibroblasts mediate distinct effects:
V' FAPa+THY1- fibroblasts selectively mediate bone and cartilage damage with little effect on
inflammation,
v" FAPo+ THY1+ fibroblasts resulted in a more severe and persistent inflammatory arthritis, with
minimal effect on bone/cartilage.

“Our findings describing anatomically discrete, functionally distinct fibroblast subsets with non-
overlapping functions have important implications for cell-based therapies aimed at modulating
inflammation and tissue damage.”
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Defining inflammatory cell states in rheumatoid
arthritis joint synovial tissues by integrating
single-cell transcriptomics and mass cytometry

Table 1| Conserved cell populations in rheumatoid arthritis joints

.

Cell subsets Marker genes (human) Marker genes (mouse)
Macrophages
Lining layer Not reported Negative (Cfsr1);
positive (Cx3cr1)
Interstitial Negative (CD11C and CD38); | Negative (Cx3crl);
positive (NURP1) positive (Cfsr1, MHC
class ll genesand Agp1)
Positive (C1QA, CD11C and Negative (Cx3crl);
CD38) positive (Cfsr1 and Relma)
Monocyte-derived Positive (SPP1, CD11C,CCR2 | Negative (Lybc2); positive
(infiltrating) and CD38)when activated by \ (CcrZ2 and Arg1)
interferon
Positive (IL18,CD11C,CCR2 | Negative (Ly6c2); positive
and CD38) (CcrZ and Il1b)
e Mass cytometry f i
CD11c e
17GBs
CD11c*CDag o ENOA
CD11c+CD3s* = NyPaL
CD11c*CD3s CDe4* %% g 000 ;qﬁ“P%":-, Car
CD11¢*CCR2* -4 n?A.'..-""‘ RS ey
".céhc-'c;daa‘
8 cotic cpas ccRz "_____ A o5 00 o5
wi 1 I I CD45 o
e | % ), SEEE .o
"‘;Qf / ?{if\-':;' L’Q%S ’ ENENEN CcD11c
Normalized inteiﬁy [ Eém%‘;

1 3 5

Nat Immunol. 2019 Jul;20(7):928-942

Activation marker or effector
genes
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Locally renewing resident synovial macrophages
provide a protective barrier for the joint
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Key points

T cell-endogenous abnormalities present in naive T cells drive the
differentiation program to favor the generation effector/inflammatory cells
with tissue-invading properties

— DNA-repair failure & a metabolic shift

Subsets of highly activated synovial fibroblasts adopt proinflammatory and
tissue-invasive functionalities

Anti-inflammatory macrophages in the synovium fail to protect the synovium

Potential of Novel therapies:

— The recognition of stable stages and the molecular characterization of the relevant
transition points has the potential to identify targets that could re-engineer the
immune system to halt the disease process prior to irreversible tissue damage.



