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General concept for RA pathogenesis

άw! ƛǎ ŀƴ ŀƭƳƻǎǘ ƭƛŦŜƭƻƴƎ ǇǊƻŎŜǎǎ ƛƴ ǿƛǘƘ ŘƛǎǘƛƴŎǘ ǇƘŀǎŜǎΥ

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 andǿƛƭƭ ƭŜŀŘ ǘƻ ƛǊǊŜǾŜǊǎƛōƭŜ ǘƛǎǎǳŜ ƛƴƧǳǊȅέ

Nat Immunol. 2021 Jan;22(1):10-18
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Autoimmunity in RA starts long before symptoms:

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

Nielen M et al, A&R50; 2004, 380

IgM-RF

IgM-RF or anti-CCP

Anti-CCP

Arthritis!!!



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

members

1. Lawrence JS. Ann Rheum Dis.1970;28:357-379.
2. AhoK et al. J Rheumatol. 1986;13:899-902.

3. SilmanAJ et al. Br J Rheumatol. 1993;32:903-907.



Genetic risk for RA: 
Major contribution of HLA-DR

ω Studies in twins  Čgenetic contribution to RA accounts for ~60% of the variation in 
liability to disease.

ω The most important genetic risk : class MHC class II region (HLA-DR). 

ω MHC contribute 18ς37% of the total genetic susceptibility to RA, increasing disease 
liability 4ς6-fold.

ω For ACPA +ve RA:  HLA-5wʲм and two additional amino acid positions in HLA-Band 
HLA-DPin conferring risk to anti-CCPςpositive rheumatoid arthritis. 

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

ς common validated alleles outside the MHC explain ~4% of this variance

Nat Rev Rheumatol. 2012 Oct;8(10):573-86
Nat Genet. 2012 Jan 29;44(3):291-6



Lipsky PE.  In: IŀǊǊƛǎƻƴΩǎ tǊƛƴŎƛǇƭŜǎ ƻŦ LƴǘŜǊƴŀƭ aŜŘƛŎƛƴŜΦ1994:1648-1655.

Shared Epitope Hypothesis

Alleles Associated with Rheumatoid Arthritis



Shared epitope hypothesis

All HLADRB1 alleles associated with RA risk encode a conserved sequence of 5 amino acids 
(positions 70ς74) that surrounds the peptide-binding pocket of the antigen-presenting 

molecule. 

Arthritis and Rheumatism, 1987, Vol. 30, No. 11 



Shared epitope hypothesis

The presence of this shared epitope suggests that the molecules containing it might:
V bind the same antigen, induce altered T-cellςantigen presenting cell interactions, 

V and/or shape the T-cell repertoire participating in broader adaptive immune responses. 

Arthritis and Rheumatism, 1987, Vol. 30, No. 11 



RA related Genes Č autoimmunity

ʆʰ HLA-DRB1 h ˂˂ʹ˂ˈ˃ˇˊ˒ʰˋ˔ʶˍʾʸˇ˄ˍʰʽ MONO ˃ ʶ ACPA ̒ ʶˍʽˁʺ ˄ˈˋˇΗ



Genetic association to autoimmunity

Shared Epitope alleles (HLA-DRB1) are associated with development of anti-CCP 
(and RFs) antibodies and thus only to seropositive 

AR, Vol. 52, No. 11, 2005, pp 3433ς3438



Mechanism of the shared epitope / ACPA-association:

DR-B1 alleles bind more avidly citrulline-containing peptides  

ω It is 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, 538ς541 (2003).

ω 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, 1927ς1934 (2010).

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



Telomere damage and abnormal T cell differentiation 
in healthy HLA-DR4+ individuals and 

asymptomatic first-degree relatives of patients with RA

Genes Č T cell function:
HLA-DR4+ & T cell dysfunction
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Genes Č T cell function:
HLA-DR4+ & T cell dysfunction

HLA-DRB1 alleles are associated to T-cell senescence

HLA-DR4 Affects Telomeric 
Length in CD4 T Cells

Premature telomeric erosion in lymphocytes and granulocytes and 
decreased frequencies of TREC T cells in patients with RA.

HLA-DR4- (white) and HLA-DR4+ (gray)

granulocytes  CD4+ T cells

PNAS 2003 Nov 11;100(23):13471-6.



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.

PNAS 2003 Nov 11;100(23):13471-6.



If not in the joints where autoimmunity 
starts?

Context 
dependent 
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If not in the joints where autoimmunity 
starts?

ω 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. 

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

Context 
dependent 

mechanisms



Lung as the site of citrullinationand initial ACPA 
development

Early, untreated ACPA +ve RA exhibit higher levels of expression 
of the citrullinatedprotein in large bronchial biopsy tissue.

Reynisdottir. A&R 66 January 2014, pp 31
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Lung as the site of citrullinationand initial ACPA 
development

Enrichment of ACPAs in the lungs vsserum of ACPA-positive patients 
with early, untreated RA

Reynisdottir. A&R 66 January 2014, pp 31

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.

Context 
dependent 

mechanisms



Lymphocytic infiltration in the bronchial biopsies of
patients with ACPA-positive untreated early rheumatoid arthritis

Germinal centre-like
structures are present in 

bronchial biopsies

Immune activation in BAL and bronchial biopsies of patients with 
early untreated ACPA-positive RA

Reynisdottir. Ann RheumDis 2016;75:1722
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Immune activation are present in bronchial biopsies of 
patients with ACPA-positive untreated early RA

Reynisdottir. Ann RheumDis 2016;75:1722
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Immune activation are present in bronchial biopsies of 
patients with ACPA-positive untreated early RA

Reynisdottir. Ann RheumDis 2016;75:1722

Immune activation in BAL and bronchial biopsies of patients with 
early untreated ACPA-positive RA

Context 
dependent 

mechanisms

Lung plays an important role in the immunological reactions 
responsible for the development of ACPA-positive RA 



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. 

Brinkmannet al., Science 2004

Resting neutrophils PMA-stimulated 

Context 
dependent 

mechanisms



NETs externalize citrullinated autoantigens involved 
in RA pathogenesis: Citrullinated vimentin

ω Vimentin externalized in control 
and RA NETs is citrullinated.

ω Vimentin and a-enolase decorate

control and RA NETs. 

Sci Transl Med 5, 178ra40 (2013)

Context 
dependent 

mechanisms



Increased spontaneous NET release of RA PB-neutrophils

Papadaki. EurJ Immunol. 2016:2542



CIA mouse model

5лΧΧΧΧΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΦΧΧΧΧΧŘнмΧΧΧΧΧΦΦΦŘор

200˃ g bovine collagen 

II/CFA (i.d.)

DBA/1

Boost: 200 ˃g bovine 

collagen II/IFA (i.d.)

scoring

NETs inhibitor: Cl-amidine (i.p)

Papadaki. EurJ Immunol. 2016:2542

NETs inhibition attenuates CIA severity and anti-collagen antibodies
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Initiation of RA-associated immunity against citrullinated
proteins in the lungs. 

aŀƭƳǎǘǊǀƳΣ Nat Rev Rheumatol. 2014:645
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Immune factors contributing to synovial localization of 
inflammation 

V CD3+ T cells are present in most early synovitis cases and the histologic phenotypeof 
synovial biopsy samples predictsdisease persistence and severity. 

Ann. Rheum. Dis. 78, 761ς772 (2019). Cell Rep. 28,2455ς2470.e5 (2019)

V 5ŜŎǊŜŀǎŜŘ ŦǊŜǉǳŜƴŎȅ ƻŦ ƴŀƠǾŜ /5пҌ ¢ cells is the strongest predictor for the 
progression from ACPA positivity to synovitis. 

Sci. Rep. 10, 3669 (2020)

V Differential methylation ǇŀǘǘŜǊƴǎ ƻŦ ƴŀƠǾŜ /5пҌ ¢ ŎŜƭƭǎ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ earliest 
stages ƻŦ Ƨƻƛƴǘ ƛƴŦƭŀƳƳŀǘƛƻƴ ƛƴ ǇŀǘƛŜƴǘǎ ǿƘƻ ǿŜǊŜ ŘǊǳƎ ƴŀƠǾŜ

Clin. Epigenetics 12,54 (2020)

From autoimmunity to synovitis

ά¢ƘŜ ƻƴǎŜǘ ƻŦ ǎȅƴƻǾƛŀƭ ƛƴŦƭŀƳƳŀǘƛƻƴΣ ƛǎ ŎƭƻǎŜƭȅ ƭƛƴƪŜŘ ǘƻ ŎŜƭƭ-intrinsic defects in 
CD4+ T cells and is functionally caused by a mis-differentiation step during the 

conversion of naive resting CD4+ ¢ ŎŜƭƭǎ ƛƴǘƻ ƳŜƳƻǊȅ ŀƴŘ ŜŦŦŜŎǘƻǊ ¢ ŎŜƭƭǎέ



ɶallmarksof T cells in rheumatoid arthritis

Nat Rev Rheumatol. 2017 May;13(5):291-301



ɶallmarksof T cells in rheumatoid arthritis

DNA repair deficits 

Nat Rev Rheumatol. 2017 May;13(5):291-301

Metabolic perturbations



DNA repair deficits in rheumatoid arthritis

Nat Immunol. 2021 Jan;22(1):10-18



DNA repair deficits in rheumatoid arthritis

Nat Immunol. 2021 Jan;22(1):10-18



J Exp Med. 2009 Jun 8;206(6):1435-49

RA CD4 have increased DNA damage and fail tomobilize DNA repair 
mechanism. 

ATM is in the apex of the pathway



Accumulated DNA 
damage in CD4 T cells in 

RA.

J Exp Med. 2009 Jun 8;206(6):1435-49

RA CD4 have increased DNA damage and fail tomobilize DNA repair 
mechanism. 

ATM is in the apex of the pathway



Accumulated DNA 
damage in CD4 T cells in 

RA.

Irradiation-induced up-regulation of the DNA 
damage pathway is delayed in RA T cells.

J Exp Med. 2009 Jun 8;206(6):1435-49

ATM is in the apex of the pathwayof impaired DNA damage in RA  



Overexpression of ATM restores the defect in DNA damage 
repair and in apoptosis sensitivity in RA CD4 T cells

J Exp Med. 2009 Jun 8;206(6):1435-49

ATM is in the apex of the pathwayof impaired DNA damage in RA  



Lƴ ƴŀƠǾŜ w! /5п Glucose shunting toward the PPP ǊŜǎǳƭǘǎ ƛƴ ҧ ƻŦ b!5tI ŀƴŘ 
reduced glutathione and loss of ROS

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



Lƴ ƴŀƠǾŜ w! /5п Glucose shunting toward the PPP ǊŜǎǳƭǘǎ ƛƴ ҧ ƻŦ b!5tI ŀƴŘ 
ҧ ǊŜŘǳŎŜŘ ƎƭǳǘŀǘƘƛƻƴŜ ŀƴŘ loss of ROS

w! ƴŀƠǾŜ /5п DƭǳŎƻǎŜ ǎƘǳƴǘƛƴƎ ǘƻ tttΥ
ratio of G6PD/PFKFB3 is shifted toward G6PD 

ROS levels in RA T cells were significantly reduced
Kinetics of ROS generation mirrored glycolytic activity

Accumulation of NADPH and 
reduced glutathione

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



Intracellular ROS regulates cell cycle progression, proliferative efficiency, 
and ƴŀƠǾŜ-to-memory conversion. 

ROS-deficient RA T cells hyperproliferateΣ Ŧŀƛƭ ǘƻ Ƴŀƛƴǘŀƛƴ ǘƘŜ ƴŀƠǾŜ ǇƘŜƴƻǘȅǇŜΣ 
and bypass the G2/M cell cycle checkpoint.

V In RA T cells, proliferation is spontaneously 
higher and further increased by ROS

scavenging.
V Proliferative rates in Tempol-treated wild-type 

T cells is similar to untreated RA T cells.

ROS regulate G2/M transition:
V RA T cells effectively bypassed the G2/M 

checkpoint

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



RA naive CD4 cells upon stimulation express lower ATM and have a 
differentiation skewing towards TH1 & TH17. 

Low ROS mimics RA 

In RA T cells, ATM transcripts 
responded slower vs controls upon TCR 

stimulation

ATM transcripts upon TCR stimulation of CD4 
ƴŀƠǾŜ ŎŜƭƭǎ

V w! ƴŀƠǾŜ /5п ŀǊŜ ǇǊƻƴŜ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ǘƻ ¢Iм ϧ 
TH17

V ROS scavenging mimics RA differentiation skewing 

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



Human synovial tissueςNSG chimeras
Synovial tissue engrafted into NSG micewhich were reconstituted with peripheral 

blood mononuclear cells (PMBCs). Synovial grafts were explanted 7 to 14 days later

NSG severely immunodeficient mice
The mice carry two mutations on the NOD/ShiLtJgenetic background
V Severe combined immune deficiency (scid) and
V Complete null allele of the IL2 receptor common gamma chain (IL2rgnull)



ATM regulates the lineage commitment and the arthritogenic potential 
of T cells

Setting:
VCD45RO+ depleted PBMCs from healthy individuals or RA patients 

were adoptively transferred into synovium-engrafted NSG mice.
VMice were treated with the ATM inhibitor KU-55933 

ATM inhibition increased 
expression of the 

osteoclastogenic ligand 
RANKL (brown)

V ATM inhibition (KU-55933) strongly up-regulated IL-17, RORg, TNF-a, 
IL-1b, and IL-6, and expression of the osteoclastogenic ligand RANKL

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



Replenishing intracellular ROSin RA T cells 
1. CorrectsATM insufficiency, 

2. ReversesT cell mal-differentiation and arthritogenic effector functions

wh{ άƎŜƴŜǊŀǘƻǊǎέ
V Menadione (Me)
V BSO

RA CD4 treated with ROS inducers 
(Menadione) resulted in ATM dimerization 

and pATMformation

V Treatment with both ROS inducers had a 
beneficial effect on synovitis

V Menadione and BSO reduced RANKL+ 
CD3+ infiltrates of engrafted synovium

Human CD3 (pink) and RANKL (brown)

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



ATMlow T cells in RA patients promote tissue inflammation

Experimental Gerontology (2017)
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Li et al., 2016, Immunity 45, 903ς916



V RA T cells, age-related telomeric defects 

manifested not only as shortening, but also 

as damage accumulation. 

Li et al., 2016, Immunity 45, 903ς916

damaged 
telomeres

severe 
structural 
damage

V Aged RA T cells were low-expressers for the DNA repair 

nuclease MRE11A irrespective of immunosuppresion



V Restoring MRE11A Expression Repairs Telomeric Damage 
and Prevents T Cell Aging

Li et al., 2016, Immunity 45, 903ς916



Restoring MRE11A Expression in RA T Cells Prevents Pro-arthritogenic 
Effector Function

Transfer of MRE11A high RA T cells reduced:
V tissue T Cell infiltrate (TRB transcript levels) 
V TNF, IL6, and IL1B expression, 
V Senescent markers

Setting: NSG mice were engrafted with human synovial tissue and adoptively transferred PBMC 
from RA patients transfected with:
V either control plasmid or
V plasmid expressing MRE11A 

anti-CD3 antibodies

Li et al., 2016, Immunity 45, 903ς916



Li et al., 2016, Immunity 45, 903ς916



Li et al., 2019, Cell Metabolism 30, 1ς16



V MRE11A knockdown in healthy T cells markedly reducedmitochondrial oxygen 
consumption, comparableto impaired mitochondrial function and ATPlow state 
of RA T cells. 

Li et al., 2019, Cell Metabolism 30, 1ς16

MRE11A
Knockdown

V Low mitochondrial MRE11A in RA T cells while 
V mitochondrial mass was similar in control and RA T cells

άaw9мм!low status of 
RA T cells extended to 

mitochondria, 
resulting in low 
mitochondrial

respiration and ATP 
ǇǊƻŘǳŎǘƛƻƴΦέ

RA 
CD4



Li et al., 2019, Cell Metabolism 30, 1ς16

MRE11A protects mtDNAleakage into the cytosol

MRE11A protects 
mtDNAoxidative lesion 

Oxidized mtDNA
induced caspase-1 

activation

MRE11A protectsmtDNAfrom oxidative damage and leakage into the cytosol

MRE11A inhibitor
V Mirin



Li et al., 2019, Cell Metabolism 30, 1ς16

MRE11Aprotects against inflammasome assembly on T cells 

MRE11A loss of function induces aberrant caspase-1 activation in RA T cells.



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

VWe exploited a chimeric mouse model to test the in vivo relevance of MRE11A 
in mtDNAleakage, caspase-1 activation, pyroptosis, and tissue inflammation.



Li et al., 2019, Cell Metabolism 30, 1ς16

RA T cells in inflammatory lesions are predisposed to cleave caspase-1, 
shortening their survival and providing a trigger for tissue

inflammation



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)

Li et al., 2019, Cell Metabolism 30, 1ς16
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Experimental Gerontology (2017)



Metabolic abnormalities identified inʄɮ-derived naive CD4+ 
T cells undergoing activation: 

link to inflammation and tissue invasiveness 

Nat Immunol. 2021 Jan;22(1):10-18



The multiple faces of fibroblasts  in RA

Nat Rev Rheumatol. 2021 Apr;17(4):195-212



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

Histological assessment
Cellular composition by 

flow cytometry

tSNEvisualization of synovial cell types in OA, 
leukocyte-poor RA, and leukocyte-rich RAby mass 

cytometry density plot.


