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Πρόλογος 

Η επιλογή της ειδικότητας της ρευµατολογίας έγινε σε µια σχετικά «αθώα» εποχή, όπου οι νόµοι της αγοράς δε µας 

απασχολούσαν ιδιαίτερα και βασικό κριτήριο ήταν η µαγεία που µπορεί να ασκούσαν πάνω µας οι διάφορες παθολογίες. 

Τα αυτοάνοσα νοσήµατα περιβάλλονται από ένα γοητευτικό µυστήριο, κυρίως σε ό,τι αφορά την αιτιολογία και την 

παθογένειά τους, και αυτό νοµίζω ότι ήταν που µε ώθησε να ασχοληθώ µε τη ρευµατολογία. Ερχόµενη στην Κρήτη, η 

ευκαιρία που µου δόθηκε να ασχοληθώ διεξοδικά µε ένα κοµµάτι της παθογένειας της ρευµατοειδούς αρθρίτιδας και να το 

µελετήσω τόσο σε ανθρώπους όσο και σε ζωικά πρότυπα, ήταν όντως µοναδική. Αυτό που δεν µπορούσα βέβαια να 

φανταστώ είναι ότι πίσω από τα µικροσκόπια και τα σωληνάκια, εν µέσω της καθηµερινής σκληρής κλινικής δουλειάς, θα 

δηµιουργούνταν γύρω µου ένας ιστός από αγαπηµένους ανθρώπους, τους περισσότερους από τους οποίους θεωρώ πλέον 

οικογένειά µου κι ελπίζω κι αυτοί να αισθάνονται το ίδιο για µένα. Η ακούραστη συµπαράστασή τους σε όλους τους 

τοµείς της επιστηµονικής και προσωπικής µου ζωής είναι κάτι που µόνο από πολύ δικά και αγαπηµένα πρόσωπα µπορεί 

κανείς να συναντήσει. 

Θα ήθελα λοιπόν, να αφιερώσω το παρακάτω πόνηµα, στους δύο «µπαµπάδες» µου της ρευµατολογίας, κ Μπούµπα και κ 

Κρητικό, για τους οποίους ό,τι και να πω είναι λίγο, για την αγάπη, την αφοσίωση και την αυταπάρνηση που έχουν 

επιδείξει ακούραστα κατά την άσκηση του κλινικού, ερευνητικού κι εκαπιδευτικού τους έργου όλα αυτά τα χρόνια, και 

που εύχοµαι να συνεχίσουν την προσφορά τους για πολλά-πολλά και καλά χρόνια ακόµα. Αποτελούν για µένα πρότυπο 

ανθρώπων, γιατρών κι επιστηµόνων και το θεωρώ τιµή µου που συνεργάστηκα µαζί τους. 

Επίσης στους αγαπητούς µου συναδέλφους κι εξαιρετικούς επιστήµονες, κ Μπερτσιά και κ Βεργίνη, η συµβολή των 

οποίων ήταν κάτι παραπάνω από καθοριστική για την ολοκλήρωση του συγκεκριµένου πονήµατος, τόσο στο σχεδιασµό 

όσο και στην εκτέλεση των πειραµάτων και στον καθηγητή κ Σιδηρόπουλο, που έβαλε τις βάσεις αυτής της εργασίας και 

συνέβαλε αδιάλειπτα και µεθοδικά στην ολοκλήρωσή της.  

Ιδιαίτερες ευχαριστίες στον αδελφικό µου φίλο και αγαπητό συνάδελφο κ Λιναρδάκη, ο οποίος επωµίστηκε πολλά κλινικά 

βάρη προκειµένου να ολοκληρωθούν από µέρους µου τα πειράµατα στο εργαστήριο, στις νοσηλεύτριες κ Παπαδοπούλου, 

∆ηµάκα, Χουστουλάκη Μυσιρλάκη και Μελισσουργάκη, για την ανεκτίµητη βοήθειά τους στη συλλογή των δειγµάτων, 

στις ακούραστες µελισσούλες του εργαστηρίου ρευµατολογίας κ Χουλάκη, Νάκου και Καβουσανάκη, για την τεχνική (και 

όχι µόνο) υποστήριξη, στο εργαστήριο Παθολογίας στον καθηγητή κ Γουλιέλµο, που µαζί µε την κ Γιακουπή ασχολήθηκαν 

διεξοδικά µε το γενετικό κοµµάτι της µελέτης, στον κ Μακρυγιαννάκη και το ινστιτούτο της Karolinska, για την εξαιρετική 

τους δουλειά στην ανοσοιστοχηµεία, και στην κ Κουταλά για τη βοήθειά της στην ανάλυση των δειγµάτων µε 

κυτταροµετρία ροής.  

Επίσης, θερµές ευχαριστίες στον καθηγητή Dr. G. Freeman (Harvard Medical School) για τη χορήγηση της PD-L1.Fc 

προτεϊνης, στην κ Κρανιδιώτη  (Ινστιτούτο Φλέµιγκ), και Vervoordeldonk (University of Amsterdam), στο ζωοκοµείο του 

Πανεπιστηµίου Κρήτης και του ΙΤΕ, στην κ Μαµαλάκη και στους συνεργάτες της, καθώς και στην κ Τζαρδή και στο 

παθολογοανατοµικό εργαστήριο του πανεπιστηµίου, για τη βοήθειά τους στα πειράµατα που έγιναν σε ποντίκια. 

Ένα µεγάλο ευχαριστώ στους φίλους και συνειδικευόµενούς µου κ Ντάλη, Κτενιαδάκη, Ρέπα, Καλλιτσάκη και Μαµουλάκη, 

και στην αγαπητή κα Κουρούµαλλη, για την υποστήριξη και την άψογη συνεργασία τους, καθώς και στην καταπληκτική 
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µας γραµµατέα κ Καµηλάκη, για το κουράγιο της να παλεύει αγόγγυστα τα απάλευτα εντός κι εκτός της ρευµατολογικής 

κλινικής…. 

Θα ήταν παράλειψη να µην αναφερθώ στο θείο µου Βασίλη, καθηγητή ακτινολογίας στο Harvard, που στήριξε µε 

ενθουσιασµό τις εκάστοτε αποφάσεις µου και που σταθερά µε ενθάρρυνε σε κάθε µου νέο βήµα, και στους δασκάλους 

µου στην παθολογία κ Γαρύφαλλο και κ Ραπτοπούλου, που µε εισήγαγαν στις έννοιες των αυτοάνοσων νοσηµάτων και 

που µαζί µε την αγαπητή παιδορευµατολόγο κ Πρατζίδου και τη φίλη και συνάδελφο κ Σιάκκα, µε παρότρυναν να έρθω 

στην Κρήτη. Την ευγνωµοσύνη µου θα ήθελα επίσης να εκφράσω και προς τις καρδιακές µου φίλες Ιωάννα, Όλγα, 

Ματίνα, Άνη, Έφη, Μαρία και Μαίρη, που, παρά τη χιλιοµετρική απόσταση που µας χωρίζει µε τις περισσότερες, είναι 

πάντα παρούσες στις χαρούµενες αλλά και στις δύσκολες στιγµές µου. 

Τέλος, θα ήθελα να ευχαριστήσω το σύζυγό µου ∆ηµήτρη, που υπήρξε η κινητήρια δύναµη και το ασάλευτο στήριγµα 

πίσω από κάθε µου ενέργεια, και τους γονείς µου, Νίκη, Παύλο και γιαγιά-Άννα για την απύθµενη αγάπη και την 

ακούραστη συµπαράσταση τους όλα αυτά τα χρόνια. Τους οφείλω το ζειν και το ευζείν µου. 

 

 

 

 

Ἐὰν ταῖς γλώσσαις τῶν ἀνθρώπων λαλῶ καὶ τῶν ἀγγέλων, 

ἀγάπην δὲ µὴ ἔχω, γέγονα χαλκὸς ἠχῶν ἢ κύµβαλον ἀλαλάζον. 

καὶ ἐὰν ἔχω προφητείαν καὶ εἰδῶ τὰ µυστήρια πάντα καὶ πᾶσαν τὴν γνῶσιν, 

καὶ ἐὰν ἔχω πᾶσαν τὴν πίστιν, ὥστε ὄρη µεθιστάνειν, 

ἀγάπην δὲ µὴ ἔχω, οὐδέν εἰµι. 
 
 

(Παύλου, Α' Κορινθίους κεφ. 13) 

 

 

 

 

 

 

 

 

Η παρούσα εργασία πραγµατοποιήθηκε µε την οικονοµική υποστήριξη της Παγκρήτιας Ένωσης Υγείας, της Ελληνικής 

Ρευµατολογικής Εταιρίας και του προγράµµατος της Ευρωπαικής Ένωσης Autocure. Τους ευχαριστώ πολύ.  



 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ΣτηνΣτηνΣτηνΣτην    ΠαυλίναΠαυλίναΠαυλίναΠαυλίνα…..…..…..…..    

…..…..…..…..µεµεµεµε    αγάαγάαγάαγάππππηηηη….….….….    



 5 

CONTENTS 

1. Abstract 

2. Abbreviations 

3. Introduction 

3.1 Pathways of immunological self-tolerance 

a. Mechanisms of central tolerance 

b. Mechanisms of perpheral immune tolerance 

3.2 The B7/CD28 family of co-inhibitory receptors  

3.3 The emerging role of PD-1/PD-1 ligands in tolerance and immune homeostasis  

a. Expression of PD-1/PD-1 ligands 

b. Signalling through PD-1/PD-1 ligands and regulation of T cell function 

c. The role of PD-1/PD-1 ligands in immune tolerance and autoimmunity 

3.4 PD-1 and PD-1 ligands in human autoimmune diseases 

a. Expression of PD-1/PD-1 ligands in human autoimmune diseases 

b. Genetic association studies 

3.5 PD-1 and PD-1 ligands in other diseases 

a. The role of PD-1 and PD-1 ligands in infections and host defence 

b. The role of PD-1 and PD-1 ligands in transplantation 

c. The role of PD-1 and PD-1 ligands in tumor immunity 

3.6 Rheumatoid Arthritis (RA): the prototype of inflammatory arthritides 

a. Overview 

b. RA – Clinical features 

c. RA - Pathogenesis  

3.7  Animal models and their relevance to rheumatoid arthritis 

a Induced arthritis models 

b Collagen-induced arthritis (CIA) 

4. Research questions and aim of the study 

5. Materials and methods 

6. Results 

a. Expression and function of PD-1/ PD-1 ligands in lymphocytes in RA patients 

b. Expression of PD-1/PD-1 ligands in synovial tissue from patients with rheumatoid arthritis 

c. The role of PD-1/PD-1 ligands pathway in a rheumatoid arthritis mouse model 

7. Discussion 

8. Acknowledgments 

9. References 

10. Publication 



 6

1. ABSTRACT 

 

The immune system has evolved to protect the body from foreign invading pathogens. To accomplish this 

critical role, T lymphocytes must discriminate between self and non-self. Among the mechanisms involved in 

safeguarding of self-tolerance, B7/CD28 membrane receptors are crucial for fine-tuning of T cell function. 

Programmed death-1 (PD-1) is an inhibitory lymphocyte receptor that has recently emerged as a key player 

in induction and maintenance of tolerance.  

Rheumatoid arthritis (RA) is a chronic inflammatory disease of joints and extra-articular tissues, which 

causes severe disability and premature mortality [1, 2]. Numerous data support a central role of T cells in 

RA with these cells thought to be triggered locally in an antigen-specific manner resulting in breakdown of 

tolerance, synovial inflammation, and autoantibody production [3-7]. In the collagen-induced arthritis (CIA 

animal model of RA, type II collagen (CII)– reactive CD4+ T cells are primary mediators of disease 

induction driving autoantibody production by B cells and localized chronic inflammatory response [8-12]. 

Although the role of co-stimulation is well documented in RA and has been further supported by the efficacy 

of CTLA4-Ig in severe RA, the role of this family of molecules has not been explored in a systematic, 

organized fashion. We sought to determine the role of PD-1/PD-1 ligands (PD-1L) in RA and test the 

hypothesis whether defective expression and/or function of this pathway may contribute to T cell 

hyperactivity within the inflamed joint.  

Genomic DNA was extracted from peripheral whole blood obtained from patients and healthy blood donors. 

Genotyping for the PD1.3A was performed by polymerase chain reaction (PCR). PD-1/PD-1L expression was 

examined on synovial tissue and synovial fluid (SF) mononuclear cells from RA patients by 

immunohistochemistry and flow cytometry. PD-1 function was assessed in T cells stimulated with anti-CD3 

and PD-L1.Fc to crosslink PD-1. Collagen-induced arthritis (CIA) was induced in PD-1-/- C57Bl/6 mice and 

recombinant PD-L1.Fc was injected to activate PD-1 in vivo. 

A. Human studies 

To determine whether PD-1 SNPs are associated with susceptibility to RA in our cohort, we analyzed the 

genomic DNA of 86 RA patients and 227 age- and sex- matched healthy controls for the PD1.3 SNP. No 

substantial difference in frequencies of PD1.3 heterozygosity (G/A) between RA patients and healthy 

controls (15,1% versus 19,4%, p>0,05) was found.  

We have shown that RA synovium and SF were enriched in PD-1+ T cells (24 ± 5% vs. 2 ± 1% in 

osteoarthritis, p<0.01) and PD-1L+ monocytes/macrophages. And that PD-1 crosslinking inhibited T cell 
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proliferation and IFN-γ production in RA patients. Howewver, despite high expression within the joint, PB T 

cells incubated with RA SF and SF T cells from active RA exhibited reduced PD-1–mediated inhibition at 

suboptimal –but not optimal– PD-L1.Fc concentrations, indicating a probable diminishing effect of the 

inflammatory microenvironment of RA on pathway’s function. 

B. Animal studies 

PD-1-/- mice demonstrated increased incidence (73% vs. 36% in wild-type mice, p<0.05) and severity 

(mean maximum arthritis score 4.8 vs. 2.5, p=0.001) of CIA, associated with enhanced T cell proliferation 

and cytokine (IFN-γ, IL-17) production in response to type II collagen. Most interestingly, PD-L1.Fc 

treatment ameliorated CIA (mean maximum arthritis score 1.8 ± 0.6 vs. 2.5 ± 0.7) and reduced anti-

collagen II T cell responses (induction in proliferation [∆cpm] 9594 ± 2147 vs. 4712 ± 2256). 

Taken together, our data suggest that τhe negative costimulatory PD-1/PD-1L pathway regulates peripheral 

T cell responses in both human and murine RA. The PD-1/PD-1L in rheumatoid synovium may represent an 

additional target for immunomodulatory therapy in RA. 
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ΠΕΡΙΛΗΨΗ 

Τα αυτοάνοσα νοσήµατα προκαλούνται ως συνέπεια διαταραχών της ανοσολογικής ανοχής του οργανισµού 

έναντι αυτοαντιγόνων. Σηµαντικό ρόλο στη ρύθµιση των αυτοδραστικών Τ λεµφοκυττάρων στην 

περιφέρεια έχει η οικογένεια των Β7/CD28 µεµβρανικών υποδοχέων. Οι υποδοχείς αυτοί ενεργοποιούνται 

µετά από πρόσδεση ειδικών συνδετικών µορίων και διαβιβάζουν σήµατα ενεργοποίησης ή καταστολής των Τ 

λεµφοκυττάρων. Η ισορροπία µεταξύ «θετικών» και «αρνητικών» σηµάτων ενεργοποίησης καθορίζει τελικά 

τη δραστικότητα των λεµφοκυττάρων και προστατεύει από την ανάπτυξη αυτοανοσίας. Ο υποδοχέας PD-1 

επάγεται στην κυτταρική επιφάνεια ενεργοποιηµένων Τ λεµφοκυττάρων και αναστέλλει τον πολλαπλασιασµό 

και την έκκριση φλεγµονωδών κυτταροκινών. Η ενεργοποίηση του PD-1 πραγµατοποιείται µέσω ειδικών 

συνδετών (PD-1 ligand 1 [PD-L1], PD-L2) που εκφράζονται κυρίως σε αντιγονο-παρουσιαστικά κύτταρα. 

Πειράµατα σε ζωικά πρότυπα έχουν αναδείξει το σηµαντικό ρόλο του PD-1 στη ρύθµιση της 

αυτοδραστικότητας και στην ανάπτυξη αυτοανοσίας.  

Η ρευµατοειδής αρθρίτιδα (ΡΑ) αποτελεί την πρότυπη φλεγµονώδη αυτοάνοση αρθρίτιδα στον άνθρωπο και 

χαρακτηρίζεται από χρόνια συστηµατική φλεγµονή και καταστροφή διαφόρων ιστών. Τα παθογενετικά 

χαρακτηριστικά της ΡΑ είναι η παρουσία αυτοδραστικών Τ λεµφοκυττάρων στην περιφέρεια και τους 

προσβεβληµένους ιστούς, η υπερπαραγωγή αυτοαντισωµάτων από τα Β λεµφοκύτταρα και οι αυξηµένες 

συγκεντρώσεις φλεγµονωδών κυτταροκινών.  

Ο κύριος στόχος της παρούσας µελέτης ήταν να διερευνηθεί ο ρόλος του PD-1 και των συνδετών του στη 

ρύθµιση των Τ λεµφοκυττάρων που συµµετέχουν στην παθογένεια της αρθρικής βλάβης της ρευµατοειδούς 

αρθρίτιδας.  

Α. Μελέτες σε ανθρώπους: 

Εξετάστηκαν 86 ασθενείς µε ΡΑ και 227 υγιείς εθελοντές για την παρουσία του PD1.3 µονονουκλεοτιδικού 

πολυµορφισµού µε τεχνική PCR και χρήση ειδικής νουκλεάσης περιορισµού (PCR-based restriction fragment 

length polymorphism analysis). ∆ε διαπιστώθηκε στατιστικά σηµαντική διαφορά στη συχνότητα του 

πολυµορφισµού µεταξύ ασθενών και υγιών µαρτύρων (15,1% vs 19,4%, p>0,05). 

Για να διερευνήσουµε τη συµµετοχή του PD-1 στη ρύθµιση των Τ λεµφοκυττάρων στο σηµείο της 

φλεγµονής, µελετήσαµε µε ανοσοϊστοχηµεία την έκφραση του PD-1/PD-L1 σε βιοψίες αρθρικού υµένα από 

υγιείς, ασθενείς µε οστεοαρθρίτιδα (ΟΑ) και ΡΑ. ∆ιαπιστώθηκε αυξηµένη έκφραση του PD-1, κυρίως από Τ 

CD3+ κύτταρα, σε 8 από τα 9 (89%) δείγµατα αρθρικού υµένα ΡΑ, σε σχέση µε 2 από τα 8 (25%) και 

κανένα από τα 9 (0%) δείγµατα ΟΑ και υγιούς αρθρικού υµένα αντίστοιχα. Έκφραση του PD-L1, κυρίως από 

µακροφάγα, ανιχνεύθηκε στις βιοψίες από ΡΑ και ΟΑ ενώ στα δείγµατα υγιούς ιστού η έκφρασή του ήταν 



 9

µηδαµινή. Επιπλέον, ο βαθµός της έκφρασης των PD-1/PD-L1 ήταν ανάλογος του βαθµού της φλεγµονής. 

Τα ανωτέρω υποδεικνύουν πιθανή συµµετοχή του PD-1/PD-L1 στη ρύθµιση των φλεγµονωδών Τ 

κυτταρικών αποκρίσεων σε ιστικό επίπεδο. Στη συνέχεια, µονοπύρηνα κύτταρα αρθρικού υγρού (SFMCs) 

αποµονώθηκαν από ασθενείς µε ΡΑ και ΟΑ και µελετήθηκε  η έκφραση των PD-1 και PD-L1 στα CD4+ 

κύτταρα µε κυτταροµετρία ροής. Σε αντιστοιχία µε τα αποτελέσµατα της ανοσοϊστοχηµείας, βρέθηκε 

αυξηµένη έκφραση του PD-1 στα Τ κύτταρα ΡΑ (24 ± 5% vs. 4 ± 1%, p=0.003), ιδιαίτερα στους 

ενεργοποιηµένους υποπληθυσµούς  (CD69+, CD25+).  

Παρά την έκφραση του PD-1 στο περιφερικό αίµα και τους προσβεβληµένους ιστούς (αρθρικός υµένας) των 

ασθενών µε ΡΑ, η λειτουργία του ανοσορρυθµιστικού συστήµατος PD-1/PD-L1 ενδεχοµένως να 

τροποποιείται στο φλεγµονώδες περιβάλλον της άρθρωσης. Το ενδεχόµενο αυτό εξετάστηκε κατ’αρχήν, µε 

καλλιέργειες από SFMCs κύτταρα από ΡΑ και ΟΑ, όπου µελετήθηκε η ικανότητα των κυττάρων αυτών να 

επάγουν την έκφραση του PD-1 µετά από ενεργοποίησή τους µε PMA και ionomycin. Βρέθηκε ότι στην ΡΑ η 

ικανότητα αυτή ήταν µειωµένη (επαγωγή του PD-1 από 18 ± 5% σε 29 ± 4% στην ΡΑ και από  5 ± 2% σε 

25 ± 4% στην ΟΑ). Στη συνέχεια, CFSE-σηµασµένα CD4+ T λεµφοκύτταρα περιφερικού αίµατος, 

καλλιεργήθηκαν απουσία ή παρουσία 15% εκχυλίσµατος αρθρικού υγρού από ΡΑ. Μετά από ενεργοποίηση 

µε την πρωτεΐνη PD-L1.Fc, διαπιστώθηκε ότι, παρουσία ορού από ΡΑ, η ικανότητα του PD-1 να αναστέλλει 

τον Τ κυτταρικό πολλαπλασιασµό ήταν µειωµένη (αδιαίρετα T κύτταρα την ηµέρα 5: 65.1 ± 4.7% vs. 81.2 

± 7.8%, p=0.028).  

Επιπρόσθετα, για να µελετηθεί η ικανότητα του PD-1 να ρυθµίζει την ενεργοποίηση των Τ κυττάρων που 

βρίσκονται στο αρθρικό υγρό της ΡΑ, πραγµατοποιήθηκαν κυτταροκαλλιέργειες CD4+ T κυττάρων 

περιφερικού αίµατος και αρθρικού υγρού από ασθενείς µε ΡΑ (paired samples), όπου χορηγήθηκαν διάφορες 

συγκεντρώσεις PD-L1.Fc ώστε να ενεργοποιηθεί ο υποδοχέας PD-1. Η ικανότητα του PD-1 να περιορίσει τον 

πολ/σµό και την παραγωγή IFN-γ από CD4+ Τ κύτταρα της ρευµατοειδούς άρθρωσεηςήταν µειωµένη σε 

σχέση µε τα κύτταρα του περιφερικού αίµατος, ιδιαίτερα σε χαµηλές συγκεντρώσεις PD-L1.Fc (αναστολή 

πολ/µού 31 ± 9% vs 53 ± 8% p=0.003).  

Β. Μελέτες σε ζώα: 

Ποντίκια που δεν εκφράζουν PD-1 (PD-1-/-) δηµιουργήθηκαν µε διαγραφή του διαµεµβρανικού και 

ενδοκυττάριου τµήµατος του γονιδίου του PD-1. Η αρθρίτιδα επαγόµενη από κολλαγόνο (collagen-induced 

arthritis, CIA) σε ποντικούς αποτελεί ένα κλασσικό και καλά µελετηµένο πειραµατικό πρότυπο αυτοανοσίας 

προσοµοιάζον στην ανθρώπινη ρευµατοειδή αρθρίτιδα.  

Η έλλειψη του PD-1 θα µπορούσε να προκαλέσει υπέρµετρη ενεργοποίηση των Τ κυττάρων και εποµένως 

αύξηση της έντασης και του ποσοστού της αρθρίτιδας. Για να εξετάσουµε αυτή την υπόθεση, προκλήθηκε 
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CIA σε ποντίκια Β6-PD-1-/- µε χορήγηση κολλαγόνου τύπου ΙΙ (CII). Παρατηρήθηκε σηµαντικά αυξηµένο 

ποσοστό και ένταση αρθρίτιδας, που εκτιµήθηκε µακροσκοπικά και ιστολογικά, σε σχέση µε τα wild type B6 

ποντίκια (mean ± SEM of maximum arthritis score, Β6-PD-1-/- : 5.0 ±1.2, n=16, vs Β6 wt: 2.3 ±1.2, n=14, 

p=0.040). 

Η ενεργοποίηση του συστήµατος PD-1/PD-L1, θα µπορούσε να προκαλέσει την αναστολή της διέγερσης των 

Τ λεµφοκυττάρων και εποµένως να περιορίσει τον βαθµό της επαγόµενης αρθρίτιδας. Σε Β6 ποντίκια, στο 

πειραµατικό πρότυπο της CIA, χορηγήθηκε η συνθετική πρωτεΐνη PD-L1.Fc (που αποτελείται από το 

εξωκυττάριο τµήµα του PD-L1 και το Fc τµήµα της IgG2a ανοσοσφαιρίνης) που ενεργοποιεί το PD-1 in vivo, 

στο στάδιο πρόκλησης της αρθρίτιδας (πρώτες 10 ηµέρες). Στα ποντίκια αυτά παρατηρήθηκε ηπιότερη 

αρθρίτιδα (µέση ένταση αρθρίτιδας: 1.8 ± 0.6) σε σχέση µε τους µάρτυρες, που δεν έλαβαν τη θεραπεία  

(2.5 ± 0.7) (n=5 σε κάθε οµάδα). 

Συµπερασµατικά, τα ευρήµατα της µελέτης αυτής υποστηρίζουν ένα σηµαντικό ρόλο του ανασταλτικού 

συστήµατος PD-1/PD-L1 στη ρύθµιση των Τ λεµφοκυττάρων στη ΡΑ. Τεκµηριώνεται διαταραχή της 

έκφρασης και λειτουργίας του PD-1 ως συνέπεια του φλεγµονώδους περιβάλλοντος της ΡΑ. Η έκφραση του 

PD-1/PD-L1 στον αρθρικό υµένα της ΡΑ και η έντονη επίδρασή του στην ανάπτυξη αρθρίτιδας σε 

πειραµατικά ζωικά πρότυπα, υποδεικνύουν συµµετοχή του ανοσορρυθµιστικού αυτού συστήµατος στην Τ 

ανοσολογική ανοχή, µε δυνατότητα παρέµβασης για θεραπευτικούς σκοπούς. 

 

 

 

 

 

 

 

 

 



 11

2. ABBREVIATIONS 

APC  

CIA 

CII 

MHC 

OA 

PB 

PD-1  

PD-L1/2  

RA 

SF 

TCR  

Antigen - presenting cell 

Collagen induced arthritis 

Collagen type II 

Major histocompatibility complex 

Osteoarthritis 

Peripheral blood 

Programmed death-1 

Programmed death-1 ligand 1/2 

Rheumatoid arthritis 

Synovial fluid 

T cell receptor 
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3. INTRODUCTION 

3.1 Pathways of immunological self-tolerance 

 

a. Mechanisms of central tolerance 

One of the most remarkable properties of the immune system is its ability to recognize, respond to, and 

eliminate foreign (nonself) antigens while not reacting harmfully to that individual’s own (self) antigenic 

substances. This state of immunologic unresponsiveness to antigens is also called tolerance. Self-tolerance 

is maintained by various mechanisms that prevent the maturation and activation of potentially self-reactive 

lymphocytes. The primary mechanism of immunological self-tolerance is central deletion in which self-

reactive T cells are deleted in the thymus during T cell maturation by negative selection [13].  

Many recent studies suggest that T cell receptor (TCR) editing may play a role in controlling the development 

of self-reactive T cells in thymus [14] as well. TCRs are selected to recognize a composite ligand comprising 

peptide fragments of antigen bound to major histocompatibility complex (MHC) molecules. Composites of 

self-peptides and MHC are displayed on the 

surface of cortical thymic epithelial cells, and 

CD4+CD8+ thymocyte expression of TCRs that 

weakly bind these ligands, trigger maturation 

signals that inhibit RAG gene expression, 

thereby closing off the option of editing [15]. 

As a result, thymocytes are stimulated to 

survive. During this process, a minority of 

self-reactive TCRs triggers an editing 

process; in this case, TCRs are 

downregulated, RAG expression continues and the offending TCR α-chain is replaced or diluted with a second 

α-chain that is less self-reactive [14]. The majority of thymocytes whose receptors do not recognize self-MHC 

molecules are permitted to die. As positive selected thymocytes move from the cortex toward the 

medulla, they continue the maturation process and further test their TCRs for self-reactivity. TCRs that bind 

strongly to self-peptide/MHC combinations trigger the death (negative selection) of thymocytes. These 

medullary cells express T cell costimulatory molecules, such as CD80 and CD86, the ligands for CD28, and 

these costimulatory molecules play a crucial role in ensuring self-tolerance [16] (Figure. 3.1). 

 

b. Mechanisms of peripheral immune tolerance 

Although central tolerance is the major mechanism to eliminate self-reactive T cells, such deletion is 

incomplete. Indeed, healthy individuals were shown to harbor self-reactive T cells in the periphery. 

Therefore, the immune system has developed the mechanisms that deal with tolerance in the peripheral 

Figure 3.1. Mechanisms of central immune tolerance 
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Figure 3.2. Mechanisms of peripheral immune tolerance 

lymphoid organs, providing the necessary safety net to prevent autoimmunity. The mechanisms responsible 

for peripheral tolerance can be divided 

into those that regulate the responding 

state of T cell intrinsically, such as 

biochemical and gene-expression 

changes, and those that provide extrinsic 

controls, including limiting the supply of 

essential growth factors, costimuli, and 

proinflammatory mediators, and active 

suppression by regulatory T cells (Treg) 

(Figure 3.2). 

 

b. i. T cell anergy 

T cell activation requires recognition of specific antigenic peptides by the TCR, as signal 1, and additional 

costimulatory signals provided by accessory surface molecules on T cells, as signal 2. When costimulatory 

signals are absent, T-helper cells become anergic. Anergy is the state in which T-helper lymphocytes are 

alive but are incapable of proliferating and transcribing the interleukin (IL)-2 gene in response to optimal 

antigenic stimulation provided by professional antigen-presenting cells (APCs) [17]. The molecular pathways 

involved in the induction of anergy have been recently explored and provide insight for the better 

understanding of immune regulation mechanisms. Specifically, ligation of the TCR by antigenic peptides 

presented in the context of MHC proteins induces tyrosine phosphorylation of polypeptides of the TCR-

associated CD3 complex. This event is mediated by Src family tyrosine kinases, and leads to the recruitment 

and activation of ZAP-70. Activated ZAP-70 induces tyrosine phosphorylation of various downstream effector 

molecules that, in turn, associate with distinct molecules and lead to regulation of activation cascades further 

downstream. Signaling enzymes and a variety of nonenzymatic adapter proteins, link these receptor-

associated events to downstream pathways. Consequences of these proximal events include activation of 

mitogen-activated protein kinases (MAP kinases) through the Ras pathway, activation of IL-2 transcription 

through calcineurin phosphatase and nuclear factor of activated T cell (NFAT), and activation of protein 

kinase C [18]. In anergic cells many of these critical signaling events initiated by T cell activation do not 

occur, whereas other signaling events predominate [19]. Extensive studies provide cumulating evidence that 

the balance between stimulatory and inhibitory signals that are initiated via surface receptors and 

transmitted via specific signaling pathways is crucial to maximize protective immune responses while 

maintaining immunological tolerance and preventing autoimmunity [13].  

 

b. ii. Regulatory T cells 
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A significant development in the field of tolerance was the reemergence of the concept that T cell reactivity 

might be controlled by a distinct subset of T cells with a “regulatory function,” named Treg. The majority of 

these in vivo existing Treg constitutively express CD25 (IL-2 receptor alpha chain) and constitute 5–10% of 

CD4+ T cells in rodents and 1–2% of CD4+ T cells in humans [20, 21]. The transcription factor Foxp3 belongs 

to large family of functionally diverse forkhead/ winged-helix transcription factors. Foxp3 binds DNA, localizes 

to the nucleus and can act as a transcriptional repressor. Identification of consensus forkhead-binding 

domains adjacent to NFAT transcription factor binding sites in the promoters of several cytokine genes, 

including those encoding IL-2, IL-4, and tumor necrosis factor, led to the proposal of a model of Foxp3-

mediated transcriptional inhibition or repression in which Foxp3 antagonizes NFAT function by competition 

for DNA-binding sites [22]. Foxp3 is expressed in CD4+CD25+ Treg in the thymus and the periphery [23]. 

Foxp3 is highly conserved in humans and appears to have a similar function in regulating immune 

quiescence. In human T cells, Foxp3 is constitutively expressed in CD4+CD25+ T cells occurring in vivo, but 

can also be induced in a subset of CD4+CD25− T cells after stimulation in vitro [24]. These in vitro-induced 

Foxp3+ cells have regulatory functions and suppress immune responses of immune-competent T cells.  

 

b. iii. Antigen-presenting cells 

Dendritic cells (DCs), the most potent professional APCs, were shown to contribute to immune tolerance. 

This function that is apparently incompatible with the conventional view that DCs are primarily involved in 

innate and adaptive immunity to infections and other antigens in vivo [25, 26]. Evidence accumulating from 

both animal and human experiments indicates that immature DCs (iDCs) can suppress peripheral T cell 

responses or induce antigen-specific tolerance. In contrast, specific factors can induce DC maturation and 

promote a proinflammatory phenotype. [26]. Local cytokine environment, e.g., presence of IL-10 and TFG-β, 

is another important contributor to the establishment of DC phenotype [27]. A recently emerged concept is 

that the dialog between Treg and DCs are crucial for regulation of alloimmune responses.  

 

b. iv. Inhibitory receptors 

T cells that have exited the thymus remain capable of mounting responses to self-antigen; therefore, 

biochemical and genetic feedback loops are extremely important for fine tuning of autoreactive T cell 

responses. Inhibitory molecules expressed on T cells are essential for the maintenance of T cell homeostasis 

and self-tolerance. CTLA-4 (cytotoxic T lymphocyte antigen 4) and PD-1 (programmed death-1) were 

recognized as two major coinhibitory receptors of the B7-CD28 family, and will be discussed in detail below 

(Figure 3.3). 

 

 

3.2 The B7/CD28 family of co-inhibitory receptors  
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Figure 3.3. Regulation of T cell tolerance by positive and negative 

costimulation 

CTLA-4 is a well-characterized coinhibitory receptor. The strong inhibitory role of CTLA-4 is underscored by 

the phenotype of CTLA-4−/− mice, that is, the development of a massive accumulation of self-reactive T 

cells in peripheral lymphoid and nonlymphoid 

tissues [28, 29]. Major emphasis was recently 

placed on the evaluation of dynamic changes in 

CTLA-4 expression, uptake, trafficking, and 

degradation during T cell activation [30-33]. 

These careful analyses suggest that CTLA-4 

has the potential to influence the activating 

threshold needed for a T cell to progress to full 

activation to mediate the attenuation of 

ongoing proliferative responses and to regulate 

the development of T-helper subset 

differentiation. Although the precise 

mechanism of CTLA-4 function is not clear, competition with CD28 for B7 molecules may have a critical role 

in mediating this outcome [13, 29, 34]. CTLA-4 polymorphisms appear to differentially influence its inhibitory 

activity. It is interesting to note that susceptibility to a variety of human autoimmune disorders was mapped 

to a noncoding 6.1-kb 3′ region of CTLA-4. Allelic variation in this region influenced mRNA levels and soluble 

alternative splice forms of human CTLA-4 [35]. This information, together with genetic data from diabetes 

and thyroiditis disease models, suggests that genetic difference in the context of CTLA-4 deficiency may 

contribute to the development of autoimmune disorders [36].  

 

PD-1 is expressed on activated T cells, B cells, and macrophages. In the presence of a TCR ligation by 

antigen, PD-1 recognition of its ligands B7-H1 and B7-H2 (PD-L1 and PD-L2 respectively), results in the 

phosphorylation of the cytoplasmic ITIM (immunoreceptor tyrosine-based inhibition motif) and the 

subsequent generation of SHP-2-dependent negative signals  (Figure 3.4)  [37-39]. The genetic loss of PD-

1 leads to the development of autoimmune diseases with the genetic background influencing the severity 

and type of disease [39, 40]. It is important to note that polymorphisms in PD-1 have also recently been 

associated with susceptibility to systemic lupus erythematosus, type 1 diabetes, Grave’s disease rheumatoid 

arthritis, multiple sclerosis etc [41, 42]. 

 

In addition, a third member of coinhibitory receptors, B- and T-lymphocyte-attenuator (BTLA/CD272), 

which belongs to the CD28 immunoglobulin superfamily, was identified [43]. The cytoplasmic region of both 

human and murine BTLA, similar to that of PD-1 contains an ITIM. Indeed, T cell activation is enhanced in 

BTLA-deficient mice [43, 44]. BTLA-mediated inhibition of human T cell activation occurred during both 
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primary CD4+ T cell responses and secondary CD4+ and CD8+ T cell responses, suggesting that BTLA ligation 

sends a constitutive “off” signal to T cells and thus might play an important role in the maintenance of T cell 

tolerance [45].  

 

 

3.3 The emerging role of PD-1/PD-1 ligands in tolerance and immune homeostasis  

 

a. Expression of PD-1/PD-1 ligands 

PD-1 can be expressed on Tcells, B cells, natural killer T cells, activated monocytes, and dendritic cells 

(DCs). PD-1 is not expressed on resting T cells but is inducibly expressed after activation [46]. Although PD-1 

cell surface protein expression can be detected within 24 h of stimulation, functional effects of PD-1 ligation 

are observed within a few hours following T cell activation [47]. Ligation of TCR or BCR can upregulate PD- 1 

on lymphocytes, and the level of mRNA transcription does not strictly correlate with protein production [37]. 

In normal human reactive lymphoid tissue, PD-1 is expressed on germinal center–associated T cells [48]. PD-

1 compartmentalization in intracellular stores has been described in a regulatory T cell population [49, 50]. 

PD-1 is inducibly expressed on APCs on myeloid CD11c+ DCs and monocytes in humans [51], but its function 

on these cells is not clear. There are no data to support a function for PD-1 in the absence of antigen 

receptor signaling.  

 

The two PD-1 ligands differ in their expression patterns. PD-L1 is constitutively expressed on mouse 

T and B cells, DCs, macrophages, mesenchymal stem cells, and bone marrow–derived mast cells [52]. PD-L1 

expression is also found on a wide range of nonhematopoietic cells and is upregulated on a number of cell 

types after activation. Both type I and type II interferons (IFNs) upregulate PD-L1 [53, 54]. Several studies 

have examined which signaling pathways are required for PD-L1 expression by using pharmacological 

inhibitors. PD-L1 expression in cell lines is decreased when MyD88, TRAF6, and MEK are inhibited [55]. JAK2 

has also been implicated in PD-L1 induction [55, 56]. Loss or inhibition of phosphatase and tensin homolog 

(PTEN), a cellular phosphatase that modifies phosphatidylinositol 3-kinase (PI3K) and Akt signaling, increases 

post-transcriptional PD-L1 expression in cancers [57]. 

 

PD-L2 expression is much more restricted than PD-L1 expression. PD-L2 is inducibly expressed on DCs, 

macrophages, and bone marrow–derived mast cells. PD-L2 is also expressed on 50% to 70% of resting 

peritoneal B1 cells [58]. PD-L2+ B1 cells bind phosphatidylcholine and may be important for innate immune 

responses against bacterial antigens. Less is known about transcriptional regulation of PD-L2. Its induction 

by IFN- γ is partially dependent on NF-κB [59]. PD-L2 can also be induced on monocytes and macrophages 

by GM-CSF, IL-4, and IFN-γ [52, 60]. 
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Figure 3.4. Activation of PD-1 results in inhibition of PI-3-

kinace-induced activation of Akt. The Erk pathway is also 

suppressed resulting in decreased Bcl-xL, IL-2 and IFN-γ gene 

expression 

 

b. Signalling through PD-1/PD-1 ligands and regulation of T cell function 

Signaling through costimulatory receptors, primarily functions to modify antigen receptor signaling. PD-1 

typically has greater effects on cytokine production than on cellular proliferation, with significant effects on 

IFN-γ, TNF-α, and IL-2 production. PD-1- mediated inhibitory signals depend on the strength of the TCR 

signal, with greater inhibition delivered at low levels of TCR stimulation. This reduction can be overcome by 

costimulation through CD28 [38] or IL-2 [61]. PD-1 may exert its effects on cell differentiation and survival 

directly by inhibiting early activation events that are positively regulated by CD28 or indirectly through IL-2 

[61]. Both CD28 and IL-2 promote cell expansion and survival through effects on antiapoptotic, cell cycle, 

and cytokine genes. IL-2 withdrawal can lead to cell death, another process in which PD-1 has been 

implicated.  

 

There is strong evidence that PD-1 ligation inhibits the induction of the cell survival factor Bcl-xL [47]. PD-1 

inhibits the expression of transcription factors associated with effector cell function, including GATA-3, Tbet, 

and Eomes [62]. Further studies are required to determine whether PD-1-mediated inhibition is related to its 

ability to counteract cell survival signals and effector differentiation mediated through CD28, IL-2, Bcl-xL, or 

a combination of these factors. PD-1 is phosphorylated on its two intracellular tyrosines upon ligand 

engagement, and then binds phosphatases that downregulate antigen receptor signaling through direct 

dephosphorylation of signaling intermediates. Two 

phosphatases, SH2-domain containing tyrosine 

phosphatase 1 (SHP-1) and SHP-2, can bind to the 

ITIM and ITSM motifs of PD-1 [63, 64] (Figure 

3.4). PD-1 inhibitory function is lost when the ITSM 

alone is mutated, demonstrating that this tyrosine 

plays the primary functional role of PD-1 inhibition 

[47, 64]. The association between SHP-1 and PD- 1 

appears to be weaker than the interaction of PD-1 

with SHP-2. Together, these studies suggest that 

PD-1 functions by recruiting SHP-2, and possibly 

SHP-1, to the antigen receptor signaling complex 

[63]. While the binding of SHP-2 to PD-1 is 

significantly enhanced by PD-1 ligation [47], 

proximity of PD-1 to the antigen receptor appears to 

be important for inhibition by PD-1. PD-1 ligation inhibits antigen receptor signaling only in cis and not in 

trans, indicating that PD-1 ligation must occur close to the site of antigen receptor engagement [65]. CTLA-4 

moves from an intracellular store to the immunological synapse between an APC and lymphocyte after 
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Figure 3.5. Pdcd1−/− 

Balb/c mice develop 

dilated cardiomyopathy 

antigen recognition, depending on the strength of signal [30]. In contrast, PD-1 redistributes from uniform 

cell surface expression to the synapse duringT cell–APC interactions [49].  

 

PD-1 could exert its inhibitory effects by bringing SHP-2 into the synapse during antigen receptor signaling, 

and cross-linking of PD-1 and CD3 increases the amount of SHP-2, but not SHP- 1, associated with PD-1 

[66]. PD-1 ligation inhibits PI3K activity and downstream activation of Akt. In contrast, CTLA-4 inhibits Akt 

activation but does not alter PI3K activity, indicating that these coinhibitory receptors function through 

distinct mechanisms. PD-1 ligation inhibits phosphorylation of CD3ζ, ZAP70, and PKCθ [67]. PD-1 ligation 

also reduces Erk activation, but this effect can be overcome through cytokine receptor signaling, particularly 

cytokines that activate STAT5, such as IL-2, IL-7, and IL-15 [65]. SHP-2 positively regulates Er 

phosphorylation by interacting with Gab2 after IL-2R ligation [68]. Both activationof Erk, which is specifically 

inhibited by PD-1 ligation, and activation of STAT5, which can overcome PD-1 inhibition, are demonstrated to 

be involved in the antiapoptotic and proliferative function of IL-2 [69]. This suggests a model whereby the 

association of PD-1 with SHP-2 serves not only to dephosphorylate signaling intermediates, but also perhaps 

sequester SHP-2 from its positive signaling role in Erk activation. 

 

c. The role of PD-1/PD-1 ligands in immune tolerance and autoimmunity 

 

c. i. PD-1 deficient mice 

The first indication that the PD-1 pathway plays a critical role in autoimmunity 

came from the phenotype of Pdcd1−/− mice. Aged Pdcd1−/− C57BL/6 mice 

develop a mild glomerulonephritis with low frequency [39]. Pdcd1−/− Balb/c mice 

develop a dilated cardiomyopathy owing to the production of an autoantibody 

against cardiac troponin [40, 70] (Figure 3.6). Autoimmunity is accelerated by 

PD-1 deficiency on autoimmune-prone backgrounds. These findings broadly 

support a role for PD- 1 in the induction and/or maintenance of tolerance. 

Subsequent work has examined the mechanisms by which PD-1 and its ligands can control self-reactive T cell 

responses. 

 

c. ii. Functional in vivo studies 

PD-1 and PD-L1 provide inhibitory signals that regulate both central and peripheral tolerance in multiple 

ways. PD-1 is expressed on maturing thymocytes in the course of central tolerance induction. PD-L1 is 

expressed broadly on the thymic cortex and on thymocytes themselves, whereas PD-L2 expression is limited 

to the thymic medulla [59, 71]. CD4−CD8− (DN) thymocytes start to express PD-1 as they undergo TCRβ 

rearrangement and begin to display functional pre- TCRs on the cell surface [46]. PD-1:PD-L1 interactions 

inhibit positive selection during the DN to CD4+CD8+ (DP) maturational stage [72]. PD-1 signaling modifies 
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positive selection signaling thresholds, and loss of either PD-1 or PD-L1 increases DP thymocyte cell numbers 

[73]. PD-1 also can contribute to negative selection [74] and has been identified as a candidate gene in a 

microarray analysis of aberrant central tolerance in nonobese diabetic (NOD) mice [75]. Together, these 

findings point to a role for PD-1 and PD-L1 in central tolerance induction. 

Self-reactive T cells that escape negative selection are controlled in the periphery by mechanisms of 

peripheral tolerance. Initial interactions between T cells and APCs, such as DCs, can modify potentially self-

reactive responses by the display of self-antigen on resting DCs. PD-1 has an important role in controlling the 

outcome of initial encounters between naive self-reactive T cells and DCs by inhibiting responses of self-

reactive T cells. Emerging evidence suggests that immature DCs tolerize T cells, and loss of PD-1 on antigen-

specific T cells increases CD8 T cell responses to antigen-bearing resting DCs [76]. 

 

c. iii. Experimental disease models 

Studies in mouse models of autoimmunity and tolerance have revealed that PD-1:PDL interactions no only 

are important in the initial phase of activation and expansion of self-reactive T cells, but also influence 

selfreactive T cell effector function upon antigen reencounter. In the NOD mouse model of autoimmune T 

cell–mediated diabetes, PDL1 is upregulated in the pancreas on islet cells [59], and loss or blockade of PD-1 

or PD-L1 leads to rapid and exacerbated diabetes with accelerated insulitis and proinflammatory cytokine 

production by T cells [77-79]. In a model of antigen-specific therapy in which administration of antigen-

coupled fixed splenocytes induces tolerance and reverses diabetes in NOD mice, PD-1:PD-L1 interactions 

were required for both the induction and maintenance of CD4 T cell tolerance [80]. Notably, blockade of PD-

1 or PDL1 reversed anergy in islet-antigen-specific T cells, whereas CTLA-4 blockade did not break tolerance, 

indicating a unique function for PD-1:PD-L1 interactions in maintaining T cell anergy. Bone marrow chimera 

experiments have demonstrated that PD-L1 expression on non–bone marrow–derived cells, including islet 

cells, inhibits T cell effector function in tissues [80-82]. In the NOD mouse model, Cd80−/− NOD mice 

develop autoimmunity more rapidly and with higher incidence than NOD mice [83], although less quickly 

than Pdcd1−/− and Cd274−/− NOD mice. B7-1-blocking antibodies significantly accelerate diabetes onset in 

NOD mice and induce diabetes in normally resistant male NOD mice, but the two anti-B7-1 mAbs appear to 

differ in their functional effects. The 16–10A1 mAb (which blocks B7-1:CTLA-4 but not B7-1:PD-L1 

interactions) caused more rapid diabetes onset than did the 1G10 mAb (which blocks both B7-1:CTLA- 4 and 

B7-1:PD-L1 interactions) [84]. Collectively, these findings demonstrate that PD-1: PD-L1 interactions regulate 

both the initiation and progression of autoimmune diabetes in NOD mice and identify PD-1:PD-L1 interactions 

as key mediators of T cell tolerance in tissues.  

 

In the experimental autoimmune encephalomyelitis (EAE) model of human multiple sclerosis (MS), PD-1 and 

its ligands also control self-reactive T cells. PD-1, PD-L1, and PD-L2 are all expressed on cellular infiltrates 

within the meninges during active EAE disease in C57BL/6 mice [59]. PD-L1 is expressed in the CNS on 
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inflammatory cells as well as on astrocytes and vascular endothelial cells. PD-L1 is specifically induced on 

CD11b+ APCs by IL-12 [85] and on microglial cells by IFN-γ [86]. Initial studies described a role for PD-1 

and PD-L2 using neutralizing antibody treatment [87]. Anti-PD-1 or anti-PD-L2 mAb administration during the 

induction of EAE accelerated disease onset and severity, increased CNS inflammatory infiltrates, and led to 

increased myelin oligodendrocyte glycoprotein (MOG)-reactive T cells and antibodies. Subsequent studies 

[88] using blocking antibodies in different mouse strains, such as Balb/c, or gene-deficient animals [89, 90] 

suggest that PD-1 and PD-L1, but not PD-L2, are predominantly responsible for regulating the severity of 

disease in most mouse strains. Adoptive transfer studies emphasize the critical function for PD-L1 in limiting 

myelin-reactive pathogenic effector T cells and show that PD-L1 on both the transferred T cell and in the 

recipient restrains encephalitogenic T cell responses [90].  

 

Another important mechanism of peripheral tolerance involves regulatory T cells, which can suppress 

activated T cell proliferation and cytokine production. Both PD-1 and PD-L1 are highly expressed on these 

populations and may play a role in regulatory T cell function [91]. A number of studies suggest that PD-L1 

may be important for inducing regulatory T cell populations, although the mechanism is not yet clear [92]. 

Experiments in colitis models support the argument for a role of PD-1:PD-L1 on a regulatory cell population 

and identified a regulatory subpopulation of CD4+CD25−PD-1+ T cells that can inhibit the development of 

colitis [93]. PD-L1 is important for in vitro inhibition by another suppressive population ofCD4+DX5+ Tcells 

[94]. 

 

In view of its important role in autoimmune disease, the PD-1:PD-L pathway has become a new 

therapeutic target. Therapies that increase the expression of PD-L and trigger PD-1 may ameloriate 

autoimmune diseases. These approaches are only beginning to be evaluated in animal models, but the 

results appear promising. DCs genetically modified to overexpress PD-L1 and MOG in the context of MHC II 

dramatically ameliorate clinical EAE and reduce severity of CNS inflammation [95]. A recombinant adenovirus 

expressing full-length mouse PD-L1 partially protects against the development of nephritis in lupus-prone 

mice [96]. IFN-β, an immunemodulatory treatment for MS, can upregulate PD-L1 on APC in vitro and in MS 

patients in vivo, suggesting that IFN-β may exert its anti-inflammatory effects in part via upregulation of PD-

L1 expression [54]. 

 

3.4 PD-1 and PD-1 ligands in human autoimmune diseases 

 

a. Expression of PD-1/PD-1 ligands in human autoimmune diseases 

Several groups have examined the expression of PD-1 and PD-L1 in patients with autoimmune diseases. In 

Sjögren’s syndrome, PD-1 is expressed by salivary T clls and PD-L1 by salivary epithelial cells, indicating 

active PD-1/PD-L1 interactions [97, 98]. PD-1 and PD-L1/2 expression has also been detected by 
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immunohistochemistry, in liver tissue of patients with autoimmune hepatitis and primary biliary cirrhosis [99]. 

Affected muscle from patients with idiopathic inflammatory myopathies expressed PD-L1 [100] and patients 

with myasthenia gravis, an autoimmune-mediated neuromuscular disorder, had increased percentage if 

circulating PD-1+ T cells and PD-L1+ monocytes [101]. Enhanced expression of PD-1 on T cells and of PD-L1 

on T, B and macrophage/dendritic cells, is seen in inflamed coclofrom inflammatory bowel disease patients 

[102]. Compared to healthy controls, patients with type-1 diabetes mellitus had decreased PD-1 mRNA in 

purified peripheral blood CD4+ T cells, whereas there was no defect in ICOS, CD28, CTLA-4 and BTLA 

expression [103]. Other researchers have reported a correlation between circulationg CD4+ 

CD45R0+CD26high memory T cells and multiple sclerosis disease severity [104]. This subset of T cells 

expressed high levels of Th1 activation markers and low levels of surface PD-1.  

 

More extensive studies have been performed in patients with rheumatoid arthritis. Synovial fluid from 

active RA patients is enriched in PD-1+ CD4+ T cells, which also express CTLA-4 and produce IL-10 [105]. 

Similarly, Wan et al. reported increased expression of PD-1 and PD-L1 by synovial fluid T cells and 

macrophages derived from RA patients as opposed to osteoarthritis controls [106]. The expression of PD-L1 

on monocytes could be induced in vitro by inflammatory cytokines (IFNγ, TNF), that were produced 

abundantly in RA-derived synovial fluid. Furthrmore, the authors were able to characterize a soluble form of 

PD-1 that corresponded to an alternative variant (PD-1∆ex3) of PD-1 transcript. Soluble PD-1 correlated with 

RF titers and could functionally block the regulatory effect of PD-1 on T cells [106]. Other investigators have 

found autoantibodies against PD-L1 in sera of 29% of RA patients compared to 4% in healthy controls, 

correlating with RA activity. Of note, immobilized anti-PD1 autoantibodies stimulated CD4+ T calls 

proliferation [107].  In SLE Bertsias et al, has provided evidence that support a role for the inhibitory PD-

1/PD-L1 pathway in regulation of T cell effector function. More specifically, during AMLR, induction of PD-1 

on CD4+ T cells was impaired in SLE patients, whereas active SLE serum abrogated the inhibitory function of 

PD-1, indicating aberrant expression and function of PD-1 in lupus [108]. 

 

Taken together, these data –although circumstantial- indicate aberrant expression of PD-1 and PD-1 ligands 

in patients with autoimmune diseases and suggest that PD-1/PD-L1 interactions participate in regulation of T 

cell responses in the context of human autoimmunity. 

 

b. Genetic association studies 

A role for PD-1:PD-L in humans is suggested by polymorphisms in PDCD1 that have been associated with 

human autoimmune diseases, including systemic lupus erythematosis (SLE), type 1 diabetes, rheumatoid 

arthritis, Grave’s disease, and MS [109]. Most of these polymorphisms are found in conserved regions in 

intronic sequences. One intronic single nucleotide polymorphism (G7146A) in PDCD1 is located in a binding 

site for Runx1 (AML-1), a transcription factor with an important regulatory role in hematopoiesis [41]. This 
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polymorphism may alter PD-1 mRNA stability or expression level and is associated with reduced PD-1-

mediated inhibition of IFN-γ production in German patients with MS [110]. A recent study suggests that 

PDCD1 genetic variation may influence the risk and expression of SLE, and effects of PD-1 polymorphisms 

vary according to ethnic background, similar to the effects of mouse PD- 1 deficiency in different genetic 

backgrounds [111]. A polymorphism in PDCD1LG2 has been described that correlates with SLE [112], but no 

polymorphisms in CD274 have been linked to human autoimmune diseases. Bertsias et al has reported that 

the PD1.3 polymorphism is a risk factor for SLE, and is associated with decreased transcriptional activity 

[108]. 

 

3.5 PD-1 and PD-1 ligands in other diseases 

 

a. The role of PD-1 and PD-1 ligands in infections and host defence 

PD-1 and its ligands have important roles in regulating immune defenses against microbes that cause 

acute and chronic infections. The PD-1:PD-L pathway appears to be a key determinant of the outcome of 

infection, regulating the delicate balance between effective antimicrobial immune defenses and 

immunemediated tissue damage. For example, PD-1−/− mice clear an adenovirus infection more rapidly but 

develop more severe hepatocellular injury than WT mice [113]. In a mouse model of herpes stromal keratitis, 

a blocking anti-PD-L1 mAb exacerbated keratitis, increasing HSV-1-specific effector CD4 T cell expansion and 

IFN-γ production and survival [114]. These studies suggest that the PD-1:PD-L pathway limits the potentially 

detrimental consequences of vigorous antipathogen effector T cells. 

 

A number of microorganisms that cause chronic infection appear to have exploited the PD-1:PD-L pathway to 

evade the immune responses and establish persistent infection. Studies in the lymphocytic choriomeningitis 

virus (LCMV) model of chronic viral infection were the first to show a role for the PD-1:PD-L pathway 

during chronic infection [115]. Viruses that cause chronic infections can render virus-specific T cells 

nonfunctional and thereby silence the antiviral T cell response [116]. Functional dysregulation, or exhaustion, 

of CD8 T cells is an important reason for ineffective viral control during chronic infections and is characteristic 

of chronic LCMV infection in mice, as well as of HIV, HBV, HCV, and HTLV infection in humans and SIV 

infection in primates. Several groups have shown that PD-1 expression is high o HIV-specific [51, 117, 118], 

HBV-specific [119, 120], and HCV specific T cells [121]. PD-L1 is als upregulated on peripheral blood CD14+ 

monocytes and myeloid DCs in patients with chronic HBV infection [122, 123], and on CD14+ cells and Tcells 

in HIV patients [124]. Blocking PD- 1:PD- interactions in vitro reverses the exhaustion of HIV-specific, HBV-

specific [120], HCV-specific, and SIV-specific [125] CD8 and CD4Tcells and restores proliferation and 

cytokine production [51, 117, 118, 121].  
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The PD-1:PD-L pathway also may play a key role in the chronicity of bacterial infections. Helicobacter 

pylori causes chronic gastritis and gastroduodenal ulcers and is a risk factor for development of gastric 

cancer [126, 127]. Parasitic worms also have exploited the PD-1:PD-L pathway to induce macrophages with 

strong suppressive function [128, 129]. PD-L1 and PD-L2 have distinct roles in the immune response to the 

protozoan parasite Leishmania mexicana [130]  

 

The key roles of the PD-1:PD-L pathway in reducing T cell responses during chronic viral infections propel 

development of strategies to manipulate the interaction of PD-1 and its ligands to restore antiviral T cell 

responses during chronic viral infections. This pathway may have evolved to limit immune mediated damage 

to the host during infection by turning off pathogen-specific T cells. The therapeutic potential of 

manipulating PD-1 and PD-L1 to enhance immune responses during chronic infection gives impetus to 

analyzing the relative effects of blocking PD-1:PD-L1 interactions versus B7-1:PD-L1 interactions during 

chronic infection. 

 

 

b.The role of PD-1 and PD-1 ligands in transplantation 

The role of PD-1, PD-L1, and PD-L2 has been investigated in models of cardiac and islet 

transplantation. PD-1, PD-L1, and PD-L2 expression are induced within cardiac allografts undergoing 

rejection [131]. Neither PD-L1Ig nor PD-L2Ig alone prolonged cardiac allograft survival. However, PD-L1Ig, 

but not PD-L2Ig, plus cyclosporine A significantly enhanced allograft survival over that of cyclosporine A or 

PD-L1Ig alone and led to decreased intragraft expression of IFN-γ as well as CCR5 and CXCR3mRNA. 

Similarly, PD-L1Ig had synergistic effects when given with rapamycin and led to permanent survival of fully 

MHCdisparate cardiac allografts. PD-L1Ig also promoted long-term graft survival in CD28−/− recipients [131] 

and markedly reduced cardiac transplant arteriosclerosis when given in conjunction with anti-CD154 mAb 

[131]. PD-L1Ig and anti-CD154 similarly synergized and induced long-term survival of islet allografts, 

whereas either alone failed to prolong islet allograft survival [132]. These findings suggest that PD-1 

targeting, when used together with agents in current clinical use or in clinical trails, may strikingly improve 

the survival of solid organ tranplantation. The exact mechanism by which PD-L1Ig exerts protective effects in 

these models is not clear; PD-L1Ig could be triggering a negative signal through PD-1 or blocking a positive 

signal for T cell activation and function. The accelerated rejection of PD-L1–expressing pancreatic islet 

allografts suggests that PD-L1 expression in pancreatic islets may promote, rather than inhibit, T cell 

responses [133]. 

 

In a murine acute graft-versus-host disease (GVHD) model, GVHD lethality is accelerated when PD-1 

engagement is prevented [134]. GVHD was markedly accelerated by a blocking anti-PD-1 mAb or PD-L1.Ig 

fusion protein. The magnitude of GVHD acceleration was similar when PD-1−/− CD4+ or CD8+ T cells were 



 24 

infused into sublethally irradiated recipients. Neither perforin nor fas ligand were required for GVHD 

acceleration, but donor IFN-γ production was necessary. Co-blockade of CTLA-4 and PD-1 synergized and 

further accelerated GVHD, indicating that the effects of PD-1 and CTLA-4 act independently to down-regulate 

GVHD lethality. Together, these findings demonstrate that PD-1 ligation downregulates GVHD by modulating 

IFN-γ production, and they suggest that PD-1 ligation may provide a novel approach for preventing GVHD 

lethality. 

 

c. The role of PD-1 and PD-1 ligands in tumor immunity 

PD-L1 and PD-L2 are expressed on a variety of tumors. PDL1 is expressed on many murine tumor cell 

lines, and IFN-γ enhanced PD-L1 expression on murine tumor cell lines [135]. PD-L1 is highly expressed on 

many human carcinomas [136, 137], including those of the breast, cervix, lung, ovary, and colon, as well 

as on melanomas [137] and glioblastomas [138]. PD-L1 is not expressed on B cel hematologic malignancies 

but is strongly expressed in some primaryTcell lymphomas [137]. PD-L1 also is expressed on most thymic 

epithelial tumors, including benign and invasive thymomas as wel as thymic carcinoma. PDL2 has been 

identified as the gene that best discriminates primar mediastinal B cell lymphoma (PMBL) from other diffuse 

large B cell lymphomas, and it may be a useful molecular diagnostic marker [139]. PD-L2 also is highly 

expressed in Hodgkin lymphoma cell lines [139]. The genomic locus containing PD-L1, PD-L2, and several 

adjacent genes is amplified in PMBL and Hodgkin lymphoma. The upregulation of PD-L1 on tumors has led to 

the hypothesis that PD-L1 on tumors may be a means by which tumors evade T cell recognition. Indeed, 

animal models have shown that PD-L1 expression on tumor cells inhibits T cell tumor immunity. Similarly, 

anti-PD-L1 administration enhanced survival of mice given PD-L1- expressing tumor cells [140]. These 

findings suggest that PD-L1: PD-1-mediated inhibitory signals give tumors a selective advantage for growth 

by inhibiting CD8+ T cell responses, and that PD-L1 blockade may be a valuable approach for cancer 

immunotherapy. Currently, a fully human anti-PD-1 mAb has been developed and is in Phase I clinical 

trials for cancer. 

 

 

3.6 Rheumatoid Arthritis (RA): the prototype of inflammatory arthritides 

 

a. Overview 

Rheumatoid Arthritis (RA) is a chronic inflammatory disorder affecting primarily cartilage and bone of small 

and middle-sized joints. In addition, larger joints and several organs such as lung, vessels and the 

hematopoietic system may be involved. Locally, inflammatory cells invade the otherwise relatively acellular 

synovium leading to hyperplasia and formation of pannus-tissue, which causes destruction of cartilage, 

erosion of the adjacent bone and ultimately loss of function of the affected joint (Figure 3.6). Systemic 
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inflammation, in parallel, has long term impact on various organs, considerably increasing the risk for 

atherosclerosis and lymphoma development. Combined with inevitable side effects of year-long anti-

rheumatic medication and the psychological burden of facing early invalidity and social instability, untreated 

RA has an important socio-economic impact and causes a reduction in life-expectancy of 7 years in average.  

From a clinical point of view, there is considerable heterogeneity in both clinical picture as well as course of 

disease. Although patients with longstanding disease usually present a clinical picture characteristic of RA, 

overlap with other rheumatic diseases such as mixed connective tissue disease (MCTD) exists, and RA may 

be accompanied by additional autoimmune diseases (e.g. Sjoegren’s syndrome, Hashimoto’s thyreoiditis). For 

reasons largely unknown, the course of disease is highly variable, ranging from mild cases with non-erosive, 

even sometimes spontaneously remitting disease, to severe, rapidly progressive and destructive RA. Recent 

analysis of genetic risk factors, autoantibodies and effects of therapies suggests, however, that clinical RA 

might consist of pathogenetically distinct subgroups, and that different treatment strategies should be 

applied to patients within these groups.  

From an immunological point of view, RA is considered an autoimmune disease, implying breakdown of 

immunological tolerance towards self at a given point in a patient’s life. The trigger initiating this breakdown is 

so far unknown. Presence of autoantibodies and slowly rising C-reactive protein-levels several years before 

onset of clinical symptoms indicate that the inflammatory process may be well underway long before patients 

first consult a physician. Variations between ethnic groups in susceptibility to RA, heterogeneity of disease 

course and variations in clinical, radiological and laboratory findings within groups strongly suggest that 

multiple factors, both environmental and genetic, influence onset and progression of RA, presumably with 

different impact during different stages of disease development. Genetic variations, autoantibodies, cellular 

immune responses, hormones and gene-environment interactions are among the most studied factors 

contributing to RA development (Figure 3.7), and shall be discussed in more detail below.  

 

b. RA – Clinical features 

 

Epidemology 

RA affects approximately 0.5-1% of European and North-American adults, with considerable regional 

differences. Annual incidence rates are estimated to be 16.5 cases (per 105) in Southern Europe, 29 cases in 

Northern Europe and 38 cases in North America [141]. The mean age of onset of rheumatoid arthritis is 52 

years, although this condition also significantly affects patients between 40 and 70 years of age. In patients 

<60 years of age, rheumatoid arthritis has a 3 to 5:1 female predominance. However, this ratio becomes 

more even in patients >60 years of age. Recurrence risk estimates for relatives of affected individuals are 4% 
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for siblings, around 4.7% for first degree (parent/child) and ~1.9% for second degree relatives. Disease 

severity in the index case determines recurrence risk. First degree relatives of patients with severe erosive 

disease can have a risk of up to 15%, whereas the risk for relatives of mildly affected individuals may only be 

minimally increased [142].  

 

Clinical manifestations 

Rheumatoid arthritis is a symmetrical polyarthritis that involves the small joints of the hands and feet, as well 

as other joints throughout the body. The following is a summary of clinical features that are useful for 

diagnostic and classification purposes.  

• Morning stiffness for at least one hour and present for at least six weeks  

• Swelling of three or more joints for at least six weeks  

• Swelling of wrist, metacarpophalangeal, or proximal interphalangeal joints for at least six weeks  

• Symmetric joint swelling  

• Hand x-ray changes typical of RA that must include erosions or unequivocal bony decalcification  

• Rheumatoid subcutaneous nodules  

• Rheumatoid factors / Antii-CCP antibodies 

Many features previously associated with rheumatoid arthritis have become less common, most likely because 

effective treatment of this condition is initiated earlier, has become increasingly aggressive, and is guided by 

optimal clinical outcome assessment tools. These features include subcutaneous forearm nodules, 

development of rheumatoid vasculitis, and the need for joint replacement. 

 

Autoantibodies 

RA is accompanied by the occurrence of many autoantibodies. At present, the main clinically useful biologic 

markers are rheumatoid factors and antibodies to citrullinated peptides. Rheumatoid factor is an 

antibody directed to the Fc domain of IgG molecules and is present in approximately 75% of RA patients. In 

addition to RF, several autoantibodies have been reported to be more specific and to have higher positive 

predictive value for RA.  Some of these highly RA-specific autoantibodies have been found to recognize 

citrullinated peptides and are called thus anti-citrullinated protein antibodies (anti-CCP antibodies). 

Such autoantibodies are not only very specific for RA (up to 98%), but also they are detected very early in the 

disease course or even several years before disease onset. Patients with either rheumatoid factor or anti-CCP 

antibodies typically have a worse radiologic and functional outcome compared with other patients. Moreover, 

patients with both of these findings have an even worse outcome compared with patients with only one of 

these factors and therefore their presence indicates the need for more aggressive therapy.  

 

Diagnosis  
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There is no single clinical, radiologic, or serologic test that enables a diagnosis of RA to be made with 

certainty. As with other autoimmune rheumatic diseases, the diagnosis depends upon the aggregation of 

characteristic symptoms, signs, laboratory data, and radiologic findings.  

 

Treatment – disease monitoring 

Early and aggressive disease control is indicated in rheumatoid arthritis to stop development of joint damage 

and functional limitation, as well as to prevent loss of work and premature atherosclerosis and its associated 

early mortality. Modern management of rheumatoid arthritis involves an aggressive progressive approach 

using DMARD therapy early in the disease course and multiple-drug regimens. Methotrexate with folic acid is 

the most commonly used DMARD, as it has the greatest potential for modifying disease and is therefore 

central to most treatment regiments for rheumatoid arthritis. In addition, adjunctive therapy with a TNF-α 

antagonist or other biologic therapy is indicated if the disease continues to be active and progressive.  

 

The goal of therapy should be to achieve no evidence of disease and inflammation, because erosions do not 

develop when inflammation is not present. Close follow-up is therefore crucial to establish patient response to 

treatment and is achieved by evaluating disaese activity scores (DAS28) and patient's functional state (HAQ) 

at every visit to the doctor. Ultrasonography also provides a useful tool for assessing disease activity and 

progression (detection of active synovial inflammation and bone erosions).  

 

Prognosis 

If undertreated, and occasionally even with optimal treatment, rheumatoid arthritis is an aggressive disease 

that targets not only the joints and their surrounding soft tissues but also distant organs and tissues. More 

than 90% of patients with rheumatoid arthritis develop erosions less than 2 years after disease onset, and 

20% of patients with this condition develop erosions even with methotrexate therapy. Moreover, more than 

35% of all patients with rheumatoid arthritis stop working within 5 to 10 years of disease onset, and 

approximately 60% are disabled to some degree after 20 years. Life expectancy for patients with rheumatoid 

arthritis is decreased by 3 to 10 years compared with the general population, and mortality rates are 25% 

higher for women. However, methotrexate and anti-TNF therapy has somewhat reversed these effects.  

Coronary artery disease is the leading cause of death in patients with rheumatoid arthritis, causing 

approximately 50% of deaths associated with this condition. Patients with rheumatoid arthritis are also 70% 

more likely to have a stroke compared with the general population. In addition, these patients have a 70% 

higher risk for developing infection, which is most likely related to immune dysfunction associated with 

rheumatoid arthritis and its treatment. Patients with rheumatoid arthritis also are 44 times more likely to 

develop non-Hodgkin's lymphoma compared with the general population. 

 

c. RA - Pathogenesis  
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Figure 3.6.  Pathogenesis of Rheumatoid Arthritis 

c. i. Autoantibodies in RA  

As is the case for other autoimmune diseases, an array of antibodies targeting self-antigens has been 

characterized in RA. Although the corresponding antigen is usually known, demonstrating pathogenetic 

relevance of the respective autoantibody at least in animal models has proven far more difficult. The initial 

notion that mechanisms of autoimmunity might underlie RA pathogenesis came from the discovery of 

autoantibodies targeting the Fc-part of human IgG (so called “rheumatoid factors” - RF) in the blood of 

affected patients [143] (Figure 3.6). RF, present mostly as IgM-RF, but detectable in subgroups of patients 

also as IgG- and IgA-RF, are thought to form immune complexes activating complement in the joint, which in 

turn leads to increased vascular permeability and the release of chemotactic factors recruiting immune-

competent effector cells to the joint [144]. The mere presence of RF, however, is insufficient to initiate 

arthritis development, as RF are also found in infectious diseases, autoimmune diseases other than RA and in 

up to 15% of healthy, mostly elderly individuals. Thus, sensitivity and specificity of RF are, depending on the 

population studied, 60-70% and 50-90%, respectively. Despite this lack of specificity, presence of RF is one of 

7 diagnostic criteria for RA put forward by the American College of Rheumatology in 1987 [145, 146].  

The autoantibody most likely directly related to RA-pathogenesis, targets proteins containing the atypical 

amino-acid citrullin. Citrullination is a process by which arginine residues in a given protein are post-

translationally modified (“deiminated”) in the presence of high calcium concentrations by an enzyme called 

PAD (peptidyl arginine deiminase). Citrullination is a physiological process, which is believed to be important 

for degradation of intracellular proteins during apoptosis. In 1998, two antibodies present in RA-sera, that had 

been described already years before, were found to both recognize a common target, namely citrullinated 

fillagrin [147, 148]. This observation placed citrullinated proteins in the center of autoantibody research in RA, 
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Figure 3.7.  Multiple factors, environmental, 

genetic and immunological, influence onset and 
progression of RA 

and meanwhile, citrullin-specific reactivities against a number of additional citrullinated proteins (e.g. 

fibrinogen, vimentin, and α-enolase) have been identified. By the use of novel assays, anti-citrullinated protein 

antibodies (ACPA) are now found in 60-70% of RA-patients, but hardly in other diseases or healthy subjects 

[149]. Observational findings from the analysis of patient cohorts strongly point to a crucial role for ACPA in 

RA-pathogenesis, albeit final experimental evidence has yet to be obtained. Nonetheless, ACPA are of 

important diagnostic value and are useful predictors of disease progression and severity.  

 

c. ii. Genetic Risk Factors  

Comparisons between concordance rates in monozygotic twins in several populations indicate that 

approximately 50% of the variation in prevalence of RA is caused by genetic factors. Many genetic variations 

that show association with RA have been identified within the last three years due to technical advances in 

genotyping (Figure 3.7). 

The strongest and most relevant genetic risk factor for the development of RA, contributing around 30% to 

the total genetic effect, is found in HLA class II molecules on chromosomal location 6p21.3, Several HLA-

DRB1 molecules (*0101, *0102, *0401, *0404, *0405, *0408, 

*1001 and *1402) share a common amino acid sequence at 

position 70-74 in the third hypervariable region of the DRβ1-chain. 

This sequence has, therefore, been termed the “shared epitope”. 

It is situated in the antigen binding cleft of the respective class II 

molecule and has thus been implicated in binding of a putative 

arthritogenic peptide [150]. More detailed analysis of the shared 

epitope revealed that amino acids at position 70 and 71 flanking 

positions 72-74 (RAA) seem to modulate the T cell response. 

Irrespective of the still unknown mechanism by which the shared 

epitope contributes to the development of RA, multiple studies 

underline the strong association between shared epitope and 

susceptibility to as well as severity of RA [151].  

Next to genetic variations in HLA-class II molecules, other genetic factors have been identified as important 

risk factors for the development of RA. A single nucleotide polymorphism (SNP) in tyrosine phosphatase 

PTPN22 at position 1858 (C->T) leading to a mis-sense mutation is associated with several autoimmune 

diseases and has been found to be an HLA-independent risk factor for RF- and ACPA-positive (but not ACPA-

negative) RA. As PTPN22 is important in the inhibition of T- and B-cell receptor signalling, the mutation is 
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thought to lower the threshold for T- and B-cell activation, thus facilitating the development of autoreactive T- 

and B-lymphocytes [152].  

In addition, several whole genome association scans have recently been performed on large sample sets of 

RA-cohorts originating from different countries. Such genome-wide scans test up to 500.000 SNPs distributed 

over the entire genome for their association with disease. Next to confirming loci that have previously been 

associated with RA (i.e. HLA-class II, PTPN22), these scans identified polymorphisms in genetic regions 

encoding STAT4, TNFAIP3/OLIG-3 and TRAF1-C5 as novel risk factors for ACPA-positive disease [153, 154]. 

STAT4 (signal transducer and activator of transcription 4) is a transcription factor involved in the 

differentiation of both type 1 helper T cells (Th1) and Th17-cells (see below). It is in part induced by IL-12 

and IL-23, two cytokines that have diverging roles in the differentiation of CD4+ T cells [155].  

Several SNPs were also found to be associated with ACPA-positive RA in an intergenic region on chromosome 

6q23 between the genes TNFAIP3 (tumor necrosis factor-α induced protein 3) and OLIG-3 (oligodendrocyte 

lineage transcription factor 3). TNFAIP3 codes for a protein (A20) that is a negative regulator of NFκB and as 

such involved in the regulation of TNF-α signaling [156, 157]. In a similar fashion, two independent 

approaches identified a haplotype block encompassing several SNPs in an intergenic region between the genes 

coding for C5 (complement component 5) and TRAF-1 (tumor necrosis factor receptor associated factor-1) 

on chromosome 9 [153, 158]. While C5 is part of the complement system, TRAF-1 is involved in signalling of 

TNF-α via TNFR-1.  

The relative importance of polymorphisms of other candidate genes (i.e. CTLA-4, PAD4, PD-1, IL-10, 

TNFRII, RUNX1) is somewhat less clear to date, as associations with RA have been found in some 

populations, but not in others. Such discrepancies, however, largely depend on the size of the respective 

patient cohort and on the technical approach applied. Alternatively, inconsistent findings might reflect 

predominance of disease subgroups in different populations. Thus, genetic variations in several genes which 

need further study might contribute to RA susceptibility and severity independently of the strong effect 

exerted by HLA-class II molecules. Notably, some of these effects are strongly influenced by environmental 

factors (gene-environment interactions) [159].  

c. iii. Environmental Risk Factors  

None of the aforementioned genetic risk factors in itself is sufficient to cause RA. Carrier-ship of one or more 

of these factors may predispose to either disease development or disease severity, but additional 

environmental factors are needed for genetic factors to exert their impact. In the context of RA, some 

environmental factors may have specific effects directly related to RA-pathogenesis (e.g. factors promoting 

citrullination of proteins), whereas others might have non-specific effects promoting inflammation in general 
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(e.g. triggers of innate immunity). In addition, these factors might be relevant at distinct time-points during 

disease development.  

Infections are major candidates for the induction of autoimmunity and have, therefore, been intensively 

studied also in RA.  To date, however, no pathogen-derived antigen has been clearly linked to RA-

pathogenesis, and convincing evidence for cross-reactivity of self-antigen-specific T- or B-cells with pathogen-

derived peptides (“molecular mimicry”) in a manner relevant for RA-development is still lacking. Female 

predominance in various autoimmune diseases including RA suggests that sex hormones and reproductive 

factors influence both RA-development and severity [160-162].   

The most prominent example for a gene-environment interaction in RA-pathogenesis, however, is cigarette 

smoking (Figure 3.6). Several years of smoking confer an increased risk for the development of RA, is 

associated with more severe disease and the risk increases proportionally with the number of pack-years. 

Importantly, smoking increases the risk for the development of ACPA-positive, but not for ACPA-negative RA. 

This risk is further increased in the presence of shared-epitope alleles (up to an estimated 21-fold as 

compared to shared-epitope negative non-smokers) [163, 164]. As shared-epitope alleles themselves also 

predispose to the development of ACPA-positive RA only, cigarette smoke could be involved in the induction of 

protein-citrullination. Supporting this hypothesis, citrullinated proteins have been detected in bronchoalveolar 

lavage fluid from smokers but not from non-smokers [165]. Thus, smoking might induce apoptosis and 

subsequently citrullination in alveolar cells, which, by a mechanism so far unknown, induces an anti-citrullin 

specific immune response. How and why this response eventually targets the joints, however, remains 

unknown and might require additional environmental factors.  

c. iv. Disturbances of the Immune System  

During normal embryonic development the immune system is tolerized by various mechanisms against 

recognizing “self” as “dangerous”. T cells, for example, are positively and negatively selected in the thymus to 

only recognize non-self antigens in the context of MHC-molecules (central tolerance). As some autoreactive 

T cells might escape this selection, and as some self-antigens are only expressed later in life, additional 

mechanisms of tolerance exist once immune cells enter the periphery (peripheral tolerance). Naturally 

occurring regulatory T cells, for example, efficiently control autoreactive effector T cells. Consequently, lack of 

such regulatory T cells leads to a syndrome of severe multiorgan autoimmunity including arthritis in both mice 

and humans [166].  

The trigger initiating breakdown of immunological tolerance in RA is still unknown. Rheumatoid synovitis is 

characterized by massive infiltration of the synovium by various immune effector cells (mainly T- and B-

lymphocytes, neutrophils, monocytes, mast cells). As these are absent from a normally very thin synovial layer 
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in healthy joints, the infiltration is considered to be initiated via an active process of cellular migration. Locally, 

these cells may proliferate and produce inflammatory cytokines and chemokines. Together with vascular 

growth factors promoting neovascularization and vascular leakage which facilitates cellular migration, 

additional effector cells are recruited to the joint. Over time, this process creates a cytokine milieu in the joint 

that activates synovial fibroblasts and osteoclasts, which in turn degrade cartilage and bone (Figure 3.7). 

Cellular mediators as well as important cytokines supporting this process are discussed below.  

T cells  

T cell function in RA can be interpreted from different perspectives. Effector T cells are likely to be the first 

to recognize an autoantigen as foreign, thus being antigen-specifically activated and providing necessary help 

for B cells to produce autoantibodies. Upon activation, these effector cells proliferate and produce 

proinflammatory cytokines, thereby driving an inflammatory immune respons e(Figure 3.8). Regulatory T 

cells (Tregs), on the other hand, appear to be incapable of controlling this autoreactive immune response. 

Whether Tregs are functionally defective in RA is still a matter of debate, but data indicate that TNF-α is 

involved in downregulation of Treg-cell function [167].  

For many years, rheumatoid arthritis was considered to be a mainly Th1-mediated autoimmune disease. The 

abundance of Th1-cytokines (especially IFN-γ) and the relative lack of Th2-cytokines (IL-4, IL-5, IL-10) in RA-

patients favoured this notion, and the ability of Th1-cells to activate monocytes, the main source of TNF-α in 

RA, further supported the concept. This view has considerably changed over the last years, mainly due to a 

new understanding of the original Th1/Th2 paradigm [168]. IL-12, the cytokine driving Th1-development and 

IFN-γ production, was found to share a common subunit (IL-12p40) with recently discovered cytokine IL-23 

Figure 3. 8. Defective regulation of T-cell immunity leads to chronic inflammation 
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(consisting of IL-12p40 and IL23p19). IL-23, in turn, is important for IL-17 production by a new subclass of T 

helper cells termed Th17. Previous models investigating the role of IL-12 in knock-out models of IL-12p40, 

therefore, not only exhibited IL-12 deficiency, but also lack of IL-23.  

Importantly, IL-17 producing, but not IFN-γ producing CD4+ T cells proved to be pathogenetically relevant in 

the murine collagen induced arthritis model (CIA). In line with this observation, mice deficient in IL-23 only 

(p19-/-) were shown to be resistant to CIA, whereas lack of IL-12 (p35-/-) induced more severe disease 

[169]. These findings introduced IL-17 producing T cells as pathogenetic players in RA pathogenesis 

The development of TH17 cells is not yet fully understood. Murine Th17 cells were found to share a common 

origin with FoxP3+ regulatory T cells (Treg). Naïve CD4+ T cells of the mouse develop into Treg in response 

to TGF-β, while additional presence of IL-6 leads to differentiation into Th17 cells. Development of human 

Th17 cells, however, seems to be distinct from mice, as human naïve CD4+ T cells from umbilical cord blood 

require IL1-β and IL-23 in order to differentiate into Th17 cells. In addition, lineage commitment of human 

Th17 cells is more flexible than in the murine system, as subpopulations of human Th17 cells were identified 

that produce IFN-γ or IL-10 in addition to IL-17. Apart from these cytokines, Th17 cells can produce TNF-α, 

IL-6, IL-22 and GM-CSF [170].  

In RA-patients, both IL-17 and IL23p19 are found in sera, synovial fluid and synovial biopsies, whereas these 

cytokines are mostly absent from osteoarthritis patients. IL-17 strongly stimulates macrophages to produce 

TNF-α as well as IL-1 and has been implicated in the induction of osteoclastogenesis. It also enhances IL-6 

production, collagen destruction and collagen synthesis by RA synovial explants. In addition, synovial mRNA 

levels of IL-17, TNF-α, IL-1β and IL-10 correlate with progressive joint damage. Finally, IL-17 induces 

production of IL-1β, IL-6, IL-23, IL-8, G-CSF, GM-CSF, VEGF, Cox2 and PGE2 by fibroblast-like synoviocytes 

[6]. Thus, IL-17 has become an interesting novel therapeutic target in RA, and the efficacy of tocilizumab, an 

IL-6 antagonist approved for the treatment of RA, might in part be explained by an influence on Th17-

development and function.  

As described above, naïve T cells develop into effector T cells upon antigen recognition, while the cytokine 

milieu they encounter during development influences lineage specificity. Recognition of antigen by naïve T 

cells in the context of MHC-molecules, however, requires additional costimulatory signals for efficient T cell 

activation. Without costimulatory signals, T cells become anergic. Interaction of CD28 and CD80/86 generates 

one of the most important costimulatory signals, which is controlled by expression of the natural inhibitor 

CTLA-4. This mechanism is exploited therapeutically by an engineered CTLA4-Ig fusion protein (Abatacept), 

which efficiently inhibits disease activity in RA. Next to cytokine production, CD4+ effector T cells have been 

attributed additional functions in RA synovium. By means of direct cell-to-cell contact they provide crucial help 
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to B cells for antibody production, and by the expression of RANKL they can directly induce osteoclastogenesis 

[168].  

Detailed analysis of human regulatory T cell function in RA is hampered by difficulties in defining a consistent 

phenotype for these cells. Initially non-regulatory T cells can acquire a regulatory phenotype in the periphery 

upon stimulation with specific cytokines (“inducible Treg”). “Naturally occurring” regulatory T cells (Treg that 

have developed in the thymus), on the other hand, also do not form a homogeneous population in the human. 

This might explain, why conflicting data on functional integrity of Treg cells in RA patients have been 

published. Whereas an initial report did not find functional impairment of RA-derived Treg cells [167], later 

work claimed that Treg cells of RA-patients fail to suppress cytokine production by effector T cells. 

Interestingly, the functional deficit was restored following treatment with TNF-antagonists [171]. This study 

was later extended to show that treatment with TNF-antagonists gives rise to a newly generated, functionally 

distinct Treg-cell population that secretes TGF-β and IL-10 [172]. Treg cells express TNFR-II, which makes 

them susceptible to deleterious effects of TNF-α. Indeed, TNF-α was experimentally shown to inhibit Treg-cell 

function, and treatment of RA-patients with TNF-antagonists restored Treg cell function also in a second study 

[173]. The relevance of functionally intact Treg-cells for RA has clearly been shown in murine CIA. Mice 

depleted of Treg developed more severe disease, and adoptive transfer of Treg in mice with established 

disease could lower disease severity [174]. So far, however, these useful aspects of Treg cell function have 

not yet been transferred to human RA.  

B cells  

The importance of B cells in RA-pathogenesis has only recently received adequate appreciation. The presence 

of RF and ACPA years before clinical onset of arthritis implicates early involvement of autoantigen-specific B 

cell activation and plasma cell differentiation. ACPA show high specificity for RA, strong genetic association 

with shared-epitope alleles, and clearly associate with disease progression and severity. RA synovium 

frequently exhibits formation of lymphoid follicles with germinal centre-like structure, indicating involvement of 

B cells in the local immune response. Indeed, T cell activation in RA synovium has recently been shown to be 

B cell dependent. Finally, depletion of peripheral B cells has proven to be highly effective even in patients with 

inadequate response to TNF-antagonists.  

The role of B cells in RA is multifactorial, including cytokine production (e.g. TNF-α, IL-6, IL-10), antigen 

presentation, modulation of T cell responses and (auto-) antibody production [175]. By producing TNF-α and 

IL-6, B cells contribute to the activation of macrophages and directly participate in inflammation. IL-6 is also 

an important differentiation factor for B cells themselves. IL-10 producing B cells have been implicated in 

downregulation of the immune response possibly by tolerizing T cells, but their exact phenotype and role in 
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RA is less well understood.  In addition, B cells are responsive to triggers of innate immunity (e.g. immune 

complexes, bacterial DNA), thus bridging non-specific and specific immune responses [176].  

Monocytes/Macrophages  

The role of activated macrophages in RA synovium is central to driving and maintaining chronic inflammation. 

Macrophages are multipotent effector cells that very efficiently integrate innate and adaptive immune 

responses. They are abundantly present in the rheumatoid synovial membrane and at the cartilage/pannus 

junction [177]. Important functions include strong phagocytic activity, antigen processing and presentation, 

secretion of proinflammatory cytokines, expression of Fc-receptors responsive to (auto-) antibodies and 

immune complexes, complement activation and regulation, toll-like receptor (TLR) expression, tissue 

degradation and remodelling, and direct interaction with mainly fibroblasts and T cells [177, 178].  

Inflammatory cytokines  

Despite the therapeutic success of monoclonal antibodies targeting single cytokines, synovial fluid and sera of 

RA patients contain a dynamic pool of cytokines from different sources with agonistic, synergistic or even 

opposing effects. In many ways, the cytokine profile of RA synovium reflects the relative contribution of 

different cell-types to the inflammatory state [179, 180]. Studies evaluating cytokine profiles have tried to 

assess which cell type predominates during different stages of disease development. Especially the initiation 

phase of inflammation is thought to be distinct from a chronic, self-perpetuating phase. Recently, patients 

with early arthritis (symptom duration less than 3 months) that progressed to RA were shown to exhibit a 

different synovial cytokine profile than patients that remitted or developed other arthritides [181].  

Synovial macrophages respond to direct cell-contact with T cells and fibroblasts. Among the most important 

cytokines secreted by activated macrophages in RA are TNF-α, IL-1, IL-6, IL-12, IL-15, IL-18 and IL-27. In 

addition, macrophages produce MMP-9 and -12, macrophage migration inhibitory factor (MIF), GM-CSF and 

thrombospondin [178]. Macrophage function is in itself regulated by various cytokines that in some cases have 

autocrine effects. IL-4, for example, downregulates macrophage function by reducing the expression of TNF-

α, IL-1β and PGE2. IL-10 lowers the expression of HLA-DR and reduces antigen processing and the expression 

of Fc-receptors. Both IL-4 and IL-10 have strong anti-arthritic properties in murine models of arthritis, and 

some studies have linked polymorphisms in the IL-10 gene to disease susceptibility [182, 183].  

 

3.7  Animal models and their relevance to rheumatoid arthritis 
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The value of mapping in animals is dependent on there being good models of human diseases. In this review 

we focus on RA, a highly heterogeneous autoimmune disease that is known to depend on multiple genes and 

environmental factors. The disease models should therefore preferably be correspondingly polygenic and 

dependent on environment. There are a number of available animal models for RA that all mimic various 

aspects of the disease, possibly reflecting disease pathways that operate in different subgroups of RA patients. 

Thus, all of these models can be valuable under certain conditions, depending on the question that is to be 

addressed. 

  

a. Induced arthritis models 

If an antigen is known to induce disease, then this permits studies of the antigen-specific response and allows 

mapping of the genes involved. Collagen-induced arthritis (CIA) is induced by the major collagen found in 

cartilage, namely collagen type II (CII), emulsified in adjuvant [184-186]. Disease develops 2 to 3 weeks after 

immunization in susceptible strains (H-2q or H-2r) [187].  CIA is the most widely used model for studying 

arthritis pathology and for testing for novel anti-inflammatory therapeutics [188]. Proteoglycan 

(aggrecan)-induced arthritis (PGIA), characterized by a progressive disease course, is induced by 

cartilage proteoglycans. PGIA presents with 100% incidence in BALB/c mice (H-2d), which are normally 

resistant to CIA [19], and manifest in substrains of C3H (H-2k) [189]. CIA and PGIA are complex highly 

polygenic diseases that are dependent on both B and T cells  [185, 190-192] and are both associated with 

MHC class II molecules (MHCII) and a large number of both common and unique non-MHC loci [187, 193]. 

Both CIA and PGIA are believed to have relevance to human disease because antibodies to both CII and 

proteoglycan in RA patients have been identified  [187, 193-196]. Other cartilage structures that can induce 

arthritis include cartilage oligomeric matrix protein  [197, 198] and type XI collagen [199]. 

 

Collagen antibody-induced arthritis (CAIA) is induced by injection of specific monoclonal CII antibodies 

[200]. CAIA resembles CIA but is more acute and has a rapid onset, a few days after injection. Normally, the 

disease heals after a month and mice remain healthy. The CAIA model is unique because it is independent of 

MHC and T and B cells [201, 202]. Instead, neutrophils and macrophages are recruited and activated 

independent of the adaptive immune system, as a result of antibodies binding to the cartilage surface and 

fixing complement [201]. This allows investigation of effector mechanisms without involvement of the priming 

phase. 

 

A number of bacteria also have the capacity to induce arthritis in animals. Mice infected with Borrelia develop 

a disease similar to RA (B. burgdorferi associated arthritis) [203] and Staphyolococcus aureus causes 

septic arthritis in both rats and mice [204, 205]. Bacterial components, such as cell wall fragments, DNA and 

heat shock proteins, can also induce arthritis by themselves, one example being the streptococcal cell wall 

induced arthritis model [206]. In rats, exposure to heat-killed Mycobacterium tuberculosis in adjuvant results 
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Figure 3.9. Schematic representation of CIA induction 
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in Mycobacterium induced-arthritis, often referred to as adjuvant-induced arthritis [207]. It was later 

found that a similar mixture but excluding myco-bacteria (incomplete Freund’s adjuvant) also had 

arthritogenic capacity (oil-induced arthritis) [208]. In addition, some mineral oils by themselves had the 

capacity to induce arthritis, including squalene [209] and pristine [210] (Pristane-induced arthritis - PIA). 

 

b. Collagen-induced arthritis (CIA) 

Collagen-induced arthritis (CIA) is an animal model of rheumatoid arthritis (RA) that is widely used to address 

questions of disease pathogenesis and to validate therapeutic targets. Arthritis is normally induced in mice or 

rats by immunization with autologous or heterologous type II collagen in adjuvant (Figure 3.9). Susceptibility 

to collagen-induced arthritis is strongly associated with major histocompatibility complex class II genes, and 

the development of arthritis is accompanied by a robust T- and B-cell response to type II collagen. The chief 

pathological features of CIA include a proliferative synovitis with infiltration of polymorphonuclear and 

mononuclear cells, pannus formation, cartilage degradation, erosion of bone, and fibrosis. As in RA, pro-

inflammatory cytokines, such as tumor necrosis factor α (TNFα) and interleukin (IL)-1β, are abundantly 

expressed in the arthritic joints of mice with CIA, and blockade of these molecules results in a reduction of 

disease severity.  

 

The development of CIA is strain-dependent, with H-2q and H-2r haplotypes showing the greatest degree 

of susceptibility. The DBA/1 strain (H-2q) is the most commonly used strain for pre-clinical testing of potential 

anti-arthritic drugs and was successfully used to predict the beneficial effects of TNF-α blockade. [211, 212] 

CIA has also been clinically and histologically characterised in the C57BL/6 background. B6 mice develop a 

chronic form of CIA that closely resembles human RA in terms of its disease course, histological findings, and 

in its response to commonly used anti-arthritic drugs. B6 mice have also been shown to develop a sustained 

T-cell response to chicken collagen used for CIA. [213]. 

 

Development of CIA is dependent on T cells [191]  as well as on B cells [185, 190]  , but it is noteworthy 

that CII-immunization only elicits weak T cell proliferative responses. This could be due to partial tolerance to 
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CII [214]. The CII-reactive B cell response is characterized suggestive of T cell help. It has been argued that 

the importance of B cells in this model is at the level of antibody (Ab) production, although a critical role of B 

cells acting as APCs is also possible [190].  

 

T cell responses in CIA 

While T cells are clearly required for the development of CIA, their role in directly mediating the pathogenesis 

of this experimental disease is less clear. Unlike other autoimmunity models, such as experimental 

autoimmune encephalomyelitis (EAE), in which T cells are the primary effectors, passive transfer of CII-

specific T cells to susceptible strains induces only minor pathological changes in the synovial joints of the 

recipients [215, 216], while transfer of CII-specific antibody results in severe inflammation [9, 217-220]. 

However, the fact that mouse CII-specific T cells are present during CIA and T cells can be found in the 

arthritic joints leaves open the possibility that they are participating directly in the pathogenic response [221, 

222]. By using passively transferred transduced T cells, it has been demonstrated that CII-specific T cells do 

preferentially migrate to arthritic joints [223], and that using CII-specific T cells transduced to constitutively 

express the IL-12 p40 antagonist, the development of arthritis could be inhibited by targeting the CII-specific 

T cell response in the joints. In addition, some evidence of restricted TCR expression in arthritic joints has also 

been described, implying that an oligoclonal population has preferentially homed to these tissues. In all, these 

data suggest that T cells in the inflamed synovium are participating in the pathogenesis, but it is not clear if 

this participation is in the form of localized stimulation as a result of murine CII presentation by antigen-

presenting cells (APC) in the joint, or if they directly participate in the joint destruction. 

 

CII-specific T cell function 

Regardless of their potential role in the pathogenesis, T cells do play a prominent role in shaping the 

autoimmune response in CIA, both in terms of production and regulation of proinflammatory cytokines, and 

the modulation of the pathogenic B cell response. Like most class II-restricted models of autoimmunity, the 

CII-specific T cell response in CIA can be classified as Th1. DBA/1 mice treated with anti-IL-12 as well as mice 

genetically deficient in IL-12 exhibit a marked reduction in their development of CIA, accompanied by 

decreased anti-CII immune responses [224, 225]. When CII-specific T cells from CIA susceptible strains are 

stimulated with antigen in vitro, large amounts of the Th1 cytokines IFN-γ and IL-2 are produced in 

comparison to the Th2 cytokines IL-4 and IL-10, and elevated numbers of Th1 T cells can be identified in the 

lymphatic tissue following immunization with CII [226]. In addition, this Th1 characterization is supported by a 

number of studies in which disease was ameliorated by either reducing the production of Th1 cytokines [223-

225, 227, 228] or by increasing the production of Th2 cytokines [229-231]. Consequently, this model has been 

used by numerous investigators to develop means of down-regulating Th1 cytokine production and/or up-

regulating Th2 cytokine production as therapeutic approaches to the regulation of autoimmunity. Despite the 

Th1 phenotype of the arthritogenic T cell response, the role of IFN-γ in this autoimmunity model is less than 
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clear. Early attempts to define its role in the autoimmune response by either the treatment of mice with IFN-γ 

or by the administration of neutralizing antibodies specific for IFN-γ yielded conflicting results [232-235]. In 

some systems arthritis was accelerated, while in others it was prevented, with the timing of administration 

also proving to be pivotal to the outcome.  

 

Co-stimulation blockage in CIA 

CIA is one of the animal models in which one has observed a potent suppressive effect on disease 

development by blocking co-stimulation [236] The importance of co-stimulation in CIA was recently further 

highlighted by the complete resistance of CD28-deficient DBA/1 mice to the development of disease [237]. It 

has been shown that co-stimulation is crucial for the induction of a T cell-dependent B cell response and in the 

case of CIA, this is possibly a major factor determining disease development. This was performed by using 

mAbs directed towards CD28, CD80 and CD86 (B7) and CD152. Of these treatments, anti-B7 was the most 

effective by means of suppressing disease incidence and severity. Although, theoretically, a selective CD28-

blockade should be a more efficient way compared to B7-blockade to achieve therapy in CIA, as it would leave 

the interaction between B7 and CD152 intact, Anti-CD28 only led to a delayed onset of disease and anti-

CD152 had no effect  [238]  
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4. RESEARCH QUESTIONS AND AIM OF THE STUDY 

 

Numerous data support a central role of T cells in RA with these cells thought to be triggered locally in an 

antigen-specific manner resulting in breakdown of tolerance, synovial inflammation, and autoantibody 

production [3-7]. Regulation of activation of T lymphocytes is mediated by mechanisms involving central and 

peripheral lymphoid organs. Programmed death-1 (PD-1) is a novel member of the B7 family which plays 

important role in peripheral tolerance. There is evidence to suggest a distinct role of PD-1 and its ligands (PD-

L1/B7-H1, PD-L2/B7-DC) in regulation of T cells.  

 

Although the role of co-stimulation is well documented in RA and has been further supported by the efficacy 

of CTLA4-Ig in severe RA, the role of this family of molecules has not been explored in a systematic, organized 

fashion. The aim of this study was to determine the role of PD-1/PD-1 ligands (PD-1L) in RA and test the 

hypothesis that defective expression and/or function of this pathway contributes to T cell hyperactivity within 

the inflamed joint.  
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5. MATERIALS AND METHODS 

 

5.1. Genotyping 

DNA extraction and genotyping for PD1.3  

Genomic DNA was extracted from EDTA-treated peripheral whole blood obtained from patients and healthy 

blood donors using the PureGeneTM Genomic Whole Blood DNA Purification kit (Gentra Systems) according to 

the manufacturer’s instructions. DNA was stored in Tris-EDTA buffer at a concentration of 100ng/mL. 

Genotyping for the PD1.3A was performed by polymerase chain reaction (PCR) and restriction analysis, as 

described elsewhere. To amplify the PD-1 gene regions encompassing the PD1.3 (G+7146A) SNP the following 

primers were used: PD1.3-forward 5’-CCC CAG GCA GCA ACC TCA AT-3’, PD1.3-reverse 5’-GAC CGC AGG CAG 

GCA CAT AT-3’. PCR was carried out in a total volume of 50µl containing 100ng of genomic DNA, 1� PCR 

buffer, 200nM of each primer, 1.5mM of MgCl2, 200nM of each dNTP, and 1.0U Taq polymerase (all reagents 

from Minotech, FORTH, Greece). PCR conditions were denaturation at 95°C for 10 minutes, followed by 45 

cycles of denaturation at 95°C for 30 seconds, annealing at 60°C (PD1.3) or 58°C (PD1.5) or for 30 seconds, 

and extension at 72°C for 15 seconds. A 180-bp fragment was amplified from genomic DNA after the PD1.3 

PCR. Ten microliters of the PCR product were used for a 3-hour restriction enzyme digestion at 37ºC with Pst I 

(Minotech), which digested DNA amplified from the A – but not the G – allele into 130-bp and 50-bp 

fragments. Both undigested and digested PCR products were visualized in 2% agarose gel stained with 

ethidium bromide.  

Statistical analysis  

The genotype and allele frequencies were determined by direct counting and the chi-squared test was used to 

test the significance of the differences in 2�2 contingency tables. For statistically significant results, an odds 

ratio (OR) and a Cornfield’s 95% confidence interval (95% CI) was calculated. Results were expressed as 

mean ± standard error of the mean (SEM). A p-value (two-tailed) <0.05 was considered as statistically 

significant. 

 

7.2. Preparation of mononuclear cells and isolation of CD4+ and CD3+ T lymphocytes 

Synovial fluid (SF) and peripheral blood (PB) were obtained from RA (n=67, mean ± SD age 62 ± 11 years) 

and osteoarthritis (OA) (n=32, 71 ± 6 years) patients. RA synovial fluid serum was collected as a supernatant 

from RA synovial fluid after hyaluronidase treatment and centrification. All RA patients had active arthritis 

(DAS28 6.2 ± 0.8), 46 (69%) were rheumatoid factor positive, 46 (69%) were on DMARDs and 21 (31%) on 

anti-TNF agents. SF was treated with hyalouronidase (Sigma-Aldrich, St. Louis, MO) and washed in PBS. SF 

and PB mononuclear cells (SFMCs and PBMCs) were isolated by Ficoll-Histopaque (Sigma-Aldrich, St. Louis, 

MO) density-gradient centrifugation and washed in PBS. CD4+ T lymphocytes (purity 92–98%) were isolated 

by positive selection with magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany).  
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5.3. Antibodies and flow cytometry 

The following mouse anti-human antibodies were used as PE−, FITC−, or PC5−conjugates: anti-CD3 (clone 

UCHT1), anti-PD-L1 (B7-H1) (MIH1), anti-PD-L2 (B7-DC) (MIH18) and anti-PD-1 (J116) (all from eBioscience, 

San Diego, CA, USA). Anti-CD4 (OKT4), and anti-CD69 (TP1.55.3) were from Beckman-Coulter (Miami, USA). 

Anti-CD25 (M-A251) and anti-HLA-DR (G46-6), were from BD Pharmingen (Franklin Lakes, NJ, USA). PE− or 

PC5−conjugated IgG1 (679.1Mc7) (Beckman Coulter) and FITC−conjugated IgG1 (P3) (eBioscience) were 

used as IgG isotype controls in all experiments. PBMCs or SFMCs (0.5�106 cells) were incubated in wash 

buffer with appropriate amounts of monoclonal antibodies on ice for 30 minutes. Cells were washed and were 

immediately analyzed on an EPICS XL−MCL flow cytometer (Miami, USA). The CellTrace CFSE cell proliferation 

kit (Invitrogen, Eugene, Oregon, USA) was used for CFSE labeling of T cells. 

 

5.4. Stimulation of PB and SF CD4+ T cells and assessment of PD-1 function 

PB and SF CD4+ T cells (1�105/well) were incubated in RPMI-1640 complete medium (containing 10% FBS, 

2mM L-glutamine, 10mM HEPES, 100 IU/ml penicillin and 10 µg/ml streptomycin) (Gibco Invitrogen) in 48-

well tissue culture plates (Nunc) and were stimulated with PMA (10 ng/mL) and ionomycin (500 ng/ mL). After 

48 hours cells were harvested, washed, and analyzed for PD-1 and CD69 expression by flow cytometry. Dead 

cells were excluded based on forward scatter / side scatter properties and a total of 10,000 events was 

analyzed. To assess PD-1 function, CD4+ T cells from RA patients were stimulated with plate-bound anti-CD3 

mAb (UCHT1) in combination with plate-bound PD-L1.Fc to crosslink PD-1 (both from R&D Systems). Briefly, 

96-well flat-bottomed plates (Nunc) were coated with anti-CD3 (1µg/mL), PD-L1.Fc (0–5µg/mL) for 4 hours at 

37°C in 100µl PBS solution. Human IgG1 (Sigma) was added as needed to keep the amount of total protein 

constant. Plates were washed twice with PBS before cell culture was initiated. At 72 hours cells were pulsed 

with [3H]thymidine (1µCi/well) (Amersham Biosciences, Munich, Germany) for another 16 hours to measure 

proliferation. In studies using CFSE–labeled T cells, proliferation was determined based on CFSE dilution 

analyzed with WinMDI software. In some experiments, culture medium was supplemented with non-

homologous hyaluronidase–treated RA SF (15% vol/vol) to evaluate effects on PD-1 function. 

 

5.5. Immunochemistry for PD-1 and PD-1 ligands expression 

Synovial biopsy specimens were obtained by open surgery in RA and OA patients and by arthroscopy in 

healthy controls. All procedures were approved by the Northern Stockholm Ethical Review Board and informed 

consent was obtained from all participants. Tissues were snap frozen in dry ice–cooled isopentane. Serial 

cryostat sections (7 µm) were fixed for 20 minutes with 2% (vol/vol) formaldehyde and stored at -70 ºC. 

Immunohistochemistry was performed using mouse IgG1 anti-human PD-1 antibody (MIH4), anti-PD-L1 

(MIH1), anti-PD-L2 (MIH18) (eBioscience, San Diego, CA), mouse IgG1 anti-human CD3 (SK7; BD Biosciences, 

San Jose, CA), mouse IgG1 anti-human CD163 (Ber-MAC3; DakoCytomation, Glostrup, Denmark) and mouse 

IgG1 anti-human CD19 (HD37; DakoCytomation) as previously described (28). Isotype and concentration 
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matched controls were used. Stained biopsy sections were evaluated semiquantitatively by 2 independent 

observers (AIC, DM) who were unaware of the sample’s identity, for expression of PD-1/PD-1L and the degree 

of inflammation [239]. Analysis of serial sections stained with cell-type specific markers (CD3 for T cells, CD19 

for B cells, CD163 for macrophages) was performed. 

 

5.6. Collagen-induced arthritis 

PD-1-/- mice bred on C57Bl/6 (B6) background were a kind gift of Dr. Zhang (Department of Orthopedic 

Surgery, University of Chigaco, IL, USA) [39]. Wild-type and PD1-/- B6 mice were maintained under pathogen-

free conditions at the Institute of Molecular Biology and Biotechnology (FORTH) facilities. CIA was induced 

according to standard protocol. Briefly, an emulsion was formed by dissolving 2 mg/ml chick CII (Sigma, St. 

Louis, MO) overnight at 4°C in 10 mM acetic acid and combining it with an equal volume of CFA containing 5 

mg/ml heat-killed Mycobacterium tuberculosis (H37 Ra, Difco, Detroit, MI). 8-week mice were injected 

intradermally at two sites into the base of the tail with a total of 100 µl of emulsion; this was repeated as a 

boost 21 days later. In some experiments wild-type B6 mice were injected intraperitoneally PD-L1.Fc 

(0.1mg/mouse) on days 0, 2, 3, 5, and 10 post–immunization. PD-L1.Fc protein (1873, kindly provided by Dr. 

G. Freeman, Harvard School of Medicine) consists of the extracellular domains of murine PD-L1 linked to the 

hinge-CH2-CH3 domains of a mutated murine IgG2a to reduce FcR and complement binding, and has been 

shown to stimulate PD-1 in vivo (30-31). Animals were assessed for redness and swelling of all four limbs, and 

a clinical score rangin from 0 (no inflammation) to 4 (extensive swelling and erythema of the entire paw) was 

allocated for each mouse two to three times per week for up to 42 days as previously described [240, 241]. At 

termination, the rear paws of the mice were removed, fixed, decalcified, and paraffin embedded  [11, 213]. 

Frontal sections (5 mm) were stained with hematoxylin and eosin and evaluated according to the presence or 

absence of inflammatory cell infiltrates (defined as focal accumulations of leukocytes).  

 

5.7. Anti-CII T cell responses 

Inguinal lymph nodes were excised from CIA mice on day 10 after immunization (early T cell responses). 

Lymph node cells (LNCs) were cultured in complete RPMI 1640 medium in the presence or absence of two 

different concentrations of CII (10µg/ml, 50µg/ml). After 48 hours, 100 µL of culture medium was removed 

for measurement of cytokines and 24 hours later, the remaining cells were pulsed with 1 µCi 3H thymidine per 

well for a further 16 hours. Cells were then harvested and plates were assessed for 3H thymidine 

incorporation. Each assay was performed on a minimum of three occasions. Secreted IFN-γ, IL-10, and IL-17 

were measured in the culture supernatant by sandwich ELISA using capture and detection antibody pairs (BD 

Biosciences). 

 

5.8. Production of anti-CII antibodies 
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Anti-CII IgG production was measured in mouse serum , 39 days after the first immunization, by ELISA. 

Briefly, serum samples from immunized mice were added in a serial dilutions (1:500, 1:1000, 1:2000) on 

plates precoated with 10µg/ml chicken CII. CII specific Abs were detected with peroxidase-conjugated goat 

anti-mouse IgG Abs (Chondrex, USA). 

 

5.9. Statistical analysis 

The non-parametric Mann-Whitney and Kruskal-Wallis tests were used for comparisons between two or more 

groups, respectively. The chi-squared test was used to compare proportions. The correlation between PD-

1/PD-L expression and degree of synovial tissue inflammatory was tested by the Spearman rank order test. 

The paired t-test was used for comparisons in PD-1 expression and/or function in paired PB and SF samples. P 

values <0.05 were considered statistically significant. 
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6. RESULTS 

 

6.1. Comparable PD1.3A single nucleotide polymorphism frequency in RA patients and healthy 

controlls  

In certain ethnic populations PD-1 polymporphims are associated with increased risc for autoimmune disease. 

To determine whether PD-1 SNPs are associated with susceptibility to RA in our cohort, we analyzed the 

genomic DNA of 86 RA patients (females, 58%, mean age 67 ± 12 years) of Creatan (Greek) origin for the 

PD1.3 SNP and compared their frequency with those of 227 age- and sex- matched healthy controls (females, 

60%, mean age 59 ± 17 years); this SNP has been previously associated with RA in asian populations [242]. 

We found no substantial difference in frequencies of PD1.3 heterozygosity (G/A) between RA patients and 

healthy controls (15,1% versus 19,4%, p>0,05) (Figure 6.1), although there was a trend towards decreased 

frquency in the male subpopulation, that didn’t reach statistical significance (p=0.29).  

 

6.2. Incresed expression of PD-1/PD-1L in human RA synovial fluid and tissue 

We first performed immunohistochemistry in RA synovial tissue sections using OA and healthy synovial tissues 

as controls. Eight out of nine (8/9, 89%) RA samples showed PD-1 expression, as compared to 2/8 (25%) OA 

patients and 0/8 (0%) healthy individuals (Figure 6.2A). All RA and OA synovial samples were PD-L1 positive 

compared to only 1/8 (12.5%) of healthy individuals. Similarly, 9/9 (100%) RA and 6/8 (75%) OA synovial 

tissue were PD-L2 positive compared to only 2/8 (25%) of healthy individuals. In semi-quantitative analysis, 

RA biopsies had higher expression of PD-1 (median 1.5, range 0-3) than both OA (median 0, range 0-1) and 

healthy individuals’ biopsies (no PD-1 expression). PD-L1 was highly expressed in both RA (median 3, range 1-

3) and OA (median 2, range 1-3) biopsies, with minimal expression in healthy individuals (median 0, range 0-

1). As for PD-L2, the only difference detected was between RA (median 2, range 1-3) and healthy synovial 

tissue (median 0, range 0-2) (Figure 6.2B). Synovial expression of PD-1/PD-L1/PD-L2 was significantly 

FIGURE 6. 1.  No substantial difference in frequencies of PD1.3 heterozygosity (G/A) between RA patients and 

healthy controls 

PD1.3G/A PD1.3G/G 
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increased in synovia with high degree of inflammation, defined as total synovial inflammation score equal or 

above the median value of 4.5 (Figure 6.2C) 

 

 

 

We also examined the localization of PD-1/PD-1L in the rheumatoid synovium. PD-1 was expressed in 

lymphoid aggregates of the sublining layer and in few scattered inflammatory cells residing in the sublining 

and lining layer. Examination of the immunohistochemistry figures revealed similar immunostaining patterns 

for PD-1 and the T-cell marker CD3, suggesting that PD-1 is most likely expressed by synovial T cells (Figure 

6.3A). PD-L1 and PD-L2 were expressed by synovial cells of the lining and sublining layers, while PD-L1 by 

sublining endothelial cells. Most cells expressing both PD-L1 and PD-L2 were macrophages but few 

lymphocytes also expressed small amounts of PD-L2 (Figure 6.3B). Taken together, PD-1 and PD-1L are 

expressed in the rheumatoid synovium suggesting a role of this pathway in RA. 

 

 

FIGURE 6.2. Expression of PD-1/PD-1L in synovium in RA, OA patients, and healthy controls. 

A. RA patients display increased PD-1 expression compared to OA patients and healthy controls (HC) (upper lane). PD-

L1 (middle lane) and PD-L2 (lower lane) expression is enhanced in both RA and OA patients compared to HC. In RA, 

PD-1 is mainly expressed in lymphoid aggregates of the sublining layer and also in few scattered inflammatory cells 

residing in the sublining and lining layer. Positive immunostaining is indicated with the brown colour represeting DAB 

staining (×100magnification).  

B. Graphs represent box plots of mean immunostaining intensity (0 = none, 4 = maximum) of PD-1/PD-1L in RA 

(n=10), OA (n=9), and HC (n=9) *p<0.05 for pairwise comparisons.  

C. Synovial expression of PD-1/PD-L correlates with the degree of inflammation. Scatter dot plot analysis of PD-1/PD-1L 

expression in synovia with low (< median) versus high (≥ median) inflammatory score. Lines represent mean ± SEM 

immunostaining intensity *p<0.05, **p<0.01.  
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6.3. SF T lymphocytes from RA patients is enriched in PD-1ıexpressing T lymphocytes 

We next examined the expression of PD-1 in SF T cells from RA patients. In both RA and OA, SF was enriched 

in PD-1+ CD4+ T cells compared to PB. RA patients had higher percentage of SF PD-1+ CD4+ T cells 

compared to OA patients (24 ± 5% vs. 4 ± 1%, p=0.003) (Figures 6.4A-B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

PD-1 was also overexpressed on SF CD4+ CD69+ and CD4+ CD25+ activated cells in RA patients (data not 

shown). In contrast, there was no difference in PD-L1 expression in SF lymphocytes and monocytes between 

RA and OA patients (Figure 6.4C). We also evaluated the capacity of T cells to further upregulate PD-1 upon 

activation with PMA and ionomycin. PD-1 was significantly upregulated on SF T cells from OA patients (25 ± 

FIGURE 6. 3. Localization of PD-1/PD-1L in the rheumatoid synovium 

A. PD-1 is mainly expressed by infiltrating CD3+ T cells in rheumatoid synovium (×250 magnification).   

B The majority of cells expressing both PD-L1 and PDL-2 are CD163+macrophages but few lymphocytes may also 

express small amounts of PD-L2 (×100 magnification). 

 

FIGURE 6.4. RA synovial fluid is enriched in PD-1+ CD4+ T cells with reduced capacity to 

further upregulate PD-1 upon stimulation 

A. PD-1 expression on PB and SF mononuclear cells by flow cytometry. In PB, RA and OA patients had 

comparable levels of PD-1 on CD4+ T cells. In SF, RA patients had significantly increased PD-1 expression in 

CD4+ T cells.  

B.  Representative flow cytometry for PD-1 expression in SF CD4+ T cells from one OA and one RA patient.  
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4% vs. 5 ± 2% at baseline, paired t-test p=0.006), whereas a less profound upregulation was observed on RA 

SF T cells (29 ± 4% vs. 18 ± 5% at baseline, p=0.067) (Figure 6.4D).  

 

Overall, these data corroborate the immunohistochemistry results showing enhanced expression of PD-1 – but 

not of PD-L1 – within the rheumatoid joint. 

 

6.4. PD-1 regulates T cell proliferation and cytokine production in RA patients; decreased PD-

1ımediated suppression in peripheral blood T cells incubated with RA synovial fluid and in RA 

synovial fluid T cells 

 

PD-1 activation results in suppression of lymphocyte proliferation and cytokine production via decreased ERK 

and AKT/PKB activation. To assess whether PD-1 regulates T cell responses in RA patients, PB CD4+ T cells 

were activated with plate-bound anti-CD3 mAb and PD-L1.Fc to crosslink PD-1; IFN-γ production and T cell 

proliferation were assessed at 48 and 96 hours of stimulation, respectively. 

 

Using CFSE–labeled T cells, we found that PD-1 crosslinking resulted in significant suppression of proliferation 

in RA patients (Figure 6.5A), which was comparable to that in OA patients and healthy controls (data not 

shown). Moreover, PD-1 activation by PD-L1.Fc caused a dose-dependent decrease in anti-CD3–induced IFN-γ 

production by RA CD4+ T cells (Figure 6.5B).  

 

FIGURE 6.4. RA synovial fluid is enriched in PD-1+ CD4+ T cells with reduced capacity to 

further upregulate PD-1 upon stimulation 

C. Comparable expression of PD-L1 on PB and SF CD14+ monocytes between RA and OA patients.  

D. SF CD4+ T cells from RA patients have increased baseline PD-1 expression but reduced capacity 

to further increase PD-1 expression following stimulation with PMA and ionomycin. Comparable 

induction and expression of PD-1 on PB CD4+ T cells in OA and RA patients following 

stimulation with PMA and ionomycin. *p<0.05 for the difference between baseline and induced 

PD-1 expression (paired t-test). 
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FIGURE 6.5. PD-1 regulates T cell proliferation and cytokine production in RA patients; decreased PD-

1ımediated suppression in peripheral blood T cells incubated with RA synovial fluid and in RA synovial 

fluid T cells. 

A. PB CSFE–labeled CD4+ T cells from RA patients were stimulated with anti-CD3 (1µg/mL) and PD-L1.Fc (0-2µg/mL) 

to crosslink PD-1. Proliferation was assessed by CFSE dilution on day 5. Representantive flow cytometry of RA T cells 

treated with IgG1 (control) or PD-L1.Fc (0.1µg/mL). The proportion of undivided T cells is shown. At least 5 cellular 

divisions are noticed in IgG1– treated T cells, as compared to none in PD-L1.Fc–treated cells.  

B. PB CD4+ T cells from RA were stimulated with anti-CD3/PD-L1.Fc. After 48 hours, IFN-γ was measured in culture 

supernates by ELISA. PD-1 crosslinking significantly reduced IFN-γ production by stimulated T cells.  

 

 

RA is characterized by chronic on-going T cell activation within the joints, resulting in joint destruction and 

disability. Previous studies have shown that the PD-1/PD-L pathway may be influenced by several factors such 

as the level of costimulation, pro-inflammatory cytokines, and TLR-agonists (33-34). To explore whether the 

suppressive function of PD-1 is abrogated within the rheumatoid joint inflammatory milieu, we incubated 

CFSE–labeled PB CD4+ T lymphocytes from RA patients with 15% RA SF and measured the effect of PD-1 

crosslinking on cell proliferation. Incubation with RA SF significantly decreased suppression of T cell 

proliferation compared to RA serum, especially at PD-L1.Fc 0.1µg/mL (undivided T cells on day 5: 65.1 ± 

4.7% vs. 81.2 ± 7.8%, n=5 experiments, paired t-test p=0.028) (Figure 6.5C).  

 

FIGURE 6.5.C. PD-1 regulates T cell proliferation and 

cytokine production in RA patients 

C. PB CSFE–labeled CD4+ T cells from RA were stimulated in 

culture medium supplemented with 15% RA SF or serum. Results 

are the percentage of undivided T cells on day 5. RA SF reduced 

PD-1– mediated inhibition of T cell proliferation, especially at 

suboptimal PD-L1.Fc (0.1µg/mL). Dots and error bars represent 

the mean ± SEM of 4 independent experiments using 3 different 

RA SF samples.  
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We next examined whether SF CD4+ T cells have normal PD-1 function, and compared its inhibitory function 

in paired PB and SF samples from RA patients, by measuring T cell proliferation and IFN-γ production. 

Activation of PD-1 by plate-bound PD-L1.Fc resulted in suppression of anti-CD3–induced T cell proliferation,  

 

which was less pronounced in SF than PB CD4+ T cells, especially at the lowest PD-L1.Fc concentrations 

(0.1µg/mL) (inhibition by 55 ± 10% in PB vs. 34 ± 11% in SF, paired t-test p=0.022) (Figure 6.5D). At 

optimal PD-L1.Fc concentrations (5µg/mL), inhibition of anti-CD3–induced proliferation was fully restored in 

both SF and PB T cells (83 ± 9% vs. 95 ± 3%, p=0.076) (data not shown). PD-1–mediated suppression of 

IFN-γ production was also decreased in SF compared to PB CD4+ T cells from RA patients at suboptimal PD-

L1.Fc concentration (0.1µg/mL) (inhibition by 53 ± 8% in PB vs. 31 ± 9% in SF, paired t-test p=0.003) 

(Figure 6.5D). Higher PD-L1.Fc concentrations (0.5µg/mL) resulted in comparable inhibition of IFN-γ 

production in PB and SF CD4+ T cells. Together, these data suggest that within the inflammatory milieu of the 

rheumatoid joint, RA T cells exhibit impaired PD-1−mediated inhibition at suboptimal –but not optimal– PD-L1 

concentrations. 

 

6.5. PD-1 knockout mice are susceptible to collagen-induced arthritis and develop severe disease 

Our results in RA patients indicated that PD-1/PD-1L is upregulated and may play a role in regulating T cell 

activation within the inflamed joint. To directly assess the significance of PD-1/PD- 1L I arthritis, CIA was 

induced in mice deficient for PD-1. Our hypothesis was that PD-1 deficiency would result in disturbed T cell 

tolerance and increased prevalence and/or severity of CIA. To this end, we used wild-type and PD-1-/- mice 

FIGURE 6.5.D. PD-1 regulates T cell proliferation and cytokine production in 

RA patients 

D. SF and PB CD4+ T cells from the same RA patient were stimulated with anti-CD3/PD-

L1.Fc. After 48 hours IFN-γ was measured in culture supernate; after 72 hours thymidine 

was added for another 16 hours to measure proliferation. The percentage of inhibition of 

anti-CD3–induced proliferation and IFN-γ production was calculated. Compared to PB, SF 

CD4+ T cells from RA had decreased PD-1mediated T cell inhibition, especially at PD-

L1.Fc concentration 0.1µg/mL *p<0.05,***p<0.001 (paired t-test). 
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bred on the autoimmune-resistant C57Bl/6 rather than the susceptible DBA/1J strain. Mice were immunized at 

the base of the tail on day 0 and 21 with CII in CFA (Figure 3.9). 

 

In agreement with previous studies [213], 36% of wild-type B6 mice developed CIA of mild-to-moderate 

severity (mean ± SEM of maximum arthritis score 2.3 ±1.2, n=14). In contrast, 73% of PD-1-/- mice 

developed arthritis (p=0.028 vs. wild- type mice) with severe joint inflammation (maximum arthritis score 5.0 

±1.2, n=16, p=0.040 vs. wild-type mice) early in the course of CIA (19th day, Figure 6.6A), as evidenced by 

marked swelling and erythema of the hindpaws and forepaws. Inflammation included the wrist and ankle and 

extended distally through the limb and digits (Figure 6.6B). 

  

FIGURE 6.6. Increased susceptibility and severity to collagen-induced arthritis (CIA) in C57Bl/6 

PD-1-/- mice. 

PD-1–/– and wild-type (PD-1+/+) C57Bl/6 mice were immunized with type II chicken collagen in CFA, and after 

day 21, disease severity was scored by visual inspection of mouse paws, as described in Materials-Methods.  

A.   PD-1-/- mice demonstrate increased CIA severity compared to wild-type littermates *p<0.05.  

B.  Representative photos of forepaws and hindpaws of wild-type and PD1–/– mice 40 days after first 

immunization with CII.  

FIGURE 6.6C.  H&E staining of pedal joints in CIA. 

Wild-type (upper lanes) mice had no signs of joint 

tissue degeneration and inflammation with even and 

clear joint space (js) and smooth articular cartilage 

(ac) (magnification ×40, ×100). Most PD-1-/- mice 

(lower lances) had severe lesions characterized by 

fibrovascular synovial and periarticular proliferation 

(fp) and erosion of articular cartilage (eac). 
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We next examined the histology of pedal joints in CIA mice. Wild-type B6 joints had minimal or no signs of 

tissue degeneration and inflammation, whereas most PD-1-/- B6 mice had severe lesions of extensive 

fibrovascular and proliferative synovitis composed of abundant fibroblasts, hypertrophic synoviocytes, and 

infiltration of inflammatory cells (Figure 6.6C), which extended into the joint space. In severely affected 

joints, there was moderate to severe cartilage destruction, and marked remodeling of bone. Often, the 

fibrovascular proliferation and inflammation extended into the periarticular connective tissues and adjacent 

musculature. 

 

 

6.6. Amelioration of collagen-induced arthritis by administration of PD-L1.Fc 

To directly assess the role of therapeutic modulation of PD-1 in inflammatory arthritis, CIA was induced in 

wild-type B6 mice, which were next injected intraperitonealy with either soluble murine PD-L1.Fc fusion 

protein or PBS (Figure 6.7). PD-L1.Fc has been shown to crosslink PD-1 in vivo [240, 241]  and our 

hypothesis was that PD-1 activation would de-activate T cells and inhibit CIA development.  

 

 

 

 

 

 

 

 

 

 

 

Indeed, PD-L1.Fc–treated mice developed less severe arthritis (mean arthritis score on day 35 

postimmunization: 1.8 ± 0.6 vs. 2.5 ± 0.7 in control mice, n=5 in each group) (Figure 6.8A), the effect 

being more pronounced within the male subpopulation (not shown). Antigen-specific T cell responses in CIA 

mice were analyzed and T cells from control mice exhibited increased proliferation in response to CII 

compared to T cells from PD-L1.Fc–treated mice (induction in proliferation [∆cpm] 9594 ± 2147 vs. 4712 ± 

2256, n=3 in each group) (Figure 6.8B). These results further support a role for PD-1 in the regulation of 

anti-CII T cell responses and the development of CIA.  

 

 

 

• Clinical assessment of  

     arthritis severity 

 

Booster 

PDL1.IgG administration  

Inguinal LNCs 

stimulated with CII 

 

0 • • •  •          

 

Immunization  

C57Bl/6  

Figure 6.7. Schematic representation of intraperitoneal injection of PD-L1.Fc fusion protein during CIA induction 
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6.7. Enhanced anti-CII T cell responses in the immunized PD-1-/- mice 

To analyze antigen-specific T cell responses in CIA mice, we immunized mice with CII and their inguinal LNCs 

were harvested 10 days later and were stimulated with different doses of CII. T cells from PD-1-/- mice 

exhibited increased proliferation in response to CII compared to T cells fro wildtype mice ([3H]thymidine 

incorporation assay: 10949 ± 3673 cpm vs. 4730 ± 1786 cpm, p=0.144) (Figure 6.9). Stimulation with CII 

(50 µg/ml) resulted in production of IFN-γ and IL-17 which was also significantly higher by PD-1-/- compared 

to wild-type T cells (IFN-γ: 833 ± 281 ng/mL vs. 268 ± 76 ng/mL, IL-17: 134 ± 18 pg/mL vs. 50 ± 11 pg/mL, 

p<0.05). Since PD-1 is also expressed by activated B cells, PD-1 deficiency could affect production of anti-CII 

antibodies in CIA PD-1-/- mice. To better characterize the immune mechanisms underlying PD-1-/- mice 

susceptibility to CIA, we measured anti-CII IgG production in mice serum (day 39). Levels of IgG Abs to anti-

CII in both strains (PD-1-/- and wild-type) were comparable (Figure 6.9), indicating that the increased 

susceptibility and severity of CIA in PD-1-/- mice is predominantly due to aberrant T cell activation rather to 

an effect on B cell-mediated autoantibody production. 

 

 

 

FIGURE 6.8. PD-L1.Fc treatment ameliorates CIA in in C57Bl/6 mice 

CIA was induced in wild-type C57Bl/6 mice as previously described. Mouse PD-L1.IgG2a fusion protein (PD-L1.Fc) or 

PBS (control mice) was injected intraperitonealy at 0.1 mg/mouse on days 0, 2, 3, 5, and 10 post-immunization. 

Disease severity was assessd as previously described.  

A. PDL1.Fc–treated mice demonstrate decreased susceptibility and severity to CIA compared to control littermates.  

B. CII-specific T cell responses in CIA mice were assessed in inguinal LNCs stimulated with CII (100µg/mL) as 

previously described. Induction of proliferation was lower in PD-L1.Fc– treated than in control mice (mean ± SEM cpm 

9594 ± 2147 versus 4714 ± 2256, n=3 independent experiments). 
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FIGURE 6.9. Increased susceptibility and severity to collagen-induced arthritis (CIA) in C57Bl/6 PD-1-/- mice. 

To analyze CII-specific T cell responses in CIA, mice were immunized with CII and their inguinal LNCs were harvested 10 days 

later and were stimulated with different doses of CII. Compared to T cells from wild-type mice, PD-1-/- T cells exhibited increased 

proliferation, IFN-γ, and IL-17 production (p<0.05). Anti-CII IgG levels were comparable between PD-1-/- and wild-type mice. Bars 

represent mean ± SEM (n=4 independent experiments). 

 

 

6.8. Comparable anti-CII humoral responses in PD-1-/- and wild-type mice 

Since PD-1 is also expressed by activated B cells, PD-1 deficiency could affect production of anti-CII antibodies 

in CIA PD-1-/- mice. To better characterize the immune mechanisms underlying PD-1-/- mice susceptibility to 

CIA, we measured anti-CII IgG production in mice serum (day 39). Levels of IgG Abs to anti-CII in both 

strains (PD-1-/- and wild-type) were comparable (Figure 6.10), indicating that the increased susceptibility 

and severity of CIA in PD-1-/- mice is mostly due to aberrant T cell activation rather than B cell-mediated 

autoantibody production. 

 

 

 

 

 

 

FIGURE 6.10 Increased susceptibility and severity to collagen-

induced arthritis (CIA) in C57Bl/6 PD-1-/- mice. 

To analyze CII-specific T cell responses in CIA, mice were immunized with CII 

and their inguinal LNCs were harvested 10 days later and were stimulated with 

different doses of CII. Compared to T cells from wild-type mice, PD-1-/- T cells 

exhibited increased proliferation, IFN-γ, and IL-17 production (p<0.05). Anti-

CII IgG levels were comparable between PD-1-/- and wild-type mice. Bars 

represent mean ± SEM (n=4 independent experiments). 
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7. DISCUSSION 

The present work provides evidence to support a key role for the inhibitory PD-1/PD-1L pathway in regulating 

T cell function in RA.  

 

Although in certain ethnic populations PD-1 polymporphims are associated with increased risc for RA [242], 

our studies did not confirm a role of PD1.3 as a genetic factor for RA in Cretan (Greek) populations. It is of 

note however, that the sample size was small (86 patinets and 227 healthy controls) and that there was a 

trend towards decreased frequency in the male subpopulation, which could represent an area for future 

investigation. 

 

PD-1/PD-1L is upregulated in the synovium of RA patients and PD-1 inhibits RA SF T cell proliferation under 

optimal –but not suboptimal– PD-L1.Fc concentrations. To our knowledge, this is the first study to examine 

the role of PD-1/PD-1L in the CIA model of RA. We found that in these mice, PD-1 is a potent regulator of T 

cell responses, and PD-1-/- mice demonstrate increased susceptibility and severity of arthritis. Importantly, 

PD-L1.Fc treatment ameliorates anti-CII T cell responses and development of CIA. 

 

In agreement with the results of other studies [105, 106], we found enhanced expression of PD1 in RA 

synovial T lymphocytes, indicating that PD-1/PD-1L interactions may be involved in the regulation of T cell 

effector function at the site of inflammation. PD-1 upregulation most likely reflects the ongoing activation due 

to continuous antigen stimulation of synovial mononuclear cells, as indicated by the correlation of PD-1 

expression with the histological degree of synovial inflammation. Accordingly, the synovial membrane from RA 

patients contains CD4+ T cells with an activated/memory phenotype [243]. In our stimulation experiments RA 

SF T cells had decreased capacity to further upregulate PD-1, probably due to exhaustion caused by the 

chronic inflammation in the joint. Alternatively, upregulation of PD-1 might be compensatory to the well 

described overexpression of several costimulatory molecules such as CD80/CD86 and ICOS in RA synovium 

[244-249]. 

 

Consistent with its role in maintaining self-tolerance, PD-1 regulates T cell function only at suboptimal 

conditions of TCR activation and CD28 costimulation [65, 241]. We found that PD-1 activation through plate-

bound PD-L1.Fc could efficiently inhibit anti-CD3–induced PB T cell proliferation and IFN-γ production in RA 

patients. However, the outcome of PD-1 activation is also affected by factors such as cytokines, the level of 

costimulation, and TLR signaling [65]. It is conceivable that T lymphocytes in the rheumatoid joint are 

exposed to an inflammatory milieu that renders them hyperreactive and resistant to PD-1 activation. To 

explore this hypothesis, we stimulated PB CD4+ T cells from RA patients with anti-CD3 and PD-L1.Fc, and RA 

SF was added in culture to evaluate effects on PD-1 function. RA SF inhibited PD-1–mediated suppression of T 

cell proliferation at suboptimal –but not optimal– doses of PD-L1.Fc. We also assessed the function of PD-1 in 
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paired PB and SF CD4+ T lymphocytes from RA patients. Although PDL1. Fc could efficiently inhibit anti-CD3–

induced proliferation and IFN-γ production in PB T lymphocytes, SF T lymphocytes required higher 

concentrations of PD-L1.Fc to achieve the same level of inhibition. This suggests that, in spite of higher PD-1 

expression, RA SF T lymphocytes are relatively resistant to PD-1–mediated suppression. This finding in 

conjunction with our immunohistochemical study showing expression of PD-1 by T lymphocyte aggregates and 

PD-1L by macrophages infiltrating the rheumatoid synovium, indicate that synovial PD-1L concentrations 

might not be adequate to effectively downregulate T cells. This is further supported by the fact that 

expression of PD-1L was comparable between RA and OA patients. Nonetheless, in the presence of excess PD-

1 stimulation – as in the case of exogenous PD-L1 fusion protein administration – RA SF T lymphocytes may 

be efficiently inhibited. 

 

CIA is an established model of RA which is dependent on CII–reactive CD4+ T cells infiltrating the rheumatoid 

synovium and producing inflammatory cytokines. Various B7 costimulatory molecules such as CD28/ICOS/B7h, 

have been implicated in the pathogenesis of CIA; absence or blocking of either of these molecules results in 

amelioration of arthritis and CII‒mediated immune responses [11, 12]. This study demonstrates an important 

role for the negative costimulator PD-1 in CIA; C57Bl/6 PD-1-/- mice were more susceptible to CIA, had higher 

arthritis severity scores and more extended histopathological lesions in the affected joints compared to wild-

type littermates. T cell proliferative responses to CII and production of IFN-γ and IL-17 were significantly 

increased in PD-1-/- mice, whereas IL-10 and anti-CII IgG production was not affected. These results suggest 

that PD-1 regulates the Th1/Th17 rather than the Th2 or humoral responses against CII and resemble findings 

described in EAE, where PD-1-/- T cells produced increased amounts of IFN-γ and IL-17 in recall responses to 

myelin antigen [89]. 

 

Modulation of T cell costimulatory pathways has been used to treat CIA and costimulation blockade with 

CTLA4-Ig is an effective therapy in patients with severe RA [250]. Based on our findings that PD-1/PD-1L 

regulates T cell responses in human and murine RA, we treated CIA mice after arthritis induction with PD-

L1.Fc fusion protein to activate PD-1. PD-L1.Fc treatment resulted in reduced CIA severity, which was 

associated with suppressed anti-CII T cell proliferative responses. Thus, targeting PD-1/PD-1L represents a 

potential therapeutic option in RA [251]. PD-1 activation mediated by PD-L1.Fc has been shown to inhibit T 

cell-dependent pathologic immune responses and prolong allograft survival in experimental transplantation 

models [240, 252, 253]. 

 

In summary, this study delineates the role of the negative costimulatory pathway PD-1/PD-1L in the 

homeostatic control of inflammation in the rheumatoid joint. PD-1/PD-1L is upregulated in the synovium of 

active RA patients and regulates T cell responses in both human and murine RA, emphasized by the enhanced 
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susceptibility and severity of CIA in PD-1–deficient mice. Importantly, synovial T cells from RA patients are 

inhibited by optimal PD-1 crosslinking and PD-1 activation with PD-L1.Fc ameliorates CIA, providing an 

additional therapeutic aim to deactivate pathogenic T cells in RA. Ongoing experiments will assess the 

therapeutic efficacy of PD-L1.Fc administration in mice after arthritis has occurred. 
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