
1 
 

ΕΘΝΙΚΟ ΚΑΙ ΚΑΠΟΔΙΣΤΡΙΑΚΟ ΠΑΝΕΠΙΣΤΗΜΙΟ 

ΣΧΟΛΗ ΕΠΙΣΤΗΜΩΝ ΥΓΕΙΑΣ 

ΙΑΤΡΙΚΗ ΣΧΟΛΗ 

ΑΤΤΙΚΟΝ ΠΑΝΕΠΙΣΤΗΜΙΑΚΟ ΝΟΣΟΚΟΜΕΙΟ 
Δ’ ΠΑΝΕΠΙΣΤΗΜΙΑΚΗ ΠΑΘΟΛΟΓΙΚΗ ΚΛΙΝΙΚΗ 

ΔΙΕΥΘΥΝΤΗΣ: ΔΗΜΗΤΡΙΟΣ ΜΠΟΥΜΠΑΣ 
 

 

 

ΓΕΝΩΜΙΚΗ ΑΝΑΛΥΣΗ ΣΤΟ ΣΥΣΤΗΜΑΤΙΚΟ ΕΡΥΘΗΜΑΤΩΔΗ ΛΥΚΟ: 

ΜΟΡΙΑΚΟΙ ΜΗΧΑΝΙΣΜΟΙ ΣΤΗΝ ΙΣΤΙΚΗ ΒΛΑΒΗ ΚΑΙ ΤΗΝ ΑΠΟΚΡΙΣΗ 

 

 

 

ΘΕΟΔΩΡΑ ΜΑΝΩΛΑΚΟΥ 

ΒΙΟΤΕΧΝΟΛΟΓΟΣ, MSc 

 

 

 

 

ΔΙΔΑΚΤΟΡΙΚΗ ΔΙΑΤΡΙΒΗ 

 

ΝΟΕΜΒΡΙΟΣ 2022 

ΑΘΗΝΑ 



2 
 

NATIONAL AND KAPODISTRIAN UNIVERSITY OF ATHENS 

SCHOOL OF HEALTH SCIENCES 

SCHOOL OF MEDICINE 

ATTIKON UNIVERSITY HOSPITAL 

4TH DEPARTMENT OF INTERNAL MEDICINE 
HEAD: DIMITRIOS BOUMPAS 

 

 

 

GENOMIC ANALYSIS OF SYSTEMIC LUPUS ERYTHEMATOSUS: 

MOLECULAR MECHANISMS FOR TISSUE INJURY AND RESPONSE 

 

 

 

THEODORA MANOLAKOU 

BIOTECHNOLOGIST, MSc 

 

 

 

 

DOCTORAL THESIS 

 

NOVEMBER 2022 

ATHENS 

 



3 
 

 

Ημερομηνία αίτησης: 03-09-2018 

Ημερομηνία ορισμού τριμελούς Συμβουλευτικής Επιτροπής: 18-12-2018 

Μέλη τριμελούς Συμβουλευτικής Επιτροπής: 

Δημήτριος Μπούμπας (Επιβλέπων Καθηγητής) 

Γεώργιος Μπερτσιάς 

Παναγιώτης Πολίτης 

 

 

Ημερομηνία ορισμού θέματος: 18-03-2019 

 

Ημερομηνία καταθέσεως της διδακτορικής διατριβής: 14-11-2023 

 

Πρόεδρος Ιατρικής Σχολής: 

Καθηγητής Γεράσιμος Δ. Σιάσος 

 

Επταμελής Εξεταστική Επιτροπή: 

1. Δημήτριος Μπούμπας (Επιβλέπων Καθηγητής), Καθηγητής, Ιατρική Σχολή, 
ΕΚΠΑ 

2. Γεώργιος Μπερτσιάς, Αναπληρωτής Καθηγητής, Ιατρική Σχολή, Πανεπιστήμιο 

Κρήτης  

3. Παναγιώτης Βεργίνης, Αναπληρωτής Καθηγητής, Ιατρική Σχολή, 

Πανεπιστήμιο Κρήτης  

4. Θέμις Αλισσάφη, Επίκουρη Καθηγήτρια, Ιατρική Σχολή, ΕΚΠΑ 

5. Βασιλική Λαμπροπούλου, Επίκουρη Καθηγήτρια, Ιατρική Σχολή, ΕΚΠΑ 
6. Αντώνης Φανουριάκης, Επίκουρος Καθηγητής, Ιατρική Σχολή, ΕΚΠΑ 

7. Παναγιώτης Πολίτης, Ερευνητής Β’, Κέντρο Βασικής Έρευνας, Ίδρυμα 

Ιατροβιολογικών Ερευνών Ακαδημίας Αθηνών 

 

 



4 
 

 

Acknowledgements 

The present study was performed at the Biomedical Research Foundation of the Academy of 

Athens in collaboration with the 4th Pathology Clinic in Attikon University Hospital under the 

supervision of Dr. Boumpas. I express the warmest thanks for the assignment of this subject 

and the advice during the course of my doctoral thesis. I am especially thankful to Dr. 

Panayotis Verginis for his valuable help and inspiring discussions. I had also great help from 

Dr. Themis Alissafi, Dr. Panagiotis Politis and Dr. Aristidis Charonis who offered really 

interesting and insightful observations on my experimental data.  

I would like to thank Dr. Angelos Banos, Dr. Manolis Giallitakis, Dr. Anastasia Filia, Dr. Katerina 

Hatzioannou, Dr. Dimitris Gkikas, Dr. Vicky Lampropoulou, Dr. Aristidis Charonis and Dr. 

George Bertsias for sharing their expertise and the invaluable discussions we had. I would also 

like to thank my colleagues Maria Grigoriou, Athina Varveri, Miranta Papadopoulou, Athina 

Boumpa, Stavros Doumas, Eirini Stergioti, Eleni Zervopoulou, George Sentis, Panagiotis 

Garatziotis and Alex Grivas. Even though we are good colleagues, I consider us good friends. I 

could not be more grateful to the clinicians’ team Dr. Antonis Fanourakis, Dr. Antigone Pieta, 

Dr. Noemin Kapsala and. Dr. Sophia Flouda for providing invaluable human samples. 

I owe thanks to a very special person, Dionysis Nikolopoulos, my colleague and partner, for 

his never- ending encouragement, understanding and for always being there for me. Finally, I 

could not forget my family that has always been an inspiration to pursue my studies, and my 

friends, Athina Kalamata and Vicky Patrianakou. Without their help and their support, the 

completion of my thesis would not be feasible.  

 

 

 

 

 

 

 

 



5 
 

Contents 
ABSTRACT .................................................................................................................................. 7 

ΠΕΡΙΛΗΨΗ ................................................................................................................................. 8 

GRAPHICAL ABSTRACT ............................................................................................................ 10 

Outline ..................................................................................................................................... 10 

INTRODUCTION ....................................................................................................................... 11 

Autoimmune diseases ........................................................................................................ 11 

Systemic lupus erythematosus: the prototypic systemic autoimmune disease .............. 11 

Pathogenesis ................................................................................................................... 11 

The central role of B cells in SLE pathogenesis .............................................................. 13 

DNA damage response (DDR) ............................................................................................. 15 

Definition and Components ........................................................................................... 15 

DNA Repair Pathways ..................................................................................................... 17 

Triggers of DDR ............................................................................................................... 17 

DDR and the Immune Response ..................................................................................... 18 

DDR and Immunity: A Dubious Relationship That May Culminate in Autoimmunity ...... 18 

The Early Steps and Important Findings ........................................................................ 18 

DNA Damage Response in the Adaptive Arm of the Immune System.............................. 21 

Linking T Cell DDR with Autoimmunity .......................................................................... 21 

Linking B Cell DDR with Autoimmunity .......................................................................... 24 

Aberrant DDR in Innate Cells May Exacerbate Aberrant Immune Responses in 

Adaptive Cells: The Case of Dendritic Cells (DCs) .......................................................... 27 

The Role of DDR in Other Cells of the Adaptive Immunity: NK Cells, γδ Τ and NKT Cells

 ......................................................................................................................................... 29 

DDR and Cytokines in Autoimmunity ................................................................................ 30 

DDR May Lead to Exaggerated Cytokine Production and Promote Autoimmune 

Inflammation .................................................................................................................. 30 

Cell Free DNA may Induce Cytokine Production ............................................................ 31 

Therapeutic Manipulation of DDR in Autoimmunity ........................................................ 32 

Lessons Learnt from Cancer............................................................................................ 32 

DDR Targeting in Autoimmune Diseases ....................................................................... 32 

Multiomics: Transcriptomics and Proteomics ................................................................... 34 

AIM OF THE STUDY ................................................................................................................. 36 

MATERIALS AND METHODS ................................................................................................... 37 

Human Subjects .................................................................................................................. 37 

Animal Studies .................................................................................................................... 37 

Proteomics .......................................................................................................................... 38 

Sample preparation ........................................................................................................ 38 



6 
 

Ultrahigh pressure nanoLC ............................................................................................. 38 

Tandem mass spectrometry (MS/MS) ........................................................................... 39 

Data Analysis ................................................................................................................... 39 

Enrichment analysis of proteomic data ......................................................................... 40 

RNA-Seq .............................................................................................................................. 40 

Human Cell Isolation from Peripheral Blood ..................................................................... 40 

Flow Cytometry and Cell Sorting ........................................................................................ 41 

Preparation of skin biopsies ............................................................................................... 42 

Immunofluorescence .......................................................................................................... 43 

Cell culture and chemical inhibition ................................................................................... 44 

Measurement of immunoglobulins and cytokines ............................................................ 44 

IRF1 knockdown assay ........................................................................................................ 44 

Chromatin Immunoprecipitation experiment (ChIP) ........................................................ 45 

Quantitative PCR Analysis (real-time RT-qPCR) ................................................................. 46 

Quantification and statistical analysis ............................................................................... 47 

RESULTS ................................................................................................................................... 49 

Enriched DDR in peripheral blood cells of SLE patients .................................................... 49 

Aberrant DDR is feature of SLE B cells ............................................................................... 53 

Activation of ATR pathway drives DDR in SLE B cells ........................................................ 57 

Inhibition of ATR alters cytokine production of IFNα-treated B cells. .............................. 63 

Inhibition of ATR reduces the immunogenicity of IFNα-treated B cells. .......................... 66 

IRF1 directly interacts with the promoter sequence of ATR gene in IFNα-treated B cells 

and modulates ATR activity. ............................................................................................... 73 

DDR in the SLE-involved skin .............................................................................................. 77 

DISCUSSION ............................................................................................................................. 78 

TABLES ..................................................................................................................................... 84 

REFERENCES ............................................................................................................................ 94 

 

 

 

 

 

 

 



7 
 

ABSTRACT 

 
Systemic lupus erythematosus (SLE) is a heterogenous autoimmune and potentially 

severe disease. In SLE, an interplay between environmental and genetic factors leads 

to perturbation of complex biological networks that culminate in immune 

dysregulation and diverse clinical phenotypes. B cells are the main orchestrators of 

autoimmune responses in patients with SLE. However broad-based B-cell directed 

therapies show modest efficacy, while blunting humoral immune responses to 

vaccines and inducing immunosuppression, underscoring the need for development 

of more effective therapies targeting the pathogenic B-cell clones. Under steady state, 

B cells are prone to enriched DNA damage response (DDR) since DDR is co-opted in 

antibody diversification. Although patients with SLE demonstrate increased levels of 

DNA damage in genes required for efficient DDR, the role of the DDR in B-cells 

pathogenicity remains elusive. Furthermore, analysis in disease-involved tissues such 

as lesional skin indicated higher levels of DNA damage when compared to non-lesional 

or healthy skin. To this end, our transcriptomic analysis in whole blood cells of patients 

with SLE compared to healthy subjects, highlights the aberrant expression profile of 

DDR pathways. This was associated via microscopy studies with enhanced DDR in 

peripheral B cells of both patients with SLE and murine SLE model. In this direction, 

utilizing transcriptomic, proteomic and immunofluorescence studies, this thesis 

provides evidence for enhanced activation of the ATR/Chk1 DDR pathway in B cells of 

patients with active SLE disease. Treatment of B cells with type I IFN, a key driver of 

immunity in SLE, induced expression of ATR via direct binding of interferon regulatory 

factor 1 (IRF1) to its gene promoter. Pharmacologic targeting of ATR in B cells 

attenuated their immunogenic profile, including proinflammatory cytokine secretion, 

plasmablast formation and antibody production. Together, these findings identify the 

ATR-mediated DDR axis as the orchestrator of the type-I IFN-mediated B cell responses 

in SLE and as a potential novel therapeutic target. 

 

 

 



8 
 

ΠΕΡΙΛΗΨΗ 

Ο Συστηματικός ερυθηματώδης λύκος (ΣΕΛ) είναι μια ετερογενής αυτοάνοση και 

δυνητικά σοβαρή νόσος. Στον ΣΕΛ, η αλληλεπίδραση μεταξύ περιβαλλοντικών και 

γενετικών παραγόντων οδηγεί στη διαταραχή πολύπλοκων βιολογικών δικτύων 

καταλήγοντας στην απορρύθμιση του ανοσοποιητικού συστήματος και σε 

διαφορετικούς κλινικούς φαινοτύπους. Τα Β κύτταρα είναι οι κύριοι ενορχηστρωτές 

των αυτοάνοσων αποκρίσεων στους ασθενείς με ΣΕΛ. Ωστόσο, οι ευρέως 

χρησιμοπούμενες θεραπείες που στοχεύουν τα Β-κύτταρα δείχνουν μέτρια 

αποτελεσματικότητα, ενώ αμβλύνουν τις χυμικές ανοσολογικές αποκρίσεις στα 

εμβόλια και προκαλούν ανοσοκαταστολή, αναδεικνύοντας  την ανάγκη για ανάπτυξη 

πιο αποτελεσματικών θεραπειών που στοχεύουν τους παθογόνους κλώνους. Σε 

φυσιολογικές καταστάσεις, τα Β κύτταρα χρησιμοποιούν μηχανισμούς απόκρισης 

προς τις βλάβες του DNA (DNA damage response, DDR) για τη δημιουργία 

αντισωμάτων καθώς αυτά απαιτούν γενετικό ανασυνδιασμό. Αν και οι ασθενείς με 

ΣΕΛ εμφανίζουν αυξημένες βλάβες στα γονίδια που απαιτούνται για την 

αποτελεσματικότητα του DDR, ο ρόλος του DDR στην παθογένεια των Β κυττάρων 

παραμένει ασαφής. Επιπλέον, η ανάλυση ιστών που προσβάλλονται από τον ΣΕΛ, 

όπως το δέρμα, έδειξε υψηλότερα επίπεδα DDR σε σύγκριση με υγιές δέρμα.  Προς 

αυτήν την κατεύθυνση, η μεταγραφική ανάλυση σε ολικά κύτταρα περιφερικού 

αίματος ασθενών με ΣΕΛ σε σύγκριση με υγιή άτομα, αναδεικνύει τους DDR 

μοριακoύς μηχανισμούς. Μέσω μελετών μικροσκοπίας, το προφίλ αυτό 

συσχετίστηκε με ενισχυμένο DDR σε Β κύτταρα τόσο ασθενών με ΣΕΛ όσο και 

μοντέλου ποντικού με ΣΕΛ. Χρησιμοποιώντας μεταγραφικές, πρωτεομικές και 

μελέτες ανοσοφθορισμού, η παρούσα διατριβή αποκαλύπτει την ενεργοποίηση του 

μοριακού DDR μονοπατιού ATR/Chk1 σε Β κύτταρα ασθενών με ΣΕΛ με ενεργό νόσο. 

Χορήγηση ιντερφερόνης τύπου Ι (IFN I) στα Β κύτταρα, βασικός μεσολαβητής της 

ανοσίας στον ΣΕΛ, προκάλεσε έκφραση του ATR μέσω άμεσης σύνδεσης του 

ρυθμιστικού παράγοντα 1 ιντερφερόνης (IRF1) στον υποκινητή του γονιδίου του. Η 

φαρμακολογική στόχευση του ATR, χρησιμοποιώντας έναν ειδικό αναστολέα (VE-

822, εμπορικά γνωστό ως berzosertib), μείωσε το ανοσογονικό προφίλ των Β 

κυττάρων, συμπεριλαμβανομένης της έκκρισης προφλεγμονώδων κυτοκινών, του 

σχηματισμού πλασμαβλαστών και της παραγωγής αντισωμάτων. Συνολικά αυτά τα 
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ευρήματα υποδηλώνουν ότι η μοριακή σχέση IRF1-ATR είναι σημαντική για τη 

δραστηριότητα των Β κυττάρων στο ΣΕΛ. Συμπερασματικά, η παρούσα διατριβή 

αναδεικνύει τον παθογενετικό ρόλο του DDR με τη μεσολάβηση του ATR στις 

αποκρίσεις των Β κυττάρων που διαμεσολαβούνται από IFN Ι στον ΣΕΛ, και προτείνει 

τον ATR ως πιθανό νέο θεραπευτικό στόχο. 
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GRAPHICAL ABSTRACT 
 

 

Outline 

Teaser: DNA damage response as a critical regulator of autoimmune B cell responses in SLE 

disease 

B cells in SLE demonstrate an autoreactive phenotype characterized by excessive activation, 

plasmablast formation, cytokines and antibodies production driving pathogenesis. Τhis thesis 

provides evidence that this phenotype is triggered by ATR-mediated DNA damage response 

(DDR) through direct interaction with IRF1, an important modulator of the type I IFN signature 

in SLE. Pharmacological targeting of ATR, using a specific inhibitor (VE-822, marketed as 

berzosertib), attenuated B-cell immunogenic profile, paving the way for novel therapeutic 

targets via DDR manipulation. 
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INTRODUCTION 

 

Autoimmune diseases  

Autoimmune diseases (AD) encompass a wide group of clinical syndromes caused by 

aberrant activation of autoreactive immune cells in the absence of ongoing infection 

or other discernible cause (1). Although individually rare, collectively they affect up to 

5% of the population in Western countries especially women (2). These diseases run 

into families with members of the same family being affected with the same or other 

autoimmune diseases, or occasionally the same patient being affected by more than 

one AD. An interplay of environmental, genetic and epigenetic factors leading to 

perturbation of complex biological networks has been well documented with a steady 

increase in prevalence after WWII that cannot be merely attributed to genetic factors 

(3). 

 

Systemic lupus erythematosus: the prototypic systemic autoimmune disease 

Pathogenesis 

Systemic Lupus Erythematosus (SLE) is the prototypic systemic, chronic autoimmune 

disease that manifests a wide range of clinical and molecular abnormalities (4,5).  The 

etiology remains elusive although several components of the innate and adaptive 

immunity and various factors (sex, environment, genes) contribute to the disease (Fig. 

1). In lupus, α-interferon (IFNα)-driven immunologic alterations culminate into 

persistent self-directed immune responses against autologous nucleic acids, 

mimicking a sustained antiviral response. Excessive and intractable tissue damage 

caused mainly via the adaptive immune response comprised of autoantibodies or 

immune-complex depositions, affects the skin, kidneys, heart, vessels, central nervous 

system, lungs, muscles and joints leading to significant morbidity and increased 

mortality (Fig. 2). Key cellular pathways in lupus include a) autoantibody production 

several years prior to the clinical onset of disease; b) increased cellular apoptosis and 

defective clearance of endogenous apoptotic material, c) self-nucleic acid recognition 

and production of IFNα; and d) activation of monocytes, neutrophils, monocytes, B 

and T cells (6,7) (Fig. 1, 2). These pathways have been reiterated by genome-wide 
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association studies (GWAS) which have demonstrated the involvement of genes 

related to immune responses, endothelial function and tissue response to injury (8,9). 

Despite advances in the pathogenesis and treatment, several unmet needs exist in 

SLE: Flares are common (approximately 0.3 flares per year) even in well controlled 

patients, posing the risk of additional damage. Despite the introduction of the first 

targeted biological agent in SLE (10), a sizable proportion of patients will be 

unresponsive to existing treatments, highlighting the need for novel, targeted 

therapies based on the underlying immune aberrancies. Importantly, comorbidities 

especially accelerated atherosclerosis and a risk for infection –above and beyond the 

risk of immunosuppression- are responsible for most deaths in lupus (4,5). 

 

 

Figure 1. Pathogenic features of SLE. Genetics, environment and sex affect both innate and 

adaptive immunity in various ways and culminate in organ damage from Tsokos (11). 



13 
 

 

Figure 2. Clinical heterogeneity is SLE patients. From Allen et al (12). 

 

The central role of B cells in SLE pathogenesis 

The main characteristic of SLE is the production of autoantibodies, which places B cells 

centrally in SLE etiology. In SLE, autoreactive B cells fail during the tolerance 

checkpoints due to toll-like receptor (TLR), cytokine and/ or co-receptor malfunction 

thereby leading to the expansion of pathogenic B cells (13). Moreover, GWAS have 

demonstrated a striking concentration of disease-susceptibility alleles in the B cell 

antigen receptor (BCR) signaling and B cell costimulatory pathways in SLE. 
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B-cell aberrancies are critically involved in all levels of SLE pathology, contributing to 

immune deregulation (13–15). More specifically, B cell key pathogenic features in SLE 

include a) a hyperactive profile with increased antigen-presentation capability, b) 

expanded populations of plasmablasts, memory, double-negative memory and 

transitional cells, c) aberrancies in both pro-and anti- inflammatory cytokines 

secretion d) augmented secretion of pathogenic autoantibodies targeting nuclear 

components (anti-double stranded DNA: anti-dsDNA) and d) priming autoreactive T 

cells (Fig. 3). This aberrant B-cell function in SLE is affected by type I IFN correlating 

with an IFN- molecular signaling present especially in patients with moderate to 

severe lupus (16,17).  

 

 

 

Figure 3. Key roles of B cells in SLE 

pathogenesis. They include (A) their 

ability to produce autoantibodies, (B) 

their role as antigen-presenting cells and 

(C) their ability to produce cytokines. 

From Gottschalk et al (18). 

 

 

 

 

 

 

 

 

Advances in our understanding of the pathogenesis of SLE have corroborated the 

importance of B-cell-targeted therapies –some being already approved for the 

treatment of SLE (19,20). Current B-cell-directed strategies include targeting of B-cell 
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surface antigens, cytokines that promote B-cell growth and functions, and B- and T-

cell interactions.  

Despite the fact that B cells are central in SLE disease etiology, the mechanisms driving 

their deregulation are only partly understood. Importantly, many SLE patients are not 

responsive to the current B-cell-targeted therapies (21,22). Thus, advances in B-cell 

immunology may facilitate the development of novel, safer and more effective 

therapies that target specific aspects of B-cell biology. Interestingly, physiological 

activation and development of B cells depends on normal DNA damage response 

(DDR) processes (Fig. 4) (23) and, accordingly, these cells have been shown to be 

highly sensitive to exogenously-induced DNA damage in healthy state (24,25). 

However, the potential role of DDR as a contributor of B-cells malfunction has been ill 

defined in autoimmune conditions.  

 

 

Figure 4. B cell development requires DDR processes. B cell development proceeds in the 

bone marrow through distinct steps. From a standpoint of DNA double-strand break (DSB) 

generation and potential non-canonical DDR signaling, these stages can be generally divided 

into the pro-B cell stage in which Igh gene assembly occurs in all cells, the pre-B cell stage in 

which Igl gene assembly occurs in all cells and the immature B cell stage in which receptor 

editing occurs in some cells. DNA DSBs are also generated in mature B cells once they are 

activated and initiate class switch recombination (CSR). AID, activation-induced deaminase; 

APE1, apurinic/apyrimidinic endonuclease 1; BCR; B cell receptor; RAG, recombination-

activating gene; UNG, uracil-DNA glycosylase. From Bednarski et al (23). 

 

DNA damage response (DDR) 

Definition and Components 

The DNA damage response (DDR) is a mechanism that consists of multiple signal 

transduction pathways required to meet the challenge of passing down undamaged 
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DNA to subsequent generations and, thus, maintaining genomic stability (26,27). This 

response mechanism faces, every day, tens of thousands of damaged DNA lesions per 

cell (28–30) by activating a complex, dynamic and structured cascade (Fig. 5). In this 

cascade of events, the DNA sensors molecules (e.g., RPA, Ku, MRN complex) recognize 

specific genome modifications (base mismatches, single-stranded DNA breaks, DNA 

adducts, double-stranded DNA breaks) and recruit the following reinforcements: (i) 

proteins that accumulate at the detected damaged sites and transduce the signal (e.g., 

ATM, ATR, DNA-PKcs, γΗ2ΑΧ, 53ΒBP1) and (ii) effector molecules (e.g., CHK2, CHK1, 

p53, RAD51, BRCA1) that carry out the critical outcome of the cascade (31). These 

processes, consisting mainly of protein–protein interactions, are usually mediated by 

post-translational modifications (i.e., phosphorylation, poly(ADP-ribosyl)ation, 

ubiquitination, SUMOylation, acetylation, and methylation) in order to arrange 

spatiotemporal protein activity. For instance, ATM, a central regulator of the DNA 

double-strand breaks (DSBs) response, once recruited and activated, can activate p53 

and checkpoint kinase CHK2 through phosphorylation in order to halt the cell cycle at 

the G1/S checkpoint and extend the time frame for the repair machinery. 

 

 

Figure 5. The DDR in health and disease. Endogenous or exogenous agents threaten genome 

integrity and trigger DDR. DDR requires the stratified activation of involved molecules, 
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namely, the DNA damage sensors and mediators, the transducers of the signaling and the 

effectors. Depending on the efficiency of the DDR and the cellular response, the potential 

outcomes may lead to the restoration of the homeostasis or to pathology. Adopted by 

Manolakou et al (31). 

 

DNA Repair Pathways 

The DNA repair machinery consists of several pathways that usually function 

throughout the cell cycle, and each of them is responsible to fix a different type of 

DNA damage. More specifically, there are at least the following five DNA repair 

pathways that are frequently activated (32): (a) homologous recombination (HR), 

which repairs DSBs upon the presence of a normal homologous DNA template; (b) 

non-homologous end-joining (NHEJ), which repairs DSBs without the need for a 

template; (c) nucleotide excision repair (NER), which repairs bulky DNA lesions and is 

important for its ability to remove the damage induced by UV; (d) mismatch repair 

(MMR), which repairs DNA single-strand breaks (SSBs) that occur predominantly 

during DNA replication and recombination; and (e) base excision repair (BER), which 

repairs SSBs occurred usually due to oxidation, alkylation and methylation. The 

potential distinct fates of the DNA damaged cells have been extensively discussed (33–

38). While the desired outcome in physiological conditions is the repair of DNA and 

the restoration of the cell cycle to allow the cells function properly, the outcome may 

also be prolonged arrest of cell cycle, cell death, tumorigenesis, secretion of 

inflammatory cytokines (39), and aberrant immune responses (40–43) (Fig. 5). 

 

Triggers of DDR 

The DDR is triggered upon genome aberrations, which may occur via (a) errors during 

the physiological context, such as cellular metabolism, e.g., excessive formation of 

reactive oxygen species (ROS) and oxidative DNA damage (44); (b) DNA replication, 

e.g., base mismatches (45); and (c) inefficient activity of topoisomerases I and II (26). 

The DDR operates in conjunction with the immune system to generate immune 

receptor diversity (such as B cell and T cell receptors) and antibodies during V(D)J 

recombination, class-switch recombination (CSR) and somatic hypermutation (SHM), 

where DSBs and/or SSBs in conjunction with the DDR/repair mechanisms are involved 

in the development of lymphocytes (23,46,47). Notwithstanding, the DDR can also be 
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activated by DNA-damaging agents including ionizing radiation (IR), ultraviolet light 

(UV), chemicals and cytotoxic drugs (48). Overall, endogenous and exogenous insults, 

occurring either randomly or in a scheduled manner, jeopardize the genome integrity 

and activate the DDR mechanism. Depending on the mechanism’s efficiency, it is likely 

that the damage may result in impaired cellular function.  

 

DDR and the Immune Response 

While the DDR comprises critical pathways to control cell function, the immune 

response comprises specialized cells responsible for mediating the organism’s 

homeostasis. Thus, a defective DDR in immune regulators may lead to deregulated 

homeostasis, and hence, pathology. A deficient or hyperactive DDR has been 

extensively documented during tumorigenesis and viral infections, but also in patients 

with autoimmune diseases and in autoimmune experimental models in vitro and in 

vivo, underpinning the role of the DDR in promoting autoimmunity.  

Deciphering how the DDR cross-talks with the immune system’s functions and affects 

its responses leading to autoimmunity, remains an open question. While much has 

been written on the innate components (23,49,50), the DDR involvement in the 

activation and function of the adaptive immune cells in the non-physiological context 

remains ill-defined. In general, the following two conditions make the adaptive 

immune cells prone to the aberrant DDR: (a) physiological processes such as V(D)J 

recombination, SHM and CSR, and (b) antigen-activation, where adaptive immune 

cells divide extraordinarily rapidly to ensure an effective immune response, thus 

jeopardizing the genome integrity due to DNA replication errors. Accordingly, among 

the blood cell populations, T and B cells have been shown to be highly sensitive to 

exogenously induced DNA damage (24,25). 

 

DDR and Immunity: A Dubious Relationship That May Culminate in 

Autoimmunity  

The Early Steps and Important Findings 

During the development of lymphocytes, the DDR pathways are activated in a well-

planned manner, usually either by DSBs (mainly activation of NHEJ) or by abnormal 
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base pairing (mainly activation of BER and MMR) (23). Although the DDR and immune 

response mechanisms appear highly coordinated in health, herein, I discuss why and 

how this balance is disturbed, affecting immune cell responses and subsequently 

promoting autoimmunity.  

Several studies have revealed the presence of DNA damage and the aberrant DDR in 

either the whole-blood cells or PBMCs (human peripheral blood mononuclear cells) of 

patients with autoimmune diseases, but only a few have focused on the effects of the 

mostly implicated cell subsets, being the adaptive immune cells. In particular, 

autoimmunity occurs when an adaptive immune response is introduced against self-

antigens. Under physiological circumstances, adaptive immunity is introduced against 

foreign antigens (produced by viruses or microorganisms) and is initiated by the 

activation of antigen-specific T cells. Eventually, it will result in the elimination of the 

invader through either the T cells (i.e., T cytotoxic) or the formation of antibodies by 

B cells (i.e., plasma cells), following an interplay with T cells, that will attack the 

antigens. Nevertheless, in autoimmune responses, there is an abnormal activation of 

the T and B cells, which leads to the release of autoantibodies against self-antigens, 

causing tissue damage (51). Therefore, the adaptive immune cells have key roles in 

the autoimmune response. Consequently, it becomes apparent that in order to 

delineate the involved pathogenic mechanisms and provide insights into the disease 

pathogenesis, I need to profile and examine separately the involved cell populations, 

focusing on their unique properties. 

Since the early 1980s, researchers have reported patients with autoimmune diseases 

presenting with aberrant DDR in their lymphocytes or PBMCs, displaying increased 

sensitivity to DNA-damaging agents, deficient DNA repair, and oxidative stress (52–

55). This phenomenon was considered as a breakthrough in the field of autoimmunity, 

but the mechanistic insight remains ill-defined to date. During the ensuing years, the 

need to investigate the effects of the DDR either as causal or causative of an 

autoimmune disease, and provide a link with immune responses, became more 

apparent. However, since the immune system deploys complex arrays to function, the 

direct interplay between the DDR and the immune response becomes extremely 

arduous to elucidate. Only a few studies have succeeded to provide specific 

mechanisms that associate autoimmune disease pathogenesis with the DDR, and most 
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of them do not assign the observed mechanism to a specific cell population. 

Nevertheless, they have established a strong link between autoimmunity and the DDR, 

as will be outlined below. 

TREX1, a significant component of the DDR, involved in the regulation of DNA repair 

and in the clearance of cytoplasmic DNA to prevent the activation of innate immunity, 

has been implicated in autoimmune responses. Respectively, cells deficient in TREX1 

appear with ATM-dependent cell cycle arrest, resulting in the defective clearance of 

DNA in the cytoplasm (56). TREX1 mutations, leading to the loss of its exonuclease 

activity, have been reported in Aicardi–Goutières syndrome (AGS) and SLE patients 

(57–59). Although both T and B cells have been shown to contribute to the 

autoimmune phenotype in Trex1-deficient mice (60), the reasons it promotes the 

inflammation only to specific organs and not to others, such as the brain and the lungs, 

which are often affected in SLE and/or AGS, remain unknown. Furthermore, while 

TREX1 has been shown to participate in systemic autoimmune diseases (i.e., AGS and 

SLE), its role in organ-specific autoimmunity (i.e., multiple sclerosis, psoriasis, type 1 

diabetes, etc.) has yet to be determined. 

Another important factor that contributes to the DDR and also influences 

autoimmunity is p21, which may be activated upon DNA damage via the p53 DDR 

effector molecule, to inhibit the cell division cycle and DNA replication, and finally 

promote the repair of the damaged DNA (61,62). Interestingly, p21-deficient mice 

with a pre-existing mild autoreactive genetic background usually display severe lupus-

like autoimmunity glomerulonephritis and promote T cell overactivation (63,64). 

Notably, the in vivo overexpression of p21 directly in T cells restrained the 

accumulation of effector T subsets (CD4+, CD8+) (62). Exploiting p21-deficient mice 

models with different autoimmune backgrounds may demonstrate contradictory 

results (65). Likewise, decreased POLB activity, a crucial enzyme for the repair of 

damaged DNA, has been linked to SLE. In a pioneering study (66), mice expressing the 

hypomorphic Polb allele developed an SLE-like phenotype as a result of aberrant V(D)J 

recombination and a high frequency of SHM. Anti-p53 antibodies that block p53, a 

crucial DDR effector molecule that regulates DNA repair and cell cycle arrest, and 

other autoantibodies related to DNA repair components (APEX1, AURKA, POLB, AGO1, 

HMGB1, IFIT5, MAPKAPK3, PADI4, RGS3, SRP19, UBE2S and VRK1) have been found in 
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the serum of SLE patients (67,68). Of note, DSBs and deficiencies in DDR molecules, 

such as ATM, NBS1, MRE11A and also p53, have been observed in rheumatoid arthritis 

(RA) patients (69). Screening in the serum of patients suffering from autoimmune 

rheumatic diseases revealed autoantibodies against the DNA repair proteins WRN and 

MRE11A, as well as against the critical DDR regulators Ku, DNA-dependent protein 

kinase catalytic subunit and poly(ADP-ribose) polymerase (70). Collectively, these 

studies have provided sufficient data for the involvement of the DDR in the 

pathophysiology of autoimmune diseases. 

 

DNA Damage Response in the Adaptive Arm of the Immune System 

Linking T Cell DDR with Autoimmunity 

T cells and subsets such as helper (CD4+), cytotoxic (CD8+) and regulatory T cells 

(Tregs) have unique functions that shape the immune response. Dysfunctions in any T 

subset or the presence of autoreactive T cells have been broadly documented either 

as causal or causative in autoimmunity. As mentioned above, in developing T-

lymphocytes DDR events operate during V(D)J recombination to generate T-cell 

receptor diversity (TCR) in order to recognize antigens. How the DDR normally 

regulates this process has been extensively discussed by Bednarski et al. (23). 

However, how can defects in the DDR be implicated in aberrant T cell-mediated 

responses in autoimmunity? 

To this end, McNally et al. (71) demonstrated that antigen-activated mouse and 

human T cells in healthy conditions, as well as T cells in the autoimmune disease 

hemophagocytic lymphohistiocytosis (HLH), exhibit an increased DDR as shown by the 

elevated levels of classic DDR regulators γH2AX, phospho-p53 (Ser15, Ser46), 

phospho-ATM (Ser1981), phopsho-CHK2 (T68) and phospho-CHK1 (Ser345). The 

inhibition of key DDR molecules that regulate the cell cycle, such as CHK1/2 or WEE1, 

and MDM2, resulted in the selective apoptosis of the pathogenic activated T cells in a 

HLH murine model, being the CD8+ T cells, and in a multiple sclerosis (MS) murine 

model (such as EAE), being the CD4+ T cells. This DDR perturbation, termed as PPCA 

(“p53 potentiation with checkpoint abrogation”), is accomplished though the 

suppression of the cell cycle checkpoint and the increase in p53 activity, which does 

not allow the restoration of the damaged cells and leads their apoptosis. The proposed 
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strategy by the authors does not affect other critical and immunomodulatory T cell 

subsets, such as naïve, Tregs and resting memory. Therefore, the authors present a 

potential therapeutic strategy in autoimmunity that targets only the pathogenic 

activated T cells. In a study published later (72), activated CD4+ T cells restored 

induced DNA damage compared to resting CD4+ T cells, where the unrepaired damage 

resulted in cell apoptosis, concluding that DDR/repair is defective in resting CD4+ T 

cells. The authors also provided evidence that DNA damage sensors (i.e., γΗ2ΑΧ, 

p53BP1) fail to accumulate at the damaged foci in resting CD4+ T cells, hampering the 

transduction of the DDR signal towards the repair mechanisms and resulting in 

apoptosis. Of note, the induced apoptosis relied on JNK/p73 pathway activation (and 

not on p53 pathway), suggesting an interplay between the DDR and other pathways 

to shape the cell fate. Resting T cells are non-proliferating, suggesting that the 

defective DDR is independent of genomic instability due to replication stress. It would 

be of interest to demonstrate how DDR deficiencies in resting CD4+ T cells affect cell 

properties with regards to cell differentiation, cytokines secretion and cell 

communication, and whether they contribute to autoimmune diseases, in order to 

provide more insights into autoimmune disease pathogenesis and treatment. 

Moreover, CD4+ and CD8+ T cells displayed increased DSBs in SLE patients when 

compared with healthy controls and RA (73), as assessed with γH2AX expression 

levels, which correlated with disease activity. When these cells were subjected to 

oxidative stress through hydrogen peroxide (H2O2) administration, the accumulated 

DNA damage was higher in SLE compared to the healthy controls, suggesting defects 

in the DNA repair mechanisms. Nevertheless, the unanswered questions that arise are 

as follows: Which is the underlying DDR mechanism that leads to the observed 

phenotype in SLE T cells? Does this mechanism drive cell behavior in SLE? 

The DDR in T cells has also been associated with the cells’ DNA methylation patterns 

in the context of autoimmunity. For example, in SLE, T cells exhibit DNA 

demethylation, which correlates with T cell autoreactivity. Li et al. (74) showed that 

the increased expression of growth arrest and DNA damage-induced 45α (GADD45A) 

gene in CD4+ T cells contributes to autoimmunity in SLE by promoting DNA 

demethylation of CD11a and CD70, and autoreactivity. The expression levels were 

proportional to the disease activity. This phenomenon was exaggerated upon UV-
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induced DNA damage. The silencing of GADD45A resulted in increased DNA 

methylation of autoimmune-related genes, following a reduction in T cell 

autoreactivity. However, in another study (75), T cells were more prone to 

overactivation in mice lacking the Gadd45a gene. These mice also developed a 

systemic autoimmune condition resembling SLE. This discrepancy might be due to the 

congenital Gadd45a deficiency in the mouse model, which affects more cells than T 

cells, suggesting a more complex than anticipated signaling triggered by the DDR 

deficiency in various cells that affect the cell responses. Despite this, these articles are 

in agreement that GADD45A appears to be a key player in autoimmunity. Examining 

its expression in various cell subsets in large cohorts of autoimmune patients, and 

further investigating its mechanistic importance in mouse models of both induced and 

spontaneous autoimmunity, may shed light on the controversial evidence and 

establish the role of GADD45A in autoimmunity. Moreover, the mechanisms by which 

GADD45A may affect different organs’ homeostasis and whether it is involved in 

organ-specific autoimmune diseases remain to be elucidated. 

Additional research has implicated defective DDR with genomic instability and T cell 

function in RA. T cells in RA accumulate increased levels of DNA lesions and resist the 

cell cycle and repair machinery to become either hyperactive or apoptotic. Yang et al. 

(76) demonstrated that naïve CD4+ T cells in RA fail to activate ATM due to deficiencies 

in ROS production. This prevents the cells from entering the G2/M critical cell cycle 

checkpoint that allows the repair of damaged DNA, and thus promotes their 

differentiation into inflammatory effector cells (Th1 and Th17). The induction of ROS 

production activated efficiently the ATM pathway and decreased the cells’ 

immunogenicity.  

Similar to CD4+ and CD8+ T cells, the DDR mechanisms in Tregs are receiving increased 

attention since these cells have a pivotal role in the tumor microenvironment where 

DNA damage usually precedes, and in preventing autoimmunity where the DDR’s role 

is currently emerging. In a recent study from our team (77), the transcriptomic analysis 

of Tregs in MS, SLE and RA patients revealed elevated expression levels of DDR-related 

genes as H2AFx, TP53, CHK2 and TP53BP1. The aberrant DDR was confirmed in an 

experimental mouse model (EAE) of MS by the increased levels of phospho-ATM 

(Ser1981), p53BP1 and γΗ2ΑΧ proteins. This was attributed to mitochondrial oxidative 
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stress through the production of mitochondrial (mt) ROS, resulting in cell death, 

accounting for the decreased numbers of Tregs found in the periphery of the 

autoimmune patients. Of note, Treg-specific scavenging of mtROS in vivo restrained 

the DDR, reduced apoptosis, and diminished the autoimmune responses. These 

findings assess Treg functions in autoimmunity with regards to oxidative stress and 

DDR, and could enable advances in immunotherapy. However, whether the aberrant 

DDR in Tregs detected in the aforementioned MS, RA and SLE patients is equally 

important and contributes to all aspects of disease pathogenesis, remains under 

question. Exploiting autoimmune models for these diseases that allow Treg-specific 

scavenging of the examined pathways and investigation of the overall disease 

progress, will strengthen the significance of the results. Also, considering the 

instrumental role of Tregs not only in autoimmunity, but also in cancer and immune 

homeostasis, unraveling the involved DDR mechanisms may provide novel insights 

into the disturbance of immune tolerance mechanisms in health and disease. 

Collectively, these studies indicate that T cells exhibit an aberrant DDR in various 

autoimmune responses. This aberrant DDR may be directly associated with other 

deregulated processes that are important for cellular homeostasis, such as metabolic 

processes. The exact circumstances for the observed DDR manifestations and the 

differential roles of DDR in autoimmunity remain to be defined. 

 

Linking B Cell DDR with Autoimmunity 

The DDR events are also essential under physiological settings for the development 

and the cell-type specific processes of B cells. Even a slight error, during these highly 

coordinated and programmed processes, may lead to the aberrant DDR compromising 

the immune responses. Since B cells produce antibodies, and autoantibodies against 

the DDR/repair molecules have been reported in autoimmune conditions, they are 

positioned as the obvious suspects for the imbalanced relationship between the DDR 

and immune response. However, to date, the literature examining the DDR 

aberrancies in B cells in autoimmunity is limited. 

The B cells from systemic autoimmune rheumatic disease (SARD) patients may 

generate autoantibodies against DDR-related proteins, suggesting that B cells respond 

to quiescent or lasting DNA damage preceding or during the development of overt 
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disease. These autoantibodies are directed against Ku, MRE11A, PARP, WRN, p53, 

PMS1, PMS2, MLH1, and other nuclear proteins that are implicated in the DDR, and 

their deregulated expression levels have been associated with defective DNA repair 

(70,78,79). Other autoantibodies, such as 3E10 found in SLE, affect the DDR by binding 

to DNA and inhibiting DNA repair. It has been proposed that the toxic effect of 3E10 

on DNA is achieved when the cell is predisposed in a DNA-damaging environment (80), 

indicating that cells in autoimmune conditions such as lupus may be already prone to 

DNA damage by factors unknown so far, and the generation of DNA-damaging 

antibodies further exacerbates the preexisting deregulated DDR. 

Mutations that lead to the decreased expression of the DDR-associated gene POLB, 

identified in a GWAS, have been associated with SLE (81,82). POLB is a DNA 

polymerase with a critical role in the BER pathway, therefore constituting an 

important mediator of the DDR outcome. Researchers generated a mouse model 

expressing the hypomorphic Polb allele, and highlighted that decreased Polb 

expression leads to SLE (60). In particular, the mice displayed multiorgan symptoms of 

SLE, following the altered V(D)J recombination of B cell receptors (whereas no 

significant differences were detected in T cells) and increased SHM occurring in the 

later stages of B cell development within the germinal center (GC). Of note, both the 

B and T (follicular T helper) cells of GCs were increased in this mouse model, with CD4+ 

T cells being mostly apoptotic. This study provides robust evidence that expression 

derangement of DDR-associated genes involved mainly in B cell physiology can be 

associated with autoimmune phenotypes. Although the researchers have focused 

mostly on B cell properties, and less on T cells, more cells are affected by the 

decreased Polb expression. Therefore, it would be of interest to investigate additional 

cell populations affected by Polb deficiency, the effects on cell communication and 

their contribution to the observed autoimmune phenotype. Furthermore, since POLB 

appears to be an important regulator of immune responses, it would be intriguing to 

extend its investigation beyond the systemic autoimmune phenotype and examine 

the implications for distinct organs’ pathologies, therefore extrapolating its role to 

more autoimmune disorders. 

In another recent study (83) with mechanistic insights, the differential expression of 

DDR-related genes in naïve B cells was sufficient to differentiate a subgroup of 
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patients with RA with erosive disease from patients with a milder disease. In 

particular, this group demonstrated low expression of ATM, MRE11A and NBS1 genes 

of the ATM-related repair cascade of DSBs. Decreased ATM function and activation 

was associated with a limited BCR repertoire, an increased number of atypical B cells 

(CD21-/low), and the secretion of pro-osteoclastogenic RANKL and IL-6 cytokines. A 

loss of ATM expression has also been implicated with defects in the innate immune 

system enabling bacterial infections (84). 

Using B lymphoblastoid cell lines from SLE patients, other studies report limited DNA 

repair inefficiency with regards to the DSBs repair process (85). In particular, half of 

the patients exhibited DDR defects, as shown by comet and colony survival assays 

after DNA damage inducing irradiation, suggesting that the repair mechanisms of 

damaged DNA are ineffective. Although in this study the authors demonstrate an 

association of defective DDR with an autoimmune disease, no specific DDR signaling 

pathway was described. To this end, transcriptomic analysis in several B subsets (rN: 

resting naïve, T3: transitional 3, aN: activated naïve, SM: isotype-switched memory 

and DN2: double negative) from SLE patients compared to healthy controls identified 

deregulated DDR pathways, such as the p53 signaling being positively enriched in all 

of the SLE B cells and the G2/M cell cycle checkpoint being upregulated in all of the 

subsets, except for DN2 B cells where it was downregulated (13). DN2 B cells, which is 

a distinct population of isotype-switched cells, are enriched in SLE patients, and it has 

been proposed that they may contribute to SLE pathogenesis (86). These data uncover 

an overall DDR deregulation across the B cell hierarchy and differentiation. Whether 

this deregulation affects all of the B subsets equally, and how the relationships 

between the differentially or similarly DDR-affected subsets may exaggerate B cell 

dysfunctions in SLE, remain to be addressed. Overall, these studies report the aberrant 

DDR outcomes to be differentially associated with many aspects of the B cell 

developmental processes and functions in autoimmunity, and they underscore the key 

involvement of the DDR in the underlying pathophysiology of autoimmune diseases.  

In summary, the aberrant DDR beyond the physiological processes of lymphocytes 

development have been documented in both T and B cells in autoimmunity (Fig. 6). 

Since these cells are essential components of the immune response, these studies put 
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the DDR forward for further investigation of the pathogenesis of autoimmune 

diseases. 

 

 

 

Figure 6. DDR in T and B cells in autoimmune conditions. In autoimmunity, both T and B cells 

display various defects in DDR molecules, which have been associated with abnormal cellular 

functions. In autoimmunity, T cells display aberrant expression of DDR genes and proteins, 

and oxidative stress, which have been associated with alterations in cells’ differentiation into 

immunogenic subsets and/or increased apoptosis (marked with red color). B cells’ defects in 

DDR have been associated with aberrancies in V(D)J recombination, SHM, subsets formation 

and cytokines secretion (marked with red color). In addition, B cells in autoimmunity produce 

autoantibodies that may enter nucleus and affect DDR (marked with orange color). DDR: DNA 

damage response; HLH: hemophagocytic lymphohistiocytosis; MS: multiple sclerosis; SLE: 

systemic lupus erythematosus; RA: rheumatoid arthritis; TFH: T follicular helper; GC: germinal 

center; ROS: reactive oxygen species; mtROS: mitochondrial reactive oxygen species; Tregs: 

regulatory T cells; SHM: somatic hypermutation; BCR: B-cell receptor. Adopted by Manolakou 

et al. (31). 

 

Aberrant DDR in Innate Cells May Exacerbate Aberrant Immune Responses in 

Adaptive Cells: The Case of Dendritic Cells (DCs) 

The generation of an immune response relies on stepwise processes among the 

involved cell populations. Since the innate immune response precedes the adaptive 

immune response, it is crucial to discuss, the predominant innate cell component that 
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primes adaptive immune cell functions, being the antigen-presenting (APC) dendritic 

cells (DCs). The DCs interact and stimulate antigen-specific T cells, which, accordingly, 

activate B cells. Consequently, a putative dysfunctional DC, due to aberrancies at its 

DDR mechanisms, could have an escalating impact throughout the adaptive immune 

response. 

In this direction, researchers have identified the DCs from Nlrp3-/- and Caspase 1-/- 

mice to exhibit reduced levels of DNA damage and p53-induced apoptosis as a result 

of effective DNA repair mechanisms, following exposure to DNA-damaging agents 

such as oxidative H2O2 and genotoxic MSU crystals (87). Of note, high expression 

levels of Nlrp3 and Caspase 1 have been associated with a plethora of autoimmune 

diseases (88,89). Therefore, these data imply that the DCs may require decreased 

Nlrp3 and Caspase 1 expression levels to have an efficient DDR, yet many autoimmune 

patients are characterized by increased levels and, accordingly, they may undergo a 

defective DDR. In brief, the inflammation caused by NLRP3/Caspase 1 activation may 

fuel the DDR in DCs, which in turn exhibit increased immunogenicity. Moreover, the 

DCs, following the inhibition of the key DDR orchestrator ATM, either genetically or 

pharmaceutically display delayed maturation, reduced T-cell activation and increased 

apoptosis, suggesting that ATM is critically involved in their development and 

functions (90). A loss of ATM function has been implicated in severe autoimmune 

conditions (83). In this study, ATM function is considered as DNA damage-

independent, since DNA damage levels were not reported, suggesting that the DCs 

might have not been subjected to actual DNA damage. Collectively, these studies 

document the regulatory function of the DDR or DDR-related molecules on the DCs 

development; however, they do not provide direct indications for the effects on the 

subsequent cell interactions within the adaptive immune branch. 

The DC-T cells interactions are followed by the synergy between T and B cells, which 

is essential for the development of appropriate antibodies and the efficiency of 

adaptive immune response. Defects in their interaction may lead to autoimmune 

responses (91). Should one of these contributors transmit defective signals to the 

other due to the aberrant DDR issues, the DDR’s defective outcome is propagated 

through various pathways and cells, and may result in dire consequences in later 

states, in a cascade-like fashion. For example, in RA patients there is a PD-1hiCXCR5-
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Bcl6low T peripheral helper (TPH) cell population that infiltrates inflamed synovia and 

is involved in the priming of B cell responses (92). Notably, p53 is able to suppress the 

CHCR5 chemokine receptor through the inhibition of NF-kB activity and BCL6, rein-

forcing the DDR (93,94). Thus, the DDR in T cells may both affect their responses and 

determine the B cell response. This may explain why depletion therapies of a single-

cell population (i.e., B cell depletion therapies) may not be sufficient for a robust 

therapeutic response. To that end, further research is required to decipher the DDR-

dependent mechanisms of crosstalk among DCs, T and B cells. 

 

The Role of DDR in Other Cells of the Adaptive Immunity: NK Cells, γδ Τ and NKT 

Cells 

The NK, γδ T and NKT cells represent a bridge between the innate and adaptive 

responses (95,96) since they are of lymphocytic lineage with innate features. Their 

involvement in autoimmune diseases has been described both as disease-controlling 

and disease-promoting (97–99). NK cells have germline-encoded antigen receptors, 

and therefore they do not undergo V(D)J recombination, whereas γδ T and NKT cells 

express TCRs derived from V(D)J recombination. All three of the subsets influence T 

and B cells and their effector actions. 

A normal DDR is important for the development of NK cells, and RAG enzymes’ 

functions are involved in DDR outcomes (100). Of note, RAG enzymes (RAG1 and 

RAG2) have been initially studied for their critical involvement in V(D)J recombination 

by introducing DNA DSBs (101,102). Notwithstanding, the researchers studied NK cells 

that do not undergo V(D)J recombination and revealed an additional DDR role for the 

RAG enzymes with regards to NK cells’ expansion, survival and responses. More 

specifically, RAG deficiency in murine NK cells displayed increased γH2AX levels at 

steady-state, and was associated with an impaired DDR characterized by DNA-PKcs, 

Ku80, Chk2 and ATM reduced gene expression. Importantly, RAG deficiencies 

(RAG1/RAG2) have been associated with autoimmunity (103,104) suggesting that the 

aforementioned DDR outcomes may be implicated in the pathogenesis of 

autoimmune diseases.  

Another DDR-related molecule that is crucial for NK cells’ functions, and also for γδ T, 

NKT and several T cell subsets, is the NKG2D receptor whose ligands are modulated 
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by ATM/ATR DDR signaling (105,106). The NKG2D receptor and ligands have been 

implicated in numerous autoimmune diseases (107–113), since their aberrant 

expression may lead to the activation of autoreactive effector cells and trigger 

autoimmune responses. A role of the DDR in the NKG2D receptor and ligands’ 

deregulated functions has not been clearly reported in autoimmune diseases. Yet, 

human and mouse data in the context of cancer (106) suggest that NKG2D ligand 

overexpression detected in tumor cells may be due to chronic activation of the DDR 

in order to trigger the immune system. Finally, Swann et al. (114) reported that NKT 

cells exhibited a tumor-suppressive role in cancer caused by the p53 deficiency in 

mice, implying a link of NKT modulatory functions in concert with DDR mechanisms. 

Taken together, these studies support the contribution of the DDR to NK, γδ T and NKT 

cells’ immune responses, adding a layer of complexity that involves various immune 

cell populations being affected by the DDR components. However, a direct causative 

link of this contribution to the pathophysiology of autoimmune diseases remains to 

be established. 

 

DDR and Cytokines in Autoimmunity 

DDR May Lead to Exaggerated Cytokine Production and Promote Autoimmune 

Inflammation  

Cells produce cytokines that orchestrate all facets of an immune response. In 

particular, cytokine production allows the communication among cells, and regulates 

the development and activities of particular cell populations. Pro-inflammatory 

cytokines contribute to the pathogenesis of autoimmune diseases. Interestingly, the 

production of pro-inflammatory cytokines, such as IL-6, TNF-α, IFN-γ, has been 

associated with genome instability following the DDR (115). These cytokines are 

secreted by a wide range of cell types, including T and B lymphocytes.  

In the case of IL-6, Rodier and colleagues (39) demonstrated in vitro that the IL-6 

response required the persistent activation of the DDR signaling though the DDR 

proteins ATM, CHK2 and NBS1 (NBS1 expression is usually required for optimal ATM 

activity). Although, in this study, researchers used mainly fibroblasts, IL-6 is also 

produced by adaptive immune cells (i.e., B cells) and is essential for the maturation of 

B cells into antibody-producing cells. In other words, the DDR occurring either in B 
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cells per se or in other cells that interact with B cells (such as T cells), may increase IL-

6 secretion, which stimulates autoantibody production leading to autoimmune 

disease. 

 

Cell Free DNA may Induce Cytokine Production 

Cell-free DNA from apoptotic cancer cells integrates into the genome of neighboring 

healthy cells to induce cytokine production (such as IL-6, TNF-α and IFN-γ), suggesting 

that the aberrant DDR and inflammatory response are closely linked pathologies 

(115,116). In a physiological context, extracellular DNA does not drive genome 

instability as long as (a) its degradation is fast and (b) it does not integrate into the 

genome. In general, foreign DNA can integrate into the genome by either exploiting 

sequence homology-dependent means or by performing illegitimate integration via 

homology-independent processes (117). However, the involved mechanisms that 

drive the integration into a specific cell are unclear. Nevertheless, either the 

integration being homology-dependent or -independent, the involved machineries 

require adjustments to the cell cycle employing the DDR system. Interestingly, high 

levels of cell-free DNA have been reported in autoimmune diseases, such as SLE, 

probably due to defective clearance (118,119). Since, among the immune cell 

populations, T and B cells display extremely rapid division rates deviating from regular 

cell cycle checkpoints, they become susceptible to genome instability, facilitating DNA 

integration into these cells. Therefore, the release of cytokines observed in 

autoimmune conditions could be associated with the genome instability of T and B 

cells, caused from the integration of the cell-free DNA into their genome. Thus, the 

aforementioned aberrancy may follow the defective extracellular DNA clearance seen 

in autoimmune diseases. 

Overall, these studies indicate that the DDR contributes to excessive cytokine release, 

promoting immune responses towards autoimmunity. Yet, the involvement of 

particular adaptive immune cells and the DDR signal have not been characterized thus 

far. Nevertheless, future studies in this field may offer knowledge with tremendous 

impact on autoimmunity, considering the plethora of cytokines already targeted in the 

clinic to treat patients with autoimmune diseases (120,121). 
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Therapeutic Manipulation of DDR in Autoimmunity 

Lessons Learnt from Cancer 

Genomic instability and DDR deregulation have been extensively investigated in 

cancer, where they have been linked to tumorigenesis. The development of DDR-

targeted drugs in cancer, either genotoxic or against proteins, aims to attenuate the 

DNA repair ability of the tumor cells in order to facilitate radiotherapy to eliminate the 

tumor cells, or to promote synthetic sensitivity or lethality (SSL). In particular, 

synthetic sensitivity diminishes cell divisions, which, when accompanied with 

additional therapeutic agents such as cytotoxic drugs, may result in cell death. 

Olaparib (122) is an FDA-approved PARP inhibitor developed in BRCA1/2-defective 

cells. PARPs are enzymes that sense the DNA damage and contribute to the activation 

of repair pathways. Their inhibition results in the accumulation of DSBs, which are 

supposed to be repaired by the HR repair pathway. In cells with BRCA1/2 gene defects, 

as in the case of ovarian cancers, HR signaling is deficient, and therefore the cells end 

in cycle arrest and reduced cell viability via synthetic lethality (123). 

Pearl at al. (124) have performed an extensive systematic computational analysis to 

identify direct druggable opportunities in the DDR protein components exploiting 

large-scale genomic and expression data for 15 cancers, and they discovered possible 

targets for all of the major DDR pathways. It is important to note that the DDR-based 

therapeutic strategies do not directly affect the DNA structure and, therefore, they 

are considered to be nongenotoxic to the patients. Of note, among the characterized 

current drugs or novel targets, there are the DDR proteins whose deregulation is also 

implicated with autoimmune diseases, such as CHK1, p53, PARP, MRE11A, ATM.  

 

DDR Targeting in Autoimmune Diseases 

In this context, the question that arises is how these targets could be modulated 

therapeutically in autoimmune diseases. One approach may be to inhibit their 

expression in pathogenic cells (e.g., antibody-producing B cells in SLE) and test 

whether this restrains their pathogenic phenotype. Nonetheless, many of these DDR 

targets have been found downregulated (instead of upregulated as in the case of 

many cancers) in autoimmune conditions, suggesting that the suppression instead of 

the upregulation of their expression may be harmful. Yet, this downregulation is 
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usually observed either in the mRNA or the total protein’s levels and does not always 

mirror the active form (e.g., phosphorylated proteins) of the protein, since most 

studies have documented numerous phosphorylated DDR-involved proteins 

overexpressed in autoimmunity. In particular, DDR signaling and outcome is 

transduced and determined by a series of successive post-translational modifications 

of the involved molecules. It is likely that there is a negative regulatory loop for the 

expression of such genes. Targeting the active instead of the inactive DDR proteins 

could be a reasonable approach.  

A DDR-based therapy to suppress the immune response in antigen-activated T cells in 

the human autoimmune diseases HLH and MS has been proposed by McNally (71). 

After the screening of DDR-altering small-molecule compounds, they provided 

evidence in vivo and in vitro that a combination of therapeutic strategies enhancing 

the p53 DDR pathway (via targeting MDM2) and attenuating the cell cycle checkpoints 

(via targeting CHK1 or WEE1) results in the selective elimination of pathological T cells 

and the treatment of the autoimmune murine models. 

In a more forward approach, radiation therapy, which is broadly used for cancer 

treatment to eliminate cancer cells and enhance the efficiency of other 

immunotherapies, could be exploited, at lower levels than the one used in cancer, in 

autoimmunity for the manipulation of the cells’ immunogenicity. More specifically, it 

has been recently shown that radiation therapy may induce TREX1 activity to degrade 

the accumulated DNA in the pathogenic cells and reduce their immunogenicity (125). 

Since (a) B and T cells are more sensitive to irradiation; (b) TREX1 activity is decreased 

in various autoimmune conditions; and (c) B and T cells’ immunogenicity is a key 

contributor to the autoimmunity, researchers could tackle the question whether low-

dose irradiation could be exploited to ameliorate autoimmunity. 

In light of these developments, I speculate that in the near future selective aspects of 

autoimmunity may be exploited for anti-tumor therapies. In this direction, the 

existence of autoantibodies that penetrate into the cell nuclei and threaten the 

genome integrity and cell viability, has been well documented during the last years 

(79). For example, autoantibodies, such as 3E10, may have the ability to selectively 

damage and affect the DDR of the cells that are susceptible to genome aberrations. 

How these autoantibodies contribute to SLE pathogenesis is not clearly understood. It 
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is possible that they exaggerate the inflammation and the production of other 

autoantibodies following the signaling perturbation they provoke into the cell by 

binding to DNA. It is therefore expected that SLE patients have an increased risk of 

certain types of cancer (126–129). Accordingly, this type of cell-penetrating 

autoantibody that damages DNA may have a therapeutic potential against cancer 

(130). Specifically, since these autoantibodies do not appear to affect healthy cells, 

but only those that are predisposed to DDR defects, they could be exploited for (a) the 

selective elimination of tumor cells and (b) the treatment of immunogenic cells in the 

context of autoimmunity that demonstrate DDR defects, as in the case of adaptive cell 

subsets, by transporting molecules able to restore the cellular properties (131). 

In summary, targeting the DDR aberrations in autoimmunity could be accomplished 

within the following frames: (a) targeting the DDR molecules with abnormal 

expression in specific cell populations, where DDR plays a role beyond the 

physiological cellular functions resulting in the formation of immunogenic cells; and 

(b) since the DDR per se is critical for the cell survival and expansion, targeting the DDR 

in immunogenic cell populations—even if the DDR has not been associated with the 

cell’s unfavorable functions—in order to eliminate the pathogenic cells. Since the 

adaptive immunity is a fundamental driver of autoimmunity, targeting selective 

adaptive immune cell types could result in improved therapeutic outcomes in the 

treatment of autoimmune diseases. The use of cell-penetrating antibodies that may 

transport therapeutic agents into the damaged cells, may also hold a therapeutic 

potential in autoimmunity. In this direction, there is an emerging need for developing 

suitable animal models that reliably reflect the pathogenesis of autoimmune diseases 

and allow the preclinical experimentation of cell-based therapeutic strategies. 

 

Multiomics: Transcriptomics and Proteomics 

The protein-coding genes are transcribed to RNA, further processed to mRNA and 

finally translated into proteins which usually require additional modifications (i.e., 

post-translational) to become fully functionable. Interestingly, even the non-protein 

coding genes, which account for the majority of the genome, generate RNA although 

not translated into protein (132). The central dogma of biology viewed RNA as a 

molecular intermediate between DNA and proteins, which are considered the primary 
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functional read-out of DNA. However, omics studies in the past decade have shown 

that while only ~3% of the genome encodes proteins, up to 80% of the genome is 

transcribed (133).  

The total of RNA molecules, coding and noncoding, constitutes the transcriptome 

while the complete set of proteins expressed by an organism constitutes the 

proteome. The proteome is an expression of an organism's genome. The 

transcriptome is examined with transcriptomics, a set of high-throughput genomic 

methods giving information on sequence and abundance of transcripts. The proteome 

is investigated with proteomics, a set of techniques developed to approach a high-

throughput level providing identification of peptide abundance, modification, and 

interaction. The analysis and quantification of proteins has been revolutionized by MS-

based methods and, recently, these have been adapted for high-throughput analyses 

of thousands of proteins in cells or body fluids. Moreover, transcriptomic studies 

(RNA-Seq) identify thousands of novel isoforms and showing a larger than previously 

appreciated complexity of the protein-coding transcriptome (134). Transcriptomics 

and proteomics provide unique information and supplement each other, while 

changes in transcript levels may not necessarily correspond to similar changes in 

protein levels (135). Omics technologies have begun to unveil the complex molecular 

networks involved in human pathologies towards understanding development and 

disease. In this direction, Panousis et al. (136) have made an exceptional contribution 

to the field by performing whole-blood RNA-seq analysis in 142 individuals with SLE 

and 58 healthy controls and identifying a disease-susceptibility signature that may 

facilitate personalized care. 

 

 

 

 

 

 

 



36 
 

AIM OF THE STUDY 
 

SLE patients demonstrate increased levels of DNA damage, defective DNA repair and 

polymorphisms in genes required for maintaining genomic stability. Effective DNA 

damage response is crucial for the generation of antibodies by B cells while excessive 

production of autoantibodies is a universal feature of the disease. However, the 

contribution of DNA damage response (DDR) signaling in pathogenic cell responses 

involved in SLE remains elusive. 

Herein, by the use of transcriptomic, proteomic, microscopy, flow cytometry and ex 

vivo studies, I sought to characterize the DDR profile in peripheral cell populations, 

focusing on the most pathogenic population of SLE, B cells. More specifically, the main 

goals of this study are: a) to identify the DDR pathway involved in B cell autoreactive 

responses in SLE; b) to decipher how this pathway may be affected by the pathogenic 

SLE landscape and, finally; c) to investigate whether specific targeting of DDR 

components may alleviate the pathogenic phenotype of B cells representing a 

potential therapeutic target in SLE. 

Noting how critical DDR deregulation may be for SLE pathogenesis, in parallel 

experiments disease-involved tissues, such as the skin, were analyzed with regards to 

DDR to understand the molecular events underlying tissue injury and response. 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

MATERIALS AND METHODS 
 

Human Subjects  

Peripheral blood samples were obtained from patients with SLE (n=51, classified by 

the 1997 American College of Rheumatology criteria (137)) and healthy controls (HC, 

n=103). Skin biopsies were obtained from 2 HC and 3 SLE individuals. At the time of 

sampling, all patients had moderate to high disease activity (SLEDAI ≥ 8,) and, in the 

vast majority, had not received cytotoxic drugs 6 months prior to donation. All patients 

and healthy individuals were recruited through the Rheumatology and Clinical 

Immunology Unit, 4th Department of Internal Medicine, “Attikon” University Hospital 

and the Department of Rheumatology, "Asklepieion" General Hospital (both in 

Athens, Greece). Informed consent was obtained from all individuals prior to sample 

collection (Athens, Greece, protocol 10/22-6-2017). All patients omitted any 

treatment dose for at least 24h prior to blood drawing. To exclude a non-specific effect 

of the inflammatory milieu, I used peripheral blood samples from patients with 

ankylosing spondylitis (AS) (n=4) as additional controls, because they show evidence 

of broad inflammatory response, but without pathogenic B cell responses and 

production of autoantibodies. Tables 1, 2, 3 and 4 include the demographics of all the 

human samples used. 

 

Animal Studies  

All procedures in mice were in accordance with institutional guidelines and were 

reviewed and approved by the Greek Federal Veterinary Office (1044/1319) (Athens, 

Greece). New Zealand black-female x New Zealand white-male F1 mice (i.e., NZB/W-

F1) spontaneously develop an autoimmune syndrome resembling human SLE (138). 

NZB (NZB/OlaHsd) and NZW (NZW/OlaHsd) mice were purchased from Envigo. 

NZB/W-F1 were considered diseased when exhibiting ≥100 ng/dL of urine protein 

(following 6 months of life), and pre-diseased at 10 weeks old. The animals were 

maintained in the Biomedical Research Foundation Academy of Athens (BRFAA) 

animal facility. All NZB/W-F1 mice used in the experiments were female. Mice were 

housed 6 per cage in a temperature- (21-23oC) and humidity- controlled colony room, 

maintained on a 12h light/dark cycle (07:00 to 19:00 light on), with standard food 
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(4RF21, Mucedola Srl, Italy) and water provided ad libitum. All mice in the animal 

facility were screened regularly by a health-monitoring program, in accordance to the 

Federation of European Laboratory Animal Science Association (FELASA), and were 

free of pathogens (139). 

 

Proteomics 

Sample preparation 

B cells were isolated simultaneously (to avoid batch effects) from frozen peripheral 

blood mononuclear cells (PBMCs) of SLE patients and HC (n=11/condition) with 

EasySep™ Human B Cell Isolation Kit (Cat. #17954, STEMCELL) following DNase 

treatment according to the guidelines of EasySep. The purified cell population was 

subjected to complete cell lysis using a buffer consisting of 4% SDS, 100 mm Tris/HCl, 

100 mm DTT, pH 7.6 and incubated at 95 °C for 5 min. The lysed samples were further 

sonicated for 30 min in a water bath. The protein extracts were purified from debris 

by centrifugation for 20 minutes at 17Kxg. The supernatants were transferred to clean 

tubes and processed according to the Single-Pot Solid-Phase-enhanced Sample 

Preparation (SP3) method of Hughes (140), without acidification and including a step 

of protein alkylation in 100 mM Iodoacetamide.  Digestion was carried out for 

continuous shaking at 1400 rpm at 37 °C using 0.25 μg Trypsin/LysC mixture in a 25 

mM ammonium bicarbonate buffer. Next day, the magnetic beads were removed and 

the peptidic samples were further purified by Sp3 peptide cleanup and evaporated to 

dryness in a vacuum centrifuge. The dried samples were solubilized in Buffer A, 

sonicated for 5 minutes and the peptide concentration was determined by measuring 

the absorbance at 280 nm using a nanodrop. 

 

Ultrahigh pressure nanoLC 

Each sample was analyzed three times (technical replicates). Approximately 0.5 μg 

peptides were pre-concentrated with a flow of 10 μL/min for 4 min using a C18 trap 

column (Acclaim PepMap100, 100 μm x 2 cm, Thermo Scientific) and then loaded onto 

a 50 cm long C18 column (75 μm ID, particle size 2 μm, 100Å, Acclaim PepMap100 

RSLC, Thermo Scientific). The binary pumps of the HPLC (RSLCnano, Thermo Scientific) 
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consisted of Solution A (2% (v/v) ACN in 0.1% (v/v) formic acid) and Solution B (80% 

(v/v) ACN in 0.1% (v/v) formic acid). The peptides were separated using a linear 

gradient starting with 5% B up to 27.5% B in 58 min stepped to 40% B in 2 min and 

finally reaching 99%B and remaining there for 5 min and then allowed to equilibrate 

for 20 minutes with a flow rate of 300 nL/min. The column was placed in an oven 

operating at 50°C. 

 

Tandem mass spectrometry (MS/MS)  

The eluted peptides were ionized by a nanospray source and detected by an Q Exactive 

HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) operating in a 

data dependent mode (DDA). The peptides were measured from 350-1500 m/z, using 

a resolving power of 120K for MS1, AGC at 3e6, maximum injection time of 100ms, 

followed by 12 MS/MS of the most abundant 2+-4+ charged ions using a resolving 

power of 15K, AGC at 1e5, maximum injection time of 22ms, and an isolation window 

of 1.2 m/z at 28 NCE and a dynamic exclusion of 30s. The software Xcalibur (Thermo 

Fisher Scientific) was used to control the system and acquire the raw files and internal 

calibration was activated using a lock mass of m/z 445.12003. 

 

Data Analysis  

The raw files were searched, using the Proteome Discoverer 2.4, against the Homo 

sapiens reference proteome FASTA database downloaded from Uniprot on 19/09/19 

(containing 95959 protein sequences) and the ProteomeTools_HCD28_PD spectral 

library using the multiple peptide search (MPS) option activated and using serially the 

MSPepSearch and SequestHT nodes. The protein dynamic modifications assessed 

were oxidation +15.995 Da (M), deamidation +0.984 Da (N, Q) and the N-terminal 

variable modifications of acetylation +42.011 Da, Met-loss -131.040 Da (M) and Met-

loss+Acetyl -89.030 Da (M). Carbamidomethyl / +57.021 Da (C) was set as a static 

modification. The result filtered for high confident peptides, with enhanced peptide 

and protein annotations. Only master proteins were evaluated. The quantified 

abundances were based on intensity values and were normalized to the total peptide 

amount. The statistical evaluation between the Control group and SLE Patient protein 

normalized abundances was performed using the Proteome Discoverer software 
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(pairwise background-based t-test). The minimum percentage of replicate features 

was set to 60 %. 4995 proteins identified with at least two peptides.  

 

Enrichment analysis of proteomic data 

A list of 1,094 differentially expressed proteins based on FDR<0.05 and at least 2 

peptides expressed were used as input for the enrichment analysis using STRING(141) 

and QIAGEN IPA (142) (QIAGEN Inc., https://digitalinsights.qiagen.com/IPA) tools. 

FDR<0.05 was used to determine significance for enriched GO and KEGG terms in 

STRING analysis and FDR<0.2 to determine significance for enriched Canonical 

Pathways in IPA analysis.  

 

RNA-Seq 

Published data in fastq format were downloaded and processed as reported below 

(13,136). Quality of sequencing was assessed using FastQC software (143). Raw reads 

in fastq format were collected, trimmed for adapter content and low quality bases 

(Q<30) at the 3’ end using cutadapt(144) and aligned to the human genome (hg38 

version) using STAR 2.6 algorithm(145). Gene quantification was performed using 

HTSeq(146). Gencode annotation file version 29 was used for the annotation. 

Differential expression analysis was performed using edgeR package in R (147).  For 

the whole blood human dataset, age and gender were used as covariates. 

Enrichment analysis of RNA-Seq data: Gene Set Enrichment Analysis (GSEA)(148) was 

performed in order to reveal enriched signatures in our gene sets based on the 

Molecular Signatures Database (MSigDB) v.7.0. Gene sets were ranked by taking the 

–log10 transform of the p-value multiplied by the FC. Significantly upregulated genes 

were at the top and significantly downregulated genes were at the bottom of the 

ranked list. GSEA pre-ranked analysis was then performed using the default settings. 

Enrichment was considered significant by the GSEA software for FDR (q-value) <25%. 

 

Human Cell Isolation from Peripheral Blood 

Heparinized blood (10ml) was collected from healthy subjects and individuals with 

SLE. PBMCs were isolated on Histopaque-1077 (Sigma) density gradient. Briefly, blood 

was diluted 1:1 with PBS and layered over Histopaque medium. Tubes were 

https://digitalinsights.qiagen.com/IPA
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centrifuged at 500 g for 30 min with no brake at room temperature. PBMCs layer was 

collected and cells were washed with PBS. In the cases neutrophils were needed in 

addition to PBMCs, cells isolation was done on double gradient of Histopaque-

1077/Histopaque-1119 (Sigma). In brief, blood was diluted 1:2 with PBS and layered 

over Histopaque-1077/Histopaque-1119 (1:1). Tubes were centrifuged at 1200 x g for 

30 min with no brake at room temperature. Neutrophils were collected at the 

interface of the Histopaque 1119 and Histopaque 1077 layers and washed with PBS. 

For the isolation of total B cells, EasySep™ Human B Cell Isolation Kit (Cat. #17954, 

STEMCELL) was also used in some experiments (for the proteomics and the cultures 

of cells) following Histopaque-1077 protocol. 

 

Flow Cytometry and Cell Sorting 

For analysis and isolation of immune cells, single-cell suspensions from fresh human 

PBMCs or neutrophils were stained with conjugated antibodies: CD19, CD4, CD8, 

CD25, HLA-DR, CD14, CD16, CD66b (Table 5). All sorted cells were 7-AAD negative (Cat. 

420404, Biolegend). For the intracellular staining (Table 5) (Foxp3, γΗ2ΑΧ, Κi67, pATM, 

cPARP1) cells were fixed and stained using Foxp3 Staining Set (Cat. 00-5523-00, 

eBioscience) according to manufacturer’s instructions. Cells were sorted on a FACS 

ARIA III (BD Biosciences) using the BD FACSDIVA v8.0.1 software (BD Biosciences). For 

analysis of cultured cells following EasySep™ Human B Cell Isolation, cells were stained 

with conjugated antibodies: CD19, CD40, CD80, BAFF, HLA-DR, IgD, CD27, CD38, IgM, 

IgG and for Ki67 (Table 5) intracellular staining as aforementioned. For apoptosis 

detection upon administration of DDR pharmaceutical inhibitors, cultured B cells were 

further stained with CD19 and then with Annexin V (Cat. 640908, Biolegend) with 7-

AAD were used according to manufacturer’s instructions. Analysis was performed with 

FlowJo software. 

For analysis of peripheral B cells from mice, PBMCs were isolated from blood on 

Histopaque-1077 (Sigma) density gradient. Then, PBMCs were stained with 

conjugated antibody against B220/CD45R and γΗ2ΑΧ (ser139). Foxp3 intracellular 

staining kit was used for the staining of γΗ2ΑΧ. Data acquisition was performed on a 

FACS ARIA III (BD Biosciences) and the BD FACSDIVA v8.0.1 software (BD Biosciences). 

Analysis was performed with FlowJo software. 
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Cell cycle assessment  

For the cell cycle analysis via flow cytometry 200,000-500,000 B cells/sample 

(following EasySep™ Human B Cell Isolation from PBMCs) were first stained 

extracellularly with anti-CD19 antibody in 200 μl 5% FBS/PBS buffer for 10 min, RT, to 

ensure B cell purity and then, following washing with PBS cells were fixed and stained 

for Ki67 and γΗ2ΑΧ using Foxp3 Staining Set according to manufacturer’s instructions. 

At the end, cells were stained with 5 μl/sample 7-AAD cellular DNA content marker in 

200 μl 5% FBS/PBS buffer for 15 min, RT, washed with PBS, and then resuspended in 

300 μl 5% FBS/PBS. Cells were analyzed at BD FACSCelesta™ using the BD FACSDIVA 

v8.0.1 software. Linear scale was used for 7-AAD. This method allows the assessment 

of γΗ2ΑΧ expression across apoptosis, G0, G1, S and G2/M phases. For the analysis of 

B cells upon ATRi, B were cultured for 3 days with IFNα (850 U/ml), IL-21 (50 ng/ml) / 

CpGb (2.5 μg/ml) / sCD40L (1 μg/ml) survival and mild proliferation stimuli in the 

presence or absence of ATRi (2 μΜ) or DMSO (control) in P96 round wells (200,000 

cells/well), and then stained and analyzed as mentioned above. 

For the cell cycle analysis via confocal microscopy, B cells were cultured for 45h under 

the following conditions: a) SLE B cells with IL-21/ CpGb/ sCD40L cocktail for survival 

and mild induction of proliferation, as described above, b) HC B cells treated with IFNα 

and IL-21/ CpGb/ sCD40L cocktail (SLE-like B cells) and c) HC B cells with IL-21/ CpGb/ 

sCD40L cocktail (control condition). After 45h of culture, cells were exposed to 

additional 3h of culture with EdU (5 μΜ) to capture cells being in S-phase of the cell 

cycle and then, following EdU wash-off, I proceeded with the Click-iT™ EdU Cell 

Proliferation protocol for Imaging (Cat. C10337, Thermo Fisher Scientific) along with 

simultaneous staining of pH3 (1:100, for detection of G2/M mitotic cells), pATR 

(T1989) (1:100) and Hoechst 33342 (nuclear counterstain). At least 80 cells per human 

subject were analyzed. The secondary antibodies were Alexa fluor 555 anti-mouse IgG 

(1/500) for pH3 and Alexa fluor 647 anti-rabbit IgG (1/200) for pATR (Table 5). 

 

Preparation of skin biopsies 

Skin biopsies were formalin-fixed and paraffin-embedded as previously described 

(149) and were cut using a microtome into 5 μm thick sections on slides.  
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Immunofluorescence 

For the cell immunofluorescence experiments, cells were seeded in coverslips 

pretreated with poly-L lysine, fixed with 4% PFA for 15 min at room temperature (RT) 

and washed twice with PBS. Cells were blocked and permeabilized with 1% BSA 

dissolved in PBS containing 0.1% Triton X-100 (blocking buffer) for 30 min at RT. Next, 

cell seeded slides incubated with primary antibodies and DAPI in blocking buffer at RT 

for 1h, followed by three washes with PBS containing 0.1% Triton X-100 and then by 

secondary antibodies for 45 min at RT in dark. Finally, cells were mounted with 

ProLong™ Diamond Antifade Mountant (Cat. P36961, Thermo Fisher Scientific) and 

visualized using inverted confocal live cell imaging system Leica SP5. Puncta/cell or 

intensity/cell were calculated using a macro developed in Fiji software (150). The 

primary antibodies in the immunofluorescence were against γΗ2ΑΧ (Ser139) (1/200), 

pATR (Thr1989) (1/100), pChk1 (Ser345) (1/50), p-p53 (S15) (1/100), pChk2 (T68) 

(1.2/100), p95/NBS1 (1/100), cleaved Caspase 3 (Asp175) (1/800), pDNA PKcs (S2056) 

(1:150) and the secondary antibodies were Alexa fluor 555 anti-mouse IgG (1/500), 

Alexa fluor 488 anti-rabbit IgG (1/500), CF® 555 anti-rabbit IgG (1/1000) (Table 5). For 

the analyses, 60-100 cells per human subject (corresponding to a minimum of 4 

different fields of the coverslip) were observed for each marker under confocal 

microscopy. 

For the skin biopsies, sections were first deparaffinized and rehydrated as following: 

2x15 minutes in xylene, 4 minutes in 100% ethanol, 4 minutes in 95% ethanol, 4 

minutes in 70% ethanol, 4 minutes in 50% ethanol, 4 minutes in distilled water. 

Sections were blocked and permeabilized with 5% BSA dissolved in PBS containing 

0.2% Triton X-100 (blocking buffer) for 1h at RT. Next, sections were incubated with 

primary antibodies and DAPI in blocking buffer at RT for 1h, followed by three washes 

with PBS and then by secondary antibodies (diluted in blocking buffer) for 1h at RT in 

dark. Sections were mounted and visualized as previously described. 
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Cell culture and chemical inhibition 

Healthy B cells were cultured following isolation from fresh PBMCs from healthy 

individuals (EasySep™ Human B Cell Isolation Kit) in a 37oC humified incubator with 

5% CO2 while plated in 96-Well Round-Bottom plate (Sarstedt) in a concetration of 

1.5x105 cells/well. Cells were cultured in RPMI 1640 medium with GlutaMAX™ (Cat. 

61870036, Gibco) supplemented with 10% (vol/vol) heat-inactivated FBS (Cat. 

10270106, Gibco), pen-strep (100 U/ml and 100 μg/ml, respectively; Cat. 15140m 

Gibco), sodium pyruvate (1 mM; Cat. 11360070, Gibco), HEPES (10 mM; Cat. 

15630106, Gibco) and 2-Mercaptoethanol (0.05 mM; Cat. 31350010, Gibco). Also, all 

cultured B cells, irrespective of experiment, were supplemented with a “survival/mild 

proliferation” cocktail of IL-21 (50 ng/ml; Cat. 200-21, Peprotech), CpG-B (2.5 μg/ml; 

Cat. HC4039, HycultBiotech) and sCD40L/CD154 (1 μg/ml; Cat. 11343345, 

ImmunoTools). To mimic DDR in SLE B cells, IFNα (Cat. 11200-1; pbl assay science) was 

added to cells at 850 U/ml. For chemical ATR inhibition, Berzosertib (i.e., ATRi) (Cat. 

S7102, Selleckchem) was added to cells at 2 or 5 μΜ and for Chk1 inhibition, CHIR-124 

(i.e., Chk1i) (Cat. HY-13263, Selleckchem) was added to cells at 50 or 100nM (details 

on legends). 

 

Measurement of immunoglobulins and cytokines 

Released immunoglobulins were measured with LEGENDplex™ Human 

Immunoglobulin Isotyping Panel (8-plex) according to the manufacturer’s instructions 

following the collection supernatants at day 7 from cultured B cells treated with ΙFNα 

(850 U/ml) with or without ΑΤRi (2 μΜ). Released cytokines were measured with 

LEGENDplex™ Human B Cell Panel (13-plex) following the collection supernatants at 

day 2 from cultured B cells treated with ΙFNα (850 U/ml) with or without ΑΤRi (5 μΜ). 

Data acquisition was done on a FACS ARIA III (BD Biosciences) and the BD FACSDIVA 

v8.0.1 software (BD Biosciences). Analysis was performed with LEGENDplex™ Data 

Analysis Software. 

 

IRF1 knockdown assay 

For IRF1 gene knockdown, Silencer® Select siRNA (i.e., siIRF1) was used (100 nM; Cat. 

4392420, Ambion) and Silencer® Select Negative Control siRNA (i.e., siNeg) was used 
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as a control (100 nM; Cat. 4390843, Ambion). Cells were transfected with the siRNAs 

with Lipofectamine 2000 (Cat.11668019, Invitrogen™) according to the 

manufacturer’s instruction. Briefly, 3x105 cells were plated per well in 96-Well Flat-

Bottom plate in 100 μl/well Opti-MEM™ I Reduced Serum Medium (Cat. 31985070, 

Gibco) and the appropriate siRNA with the transfection reagents were added for 5h. 

After 5h, the supernatant was discarded and medium as well as “survival/mild 

proliferation” cocktail were added. After 42h hours of the initial plating, IFNα was 

added to both wells with siIRF1 and siNeg. For gene expression analysis, RNA was 

isolated 2 days after the initial plating, for protein expression analysis, cells were 

collected 4 days after the initial plating and for cell subsets and proliferation assays 5 

days after the initial plating. 

 

Chromatin Immunoprecipitation experiment (ChIP) 

To analyse the molecular interactions of ATR in B cells upon ΙFNα stimulation, ChIP 

experiment was carried out. In brief, 4x105 cells were plated per well in 96-Well 

Round-Bottom plate in medium, “survival/mild proliferation” cocktail and ΙFNα. Cells 

were collected 6h after the culture with the aforementioned reagents and ChIP was 

performed with Magna ChIP™ A/G Chromatin Immunoprecipitation Kit (Cat. 17-

10085, Merck) according to the manufacturer’s protocol. The antibodies used were 

against IRF1 (Cat. 8478, Cell Signaling) and control IgG (Cat. 3900, Cell Signaling). 

Detection and analysis of ChIP precipitates were performed by real-time qPCR using 

primers for the promoter region of ATR. In all cases, data (Ct values) derived from the 

input sample were used for normalization by the “per cent of Input (% IP)” method 

and presented as fold of change relative to control anti-IgG IPs. The sequences of the 

core consensus response element for IRF1 were identified on ATR promoter sequence 

using Gene Transcription Regulation Database (GTRD) (151) and Eucaryotic promoter 

database (EPD) (152). The primers sequences are presented in the following table. 
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Quantitative PCR Analysis (real-time RT-qPCR) 

Cells were lysed in Buffer RA1 (Macherey-Nagel) and RNA was extracted using a 

NucleoSpin RNA XS isolation kit according to the manufacturer’s instructions. First-

strand cDNA synthesis was performed using PrimeScript™ RT-PCR Kit (Cat. RR037A, 

Takara). QPCR was carried out using the Kapa Sybr Fast Universal kit (Cat. KK4602, 

Kapa Biosystems). Relative expression of target genes was calculated by comparing 

them to the expression of the housekeeping genes ACTINB or GAPDH. 

 

Primers that were used for real-time RT-qPCR are presented in the following table 

 

Gene Orientation Sequence 

ATR         forward GGAGATTTCCTGAGCATGTTCGG 

reverse GGCTTCTTTACTCCAGACCAATC 

ATM forward TGTTCCAGGACACGAAGGGAGA 

reverse CAGGGTTCTCAGCACTATGGGA 

IRF1 forward CCAAGAGGAAGTCATGTG 

reverse TAGCCTGGAACTGTGTAG 

ACTINB forward CTCTTCCAGCCTTCCTTCCT 

Primer name Orientation Sequence 

ATR loc1 F TGCTGTAATCTTGTGAGGTAGACA 

R GGGATTGGGAGTTACAGGCC 

ATR loc2 F TCTTGCTTCTCTGTGCCTCC 

R GGCTTCTTTCTCAGCACCGA 

ATR loc3 F CACTAGTCAACCACGCCAAC 

R CCCGGGTCCTATGCAGAAAA 
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reverse AGCACTGTGTTGGCGTACAG 

GAPDH forward GCACCACCAACTGCTTAG 

reverse GCCATCCACAGTCTTCTG 

 

Western blotting 

Whole cell extracts were lysed with vortex (vortex every 5 min for 20 min with 1 min 

breaks in between, in ice) in RIPA mix (150 mM sodium chloride, 50 mM Tris-HCl (pH 

8.0), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 

protease (1X, Cat. 1183617001, Roche) and phosphatase (1:100, Cat. P5726, Sigma) 

inhibitor, then they were centrifuged full-speed for 10 min at 4°C and the supernatant 

was collected (protein lysate). Protein amounts were determined using DC protein 

assay (Cat. 5000112, Bio-Rad) according to manufacturer’s instruction.  Beta-

mercaptoethanol (6X) was add to the samples and they were heated for 5 min at 95°C. 

Cell extracts were resolved using 4–20% precast polyacrylamide gel (Cat. 4561094, 

Biorad), and transferred to nitrocellulose membrane using a transfer apparatus 

according to the manufacturer’s instructions (BioRad). The protein loading amount 

per well was determined to 20 μg. Membranes were saturated with 5% non-fat milk 

diluted in TBS-0.1% Tween 20 (TBS-T) for 1h and incubated with primary antibodies 

overnight at 4°C and with anti-mouse-HRP or anti-rabbit-HRP secondary antibodies for 

1h. Blots were developed with enhanced ECL (Cat. 34580, Thermo Scientific™) 

according to the manufacturer’s instructions. For the analysis, quantification of 

phospho-protein expression has been performed by utilizing the normalization with 

the corresponding total protein: both phosphorylated and total proteins were first 

normalized with housekeeping protein expression. Antibodies are depicted in Table 5. 

 

Quantification and statistical analysis 

Statistical analysis was performed taking into account the experimental setup using 

paired or unpaired Student’s t-test, one-way or two-way ANOVA in GraphPad Prism 

v8.0.1 software, as indicated in the figure legends. Data are presented as means ± 

S.E.M. P value <0.05 was considered as indicative of statistical significance. All P values 

and n are reported in the figure legends. The investigators were not blinded to the 
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identities of the samples. Compared samples were collected and analyzed under the 

same conditions. Each experiment was repeated at least three times. For legendplex 

experiments, it was one run per assay comprising of 3 independent experiments 

where samples were collected. 
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RESULTS 
 

Enriched DDR in peripheral blood cells of SLE patients 

To initially investigate whether there is aberrant DDR in the peripheral blood cell 

populations in SLE, GSEA analysis was performed in whole blood cells of SLE patients 

with various treatments or severity status compared to age-sex matched HC exploiting 

the RNA-seq dataset of Panousis et al. (136). The analysis revealed a positive 

enrichment of DDR- related pathways such as the DNA repair and the G1/S and G2/M 

DNA damage checkpoints in all SLE patients (Fig. 7).  

 

Figure 7. DNA damage response in whole blood cells of SLE patients. GSEA analysis plots 

(FDR<0.25) depicting aberrant expression profile in DDR-related gene sets of whole blood cells 

in SLE patients (n=142) compared to HC (n=58) utilizing a publicly available RNA-seq dataset 

(136). ES: enrichment score, NES: normalized enrichment score. 

 

 

In order to delineate the observed phenotype, peripheral blood was collected from 

active SLE patients (SLEDAI ≥ 8) and age/sex-matched HC, and the expression of 

γΗ2ΑΧ,  a classic indicator of global DDR activation, was evaluated in distinct immune 

cell populations involved in SLE pathogenesis such as B (CD19+), T helper (CD4+), T 

cytotoxic (CD8+), T regulatory (CD4+CD25+Foxp3+), classical monocytes (HLA-

DR+CD14+CD16-), intermediated monocytes (HLA-DR+CD14+CD16+), non-classical 

monocytes (HLA-DR+CD14-CD16+) and neutrophils (CD66b+) cells via analyses of flow 

cytometry and/or confocal microscopy following cell sorting (Fig. 8A, B, Fig.9). 

Interestingly, among the cell populations analyzed, B cells demonstrated the most 

prominent increase of γΗ2ΑΧ expression in SLE patients compared to HC (Fig. 9). The 

Whole blood cells 

G1/S DNA DAMAGE CHECKPOINT 

SLE HC 

G2/M CHECKPOINT DNA REPAIR 

E
S

 

NES=1.90 

FDR=1.17e-4 

NES=1.60 

FDR=0.005 

NES=1.72 

FDR=7.27e-4 

SLE HC SLE HC 
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patients recruited for this study had never received major immunosuppressive 

therapy to exclude the possibility that the DDR was triggered by drugs. 

 

 

Figure 8.  Representative flow cytometry gating strategy for identification of immune cells. 

(A) Gating strategies for the flow cytometry-sorted (for confocal) and/or flow cytometry-

analyzed immune cells, following PBMCs or neutrophils isolation from the peripheral blood 

(see methods). (B) Immune cell frequencies of the samples used (SLE; n=7 or 6, HC; n=10 or 6) 

(unpaired t-test).  
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Figure 9. DNA damage investigation in peripheral immune cells in SLE highlights B cells. 

Screening of peripheral blood immune cells of SLE compared to healthy controls (HC) for DNA 

damage detection: Expression of γH2AX DNA damage detection marker in B (CD19+), T helper 

(CD4+), T cytotoxic (CD8+), T regulatory (CD4+CD25+Foxp3+), classical monocytes 

(HLADR+CD14+CD16-), intermediated monocytes (HLA-DR+CD14+CD16+), non-classical 

monocytes (HLA-DR+CD14-CD16+) and neutrophils (CD66b+) cells of SLE patients compared 

to HC via flow cytometry (SLE; n=7 or 6, HC; n=10 or 6) and/or confocal microscopy (FACS-

sorted cells; SLE: n=2-3, HC: n=3). Representative histograms showing overlay of unstained 

cells (grey), stained SLE cells (red) and stained HC cells (light blue), and immunofluorescence 

confocal microscopy images. Cells on confocal are labeled with DAPI nuclear staining (blue). 

Scale bar: 2μM. Results are expressed as mean ± SEM. Unpaired Student’s t test was applied, 

p≥0.05 (ns), * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. ES: enrichment score, HC: 

healthy controls, Th: T helper, Tc: T cytotoxic, Tregs: Tregulatory, cMCs: classical monocytes, 

iMCs: intermediate monocytes, ncMCs: non-classical monocytes, Nφ: neutrophils, MFI: mean 

fluorescent intensity.  
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In support of these findings, increased expression levels of γΗ2ΑΧ DDR marker were 

also identified in peripheral blood B cells of NZB/W F1 diseased compared to pre-

diseased lupus murine model (Fig. 10A, B). In addition to the peripheral blood, among 

the rest examined tissues (i.e., spleen, renal lymph nodes and bone marrow) in murine 

lupus, elevated γΗ2ΑΧ expression was also observed in the bone marrow (BM)- 

derived B cells (CD19+) indicating that deregulated DDR is present since B cell 

development. 

 

 

Figure 10.  Increased DDR in murine SLE B cells. (A) Expression of γΗ2ΑΧ DNA damage 

detection marker in total B (B220+) cells of the peripheral blood, the bone marrow (BM), the 

spleen and the renal lymph nodes (rLN) of NZB/W F1 SLE diseased mouse model (n=5) 

compared to pre-diseased (n=6) through flow cytometry. (B) B cell frequencies across the 

different tissues. MFI: mean fluorescent intensity. Unpaired t-test, ** p<0.01, *** p<0.001, 

**** p<0.0001. 

 

 

Aberrant DDR is feature of SLE B cells 

To identify DDR mechanisms with functional importance of relevance to a B cell 

pathogenic role in SLE, I then assessed the proteomic profile of total B cells isolated 

from the peripheral blood of patients with active SLE (SLEDAI ≥ 8) which had never 

received major immunosuppressive therapy and age/sex-matched HC (Fig. 11A, 

Tables 1, 2 with demographics). Principal component analysis (PCA) of total proteins 
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clearly exhibited a strong separation between the subjects of the two conditions (Fig. 

11B). IPA pathway analyses revealed key known features involved in SLE pathology, 

such as complement activation, cell activation, cytokine production (IL-1, IL-4, IL-6, IL-

10), antigen presentation, BCR activation, ΝF-kB activation and mTOR signaling being 

deregulated in SLE B cells compared to HC (Fig. 11C). Interestingly, B cells from SLE 

subjects exhibited enriched DDR mechanisms. In particular, DNA repair, G2/M, G1/S, 

CHK proteins and other DDR-related pathways were overrepresented in the proteomic 

signature of SLE B cells compared to HC (Fig. 11C). In support of these findings, γH2AX 

expression levels were found again elevated in B cells of a separate small cohort of 

SLE patients compared to HC (Fig. 11D).  

Since DDR comprises cell-cycle checkpoint control, I sought to examine whether 

elevated γΗ2ΑΧ expression in SLE B cells is associated with a specific phase of the cell-

cycle. Thus, cell cycle analysis was performed via flow cytometry upon simultaneous 

assessment of Ki67 proliferation specific marker, 7-AAD cellular DNA content marker 

and γΗ2ΑΧ in freshly isolated B cells from SLE patients and HC. Despite the fact that 

γΗ2ΑΧ was overexpressed in the SLE compared to HC B cells, no statistically significant 

difference was noted in any cell phase, suggesting that the SLE-associated 

upregulation of γΗ2ΑΧ may be independent of cell-cycle phase (Fig. 11E). 

Finally, to investigate whether we can extrapolate our proteomics data on the overall 

deregulated DDR to the B cells transcriptome and, also, to explore whether a specific 

B cell subpopulation prevails in the DDR signature, GSEA analysis of B cell subsets from 

patients with SLE and HC was performed exploiting a publicly available RNA-seq 

dataset (13). The results indicated that almost all major SLE B cell subpopulations are 

involved in the altered DDR including resting naïve, transitional 3, isotype-switched 

memory, double negative 2 and antibody-secreting B cells (Fig.  11F). Taken together, 

these data indicate that B cells exhibit a profound DDR in individuals with SLE. 
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Figure 11. Proteomic and transcriptomic analyses identify DDR as a feature of SLE B cells. 

(A) B cells were isolated using magnetic bead-based approach from the peripheral blood of 

SLE patients and healthy controls (HC) (n=11 individuals/group) for proteomic analysis. (B) 

Principal component analysis (PCA) using the expression of all proteins for SLE patients and 

HC in technical triplicates. (C) Ingenuity enrichment analysis (IPA) using the 1094 differentially 

expressed proteins (FDR<0.05) between SLE and HC. Selected enriched canonical pathways 

(FDR<0.2) are shown. DDR-related pathways are indicated in bold. (D) Flow cytometric 

analysis of PBMCs gated on CD19+ for assessing DDR activation in B cells of SLE patients and 

HC (n=7 individuals/group) with γΗ2ΑΧ. Representative plots of frequencies and histogram 

showing overlay of unstained cells (grey), stained SLE (red) and HC (blue) cells are depicted. 

Statistical significance was obtained by unpaired Student’s t test, *p<0.05. (E) Flow cytometric 

analysis for assessing γΗ2ΑΧ expression across cell-cycle phases in magnetic-bead isolated B 

cells of SLE patients and HC (n=6 individuals/group). Cell-cycle analysis was performed using 

Ki67 and 7-AAD. The comparison involves the same phase of the two groups (SLE and HC) 

(two-way ANOVA). (F) GSEA plots for DDR alterations across B cells subsets (resting naïve, 

transitional 3, isotype-switched memory, double negative 2, antibody-secreting) of SLE 

patients (n=9) compared to HC (n=12) utilizing a published RNA-seq dataset (13), ES: 

enrichment score, NES: normalized enrichment score, FDR<0.251046 cut-off. MFI: mean 

fluorescent intensity. Results are presented as mean ±SEM.  
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Activation of ATR pathway drives DDR in SLE B cells 

Next, I sought to characterize the specific molecular mechanism underlying the DDR 

by examining master kinase proteins and DDR components, namely ATR, ATM, DNA-

PKcs, Chk1, Chk2, p53 172 and p95/NBS1, in SLE and HC B cells (Fig. 12A). Because the 

activation and transduction of the DDR signaling usually requires protein 

phosphorylation, most targets were investigated in their phosphorylated form 

(153,154). Increased levels of pATR (T1989), pChk1 (Ser345), p-p53 (S15) and 

p95/NBS1 were found in SLE compared to HC B cells, but no differences in pATM 

(Ser1981), pChk2 (T68) 176 and pDNA-PKcs (S2056) levels via immunofluorescence 

microscopy or flow cytometry (Fig. 12B). The activation of the ATR pathway in SLE B 

cells was also confirmed by western blot analysis in separate individuals (Fig. 12C). 

These data indicate that the ATR/Chk1 pathway is mainly activated in SLE B cells, while 

ATM/Chk2 and DNA-PKcs are not critically involved. 
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Figure 12. ATR/Chk1 DDR pathway is activated in SLE B cells. (A) Schematic representation 

of the main DDR pathways being the ATR/Chk1, ATM/Chk2 and DNA-PKcs. (B) Investigation of 

DDR contributors and immunofluorescence confocal microscopy images or representative 

histogram of stained SLE healthy controls (HC) B cells (CD19+, isolated by FACS-sorting or 

magnetic-beads). Representative confocal images for pATR (Thr1989) (green) (n=5 

individuals/group), pChk1 (Ser345) (green) (n=5 individuals/group), p95/NBS1 (red) (n=5 

individuals/group), pATM (Ser1981) (n=7 individuals/group), pDNA-PKcs (S2056) (green) (n=5 

individuals/group), pChk2 (T68) (green) (n=6 individuals/group) and p-p53 (S15) (green) (n=5 

individuals/group). Analyzed results for pATR, pChk1, pDNA-PKcs, pChk2 and p-p53 are 

depicted as mean puncta/cell per individual, for pATM as MFI per individual and for p95/NBS1 

as mean intensity/cell per individual. For pATM, representative histogram showing overlay of 

unstained cells (grey), stained SLE (red) and stained HC cells (blue) is depicted Scale bar: 2μM. 

(C) B cells were isolated from SLE patients and HC (n=4 per group) using magnetic bead-based 

approach and were used for western blot analysis with pATR (T1989), ATR, pChk1 (Ser345) 

and Chk1 antibodies. Actin blotting was used to confirm equal loading of each sample. 

Quantification of pATR and pChk1 expression has been performed by utilizing the 
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normalization with the total ATR and Chk1 protein, respectively. Both phosphorylated and 

total proteins were normalized with actin expression. Representative samples depicted. 

Results are presented as mean ± SEM. *p<0.05, **** p<0.0001 (unpaired Student’s t test).  

 

 

To provide additional evidence that ATR-mediated DDR pathway is specifically 

associated with SLE pathogenic features and not secondary to the inflammatory milieu 

of the disease, I examined pATR protein levels in B cells isolated from the periphery of 

patients with ankylosing spondylitis (AS) (Table 3 with demographics). AS is an 

autoinflammatory disease, wherein, unlike SLE, B cells do not have a major role in 

pathogenesis and type Ι IFN signature is absent (155). Nonsignificant changes were 

noted in pATR protein levels in AS B cells when compared to HC (Fig. 13A, B).  

 

Figure 13. ATR is not activated in AS B cells. (A) Representative images of B cells from 

individuals with ankylosing spondylitis (AS) or HC (n=4 per condition) stained with anti-pATR 

(Thr1989) antibody and then with a fluorochrome-conjugated secondary antibody (green), 

were captured by confocal microscopy. Nuclei were stained with DAPI (blue). Scale bar: 2μM. 

(B) Images of B cells analyzed for pATR staining as mean puncta per individual (unpaired t-

test). 

 

 

DDR machinery may induce apoptosis and/or proliferation and, in particular, 

ATR/Chk1 activation is anticipated to affect cell proliferation (156,157). Yet, neither 

the proliferation (Ki67) nor the apoptosis (cleaved PARP1 and cleaved caspase 3) 

differed in SLE B cells when compared to HC, indicating that ATR/Chk1 pathway 

deregulation may not have a significant impact on these processes in SLE and that 

other cell responses may be affected (Fig. 14). Although proliferation rate did not 

differ significantly between SLE and HC B cells (Fig. 14), the statistically significant 
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decrease of G1-phase derived B cells (Fig. 11E) along with the proteomic and 

transcriptomic data indicating deregulated G1/S and G2/M checkpoints (Fig. 11C, F) 

in SLE compared to HC, prompted us to further investigate ATR activity in proliferative 

(S phase) and mitotic (G2/M phase) B cells. To this end, I examined pATR expression 

levels in S- (EdU+) and G2/M- (pH3+) phase derived cells, following ex vivo activation 

(IL-21/ CpGb/ sCD40L cocktail for survival and mild induction of proliferation) (158–

164) and EdU exposure of peripheral total B cells from SLE patients and HC (Fig. 15A). 

The results indicated that at both SLE and HC the ATR pathway was upregulated in 

EdU+ compared to EdU- B cells, while pH3+ cells exhibited increased pATR expression 

compared to pH3- cells only in lupus environment. Nonetheless, the pATR expression 

in EdU+ SLE B cells was significantly higher compared to EdU+ HC B cells, while it did 

not present a significant change in pH3+ SLE B cells when compared to pH3- SLE B cells. 

These data suggest that although eventually overall proliferation rate is not altered, 

ATR may have a more active role in the growth and division of B cells in SLE compared 

to HC (Fig. 15B, C). 

 

 

Figure 14. ATR/Chk1 DDR activation in SLE B cells does not correlate with proliferation nor 

apoptosis. Assessment of proliferation (Ki67) and apoptosis (cleaved PARP1 and cleaved 

caspase 3) in SLE patients compared to HC via flow cytometry (n=7 individuals per condition) 

and/or confocal microscopy (n=3 individuals per condition). For cleaved caspase 3 staining, 

positive signal is depicted with green and cells are quantified as positive or negative utilizing 

DAPI nuclear staining (blue) (n=3 individuals per condition). Scale bar: 2μM. MFI: mean 

fluorescent intensity.  
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Figure 15. Increased pATR in replicative and mitotic SLE B cells. (A) B cells were isolated from 

HC and SLE patients (n=3 per group) using magnetic bead-based approach and were cultured 

for 45h with IL21/ CpGb/ sCD40L survival and mild proliferation stimuli in the presence or 

absence of IFNα (850U/ml) (in the case of HC), followed by 3 hours of EdU treatment and 

immunofluorescence staining as indicated in the schematic representation. (B) 

Representative confocal microscopy images and quantification of replicative (EdU+) and 

mitotic (pH3+) HC, HC+IFNα and SLE B cells. No statistical significance was observed (one-way 

ANOVA). (C) Representative confocal microscopy images and quantification of pATR in EdU-, 

EdU+, pH3- and pH3+ cells from HC, HC treated with IFNα and SLE B cells. Analysis for pATR 

staining was performed as puncta per cell using a macro developed in Fiji software (2). 

*p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (one-way ANOVA). Scale bar: 2μm. Results 

are presented as mean ± SEM. 
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Inhibition of ATR alters cytokine production of IFNα-treated B cells. 

To clarify the functional involvement of ATR-mediated DDR mechanism in B cells in a 

SLE-like environment, total B cells were isolated from the periphery of healthy 

volunteers and were exposed to IFNα, the main type I IFN, following their ex vivo 

activation (IL-21/ CpGb/ sCD40L cocktail for survival and mild induction of 

proliferation) (158–166) (Fig. 16A). ATR mRNA, pATR and pChk1 protein levels were 

upregulated upon IFNα administration (Fig. 16B-D) whereas no significant alterations 

in ATM mRNA, pATM, pChk2 and pDNA-PKcs expression levels were noted (Fig. 16B). 

Moreover, IFNα-treated B cells exhibited ATR pathway activation when being in S and 

G2/M phases of the cell-cycle similar to SLE B cells (Fig. 15). Therefore, IFNα exposure 

of B cells recapitulated the cardinal feature of upregulated ATR-mediated DDR 

pathway noted in SLE being a sufficient experimental setup to mimic the SLE 

environment throughout this study. 

Figure 16. IFNα recapitulates DDR of SLE B cells. (A) Schematic representation of IFNα-treated 

B cell ex vivo experiments to mimic lupus environment. (B) Relative expression levels of ATR 
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and ATM mRNA in control (medium) and IFNα-treated conditions measured with quantitative 

real time RT-PCR (n=3 individuals per condition) (paired t-test). (C) Control (medium) and 

IFNα-treated B cells were stained and quantified (puncta/cell) for pATR (Thr1989) (red) and 

labeled with DAPI nuclear staining (blue) (n=3 individuals per condition) (paired t-test). Scale 

bar: 2μM. (D) Assessment of pChk1 (Ser345) in control (medium) and IFNα-treated B cells via 

flow cytometry followed by normalization of MFI to the MFI of control cells (unpaired t-test). 

Cells were gated on CD19+. MFI: mean fluorescent intensity. *p<0.05, ** p<0.01. 

 

 

To delineate the role of ATR in SLE pathogenesis, I first sought to examine the cytokine 

production following ATR inhibition in IFNα-treated B cells, considering that B cells are 

a rich source of various cytokines which are broadly perturbated in SLE (20). To date, 

whether ATR-mediated DDR pathway is involved in the production and secretion of 

cytokines remains ill-defined. To this end, berzosertib (ATRi), a pharmaceutical 

inhibitor that restrains ATR function by blocking Chk1 activation (167,168), was 

introduced to IFNα-treated healthy B cells ex vivo (Fig. 17A, B).  I then assessed the 

release of important cytokines (TNF-α, IL-13, IL-4, IL-10, IL-6, IL-2, TNF-β, IFN-γ, IL-17A, 

IL-12p70, APRIL, BAFF, CD40L) for both SLE pathology and B cell growth in IFNα-

treated B cells with or without ATRi. Interestingly, IL-10, IL-6, IL-4 and ΤΝF-β levels 

were decreased upon ATRi, while IL-12p70, IL-2 levels were increased, indicating a 

cytokine expression milieu that may alleviate SLE activity (Fig. 17C). On the contrary, 

CD40L, BAFF, APRIL and ΙFNγ levels were also increased upon inhibition (Fig. 17C), 

suggesting a hyperactive state where B cells are expected to grow, undergo 

immunoglobulin class switching (CSR), secrete antibodies and differentiate into 

antibody-secreting cells thus promoting SLE pathogenesis (169–174). Taken together, 

these data demonstrate that ATRi may reprogram the cytokine profile of SLE-like B 

cells. 
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Figure 17. ATRi alters release of cytokines in IFNα-treated B cells. (A) Efficiency of ATRi 

berzosertib is demonstrated by the reduced levels pChk1 (Ser345 in IFNA treated B cells as 

depicted in the histogram (B) Schematic representation of ATRi experiment at IFNα-treated B 

cell ex vivo to assess cytokine production (ATRi→ berzosertib 5μΜ).  (C) Detection of released 

cytokines (IL-10, IL-6, IL-4, TNF-β, IL-2) involved in B cell function, activation, proliferation and 

survival utilizing LEGENDplex™ technology through flow cytometry at day 2 (D2) of culture 

(n=10 individuals per condition) (paired t-test). MFI: mean fluorescent intensity. *p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001. 
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Inhibition of ATR reduces the immunogenicity of IFNα-treated B cells. 

Results thus far imply that ATR-mediated DDR pathway is critically involved in the 

production of cytokines by B cells in SLE, plausibly driving SLE pathophysiology in an 

autocrine fashion. Moreover, SLE B cells are known to adopt an activated status and 

enhanced antigen presentation ability followed by increased plasmablast formation 

and antibody production (13,15,175–177). To this end, I evaluated cell activation 

(CD40, CD80 and surface BAFF) and antigen-presentation capability (HLA-DR) across 

different timepoints during inhibition of ATR activity in IFNα-treated B cells (Fig. 18A-

C). Upon inhibition of ATR, activation and antigen presentation by HLA-DR were 

downregulated in IFNα-treated B cells, even when ATRi (i.e., berzosertib) was 

administered at low dosage (Fig. 19).   

 

 

Figure 18. ATRi inhibits activation of IFNα-treated B cells. (A) Schematic representation of 

ATRi experiment at IFNα-treated B cells ex vivo for assessing cell activation status (ATRi→ 

berzosertib 5μΜ). Quantification of flow cytometry retrieved data of (B) CD40 (n=5 individuals 

per condition), CD80 (n=5 individuals per condition), BAFF (n=5 individuals per condition) 

(paired t-test) and (C) HLA-DR (n=3-4 individuals per condition). MFI: mean fluorescent 

intensity. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Of note, this phenotype may be ATR-dependent and Chk1-independent because 

pharmaceutical inhibition downstream of ATR-Chk1 interactive regulation with Chir-124 

(Chk1i, a potent inhibitor of Chk1 activity) did not affect these cell properties (Fig. 19, Fig. 20). 

Therefore, ATR activation per se plays a critical role in the activation of IFNα-treated B cells 

and, also, the aforementioned variable cytokine expression upon ATR inhibition does not 

reflect a hyperactive B cell population. 

 

Figure 19. ATRi inhibits growth in IFNα-treated B cells even when administrated in a lower 

dose and this effect is specific of ATR perturbation and not of downstream Chk1. (A) 

Schematic representation of ATRi (berzosertib 2μΜ) and CHK1i (CHIR-124→50nM) 

experiment at IFNα-treated B cells ex vivo for assessing cell activation status. Quantification 

of flow cytometry retrieved data (B) CD40 (n=4 individuals per condition), CD80 (n=4 

individuals per condition) (paired t-test), (C) HLA-DR (n=4 individuals per condition). * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 20. Evaluation of DDRi toxicity in B cells. (A) Representative flow cytometry plots for 

assessing live (CD19+AnnexinV-7AAD-), apoptotic (CD19+AnnexinV+7-AAD) and dead 

(CD19+AnnexinV+/7AAD+) B cells according to CD19, 7-AAD and Annexin V staining of isolated 

B cells upon DMSO, ATRi 2 μΜ, ATRi 5 μΜ and CHK1i 50 nM at day 2 (D2) of culture. All 

cultured B cells have been subjected to IFNα (850 U/ml) and IL-21/CpGB/sCD40L. (B) Viability 

analysis of B cells based on (A). N=3 individuals per condition. One-way repeated measures 

ANOVA. p≥0.05 (ns), *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001  

 

 

Next, I investigated whether antibody (i.e., immunoglobulin) production is affected, 

since their production may follow the release of cytokines, as in the case of CD40L, 

BAFF and APRIL but, on the other hand, may also be attenuated due to decrease of 

pro-inflammatory cytokines, such as IL-6 and TNF-β. The results showed that surface 

IgM (sIgM) was decreased by day 3 of culture, surface IgD (sIgD) was decreased by day 

7, whereas surface IgG (sIgG) did not exhibit any significant difference in IFNα-treated 

B cells exposed to ATRi compared to the unexposed (Fig. 21A, B). Furthermore, 

released IgM, IgA, IgE, IgG1, IgG2, IgG3, IgG4 were strongly decreased in IFNα-treated 
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B cells with ATRi (Fig. 21A, C), suggesting that ATR DDR pathway has a central role in 

antibody formation. 

  

Figure 21. ATRi inhibits antibody formation in IFNα-treated B cells. (A) Schematic 

representation of ATRi experiment (ATRi→ berzosertib 2μΜ) at IFNα-treated B cell ex vivo to 

assess surface and released immunoglobulins. (B) Representative flow cytometry gatings for 
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IgM, IgD and IgG at day 7, and quantification of IgM, IgD and IgG of B cells at days 3 and 7 

(n=5-7 individuals per condition) (two-way ANOVA). (C) Detection of released 

immunoglobulins (IgM, IgD, IgA, IgE, IgG1, IgG2, IgG3, IgG4) utilizing LEGENDplex™ technology 

through flow cytometry (n=8 individuals per condition) (paired t-test). MFI: mean fluorescent 

intensity. *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

 

Due to the decreased levels of both surface IgM, IgD and released immunoglobulins 

by IFNα-treated B cells with ATRi, a reduction in isotype-switched and antibody-

secreting B cells was anticipated. Therefore, I next sought to investigate B cell subset 

formation (Fig. 22A). Indeed, at day 7 of culture, IFNα-treated B cells with ATRi 

exhibited dramatically decreased levels of isotype-switched memory (swme) cells 

(CD19+IgD-CD27+), total memory cells (CD19+CD27+), transitional cells 

(CD19+IgDdimCD38+) and plasmablasts (CD19+IgD-CD27+CD38+), while isotype-

unswitched memory (unswme) (CD19+IgD+CD27+), naïve (CD19+IgD+CD27-) and double 

negative (DN) cells (CD19+IgD-CD27-) remained almost unaffected compared to those 

not treated with ATRi (Fig. 22A, B).   
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Figure 22. ATRi affects differentiation of IFNα-treated B cells. (A) Schematic representation 
of ATRi experiment (ATRi→ 71erzosertib 2μΜ) at IFNα-treated B cells ex vivo for assessing B 
cell subsets differentiation status. (B) Representative flow cytometry gated cell populations 
at day 7 and quantification of corresponding populations at days 3 and 7 (D3: n=5 individuals 
per condition, D7: n=7 individuals per condition) (two-way ANOVA). ** p<0.01, *** p<0.001.  
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Finally, I examined whether ATRi influences SLE B cell responses in additional ways 

such as by affecting the cell-cycle profile. Our data in IFNα-treated B cells showed that 

upon ATRi there were significantly increased G0-derived B cells compared to DMSO 

condition (control), an observation consistent with the reduced cell cluster formation 

as observed under the upright microscope (Fig. 23). Therefore, by introducing the SLE-

like B cells to a resting state (G0), their immune responses declined as expected. 

 

Figure 23. ATRi affects cell cycle progression of SLE-like B cells. B cells were isolated from 

healthy individuals (n=3) using magnetic bead-based approach and were cultured for 3 days 

with IFNα (850U/ml), IL21/ CpGb/ sCD40L survival and mild proliferation stimuli in the 

presence or absence of ATRi (2μΜ) or DMSO (control), followed by Ki67/7-AAD cell cycle 

analysis via flow cytometry. Linear scale was used for 7-AAD (DNA content). The comparison 

was done between the same cycle phase of the two conditions (ATRi and DMSO). G0, G1 and 

S phase -derived cells presented statistical significance between the two conditions. 

Representative flow cytometry plots and corresponding microscopy images. ** p<0.01, **** 

p<0.0001 (two-way ANOVA). Results are presented as mean ± SEM. Scale bar: 10μΜ. 

 

 

Collectively, these results suggest that inhibition of ATR activity reduces the 

immunogenicity of IFNα-treated B cells by: a) decreasing the release of IL-10, IL-6, IL-

4 and ΤΝF-β levels, while increasing the release of IL-12p70, IL-2, b) attenuating cell 
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activation, c) restraining immunoglobulin formation, d) inhibiting class-switching and 

formation of plasmablasts and e) arresting them in resting state.  

 

IRF1 directly interacts with the promoter sequence of ATR gene in IFNα-

treated B cells and modulates ATR activity. 

To investigate the molecular mechanism via which SLE-like B cells undergo direct 

regulation of ATR by IFNα, I performed chromatin immunoprecipitation (ChIP) 

experiments for binding sites of IRF1 on ATR regulatory regions, as predicted by in 

silico analysis (EPD database) (Fig. 24A). Both ATR and IRF1 mRNA levels were 

increased in B cells of SLE patients (Fig. 24B), as well as in healthy B cells upon ΙFNα 

administration (Fig. 24C). Following ChIP reactions with anti-IRF1 antibody or control 

IgG in IFNα-treated B cells, I identified an IRF1-binding event (i.e., loc1) on ATR gene 

promoter close to the transcription start site of ATR gene that was specifically 

enriched for anti-IRF1 reactions (Fig. 24D). These data suggest that IRF1 may directly 

interact with ATR regulatory sequences to transcriptionally mediate its expression. 

 

Figure 24. IRF1 directly interacts with the promoter sequence of ATR gene in IFNα-treated B 

cells. (A) Schematic representation of the ATR gene locus around the transcription start site 

(TSS: denoted with the broken arrow). The coding region of ATR gene is represented as a black 

box. Numbers above the schematic drawing denote the distance from the TSS and the 

predicted binding sites of IRF1 (EPD database). (B) IRF1 and ATR mRNA levels in B cells of SLE 

patients compared to HC (n=6 per condition, same samples for IRF1 and ATR) analyzed by real-
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time RT qPCR using GAPDH normalization (unpaired t-test). (C) Administration of IFNα in B 

cells ex vivo promotes IRF1 mRNA expression as measured with quantitative real time RT-PCR 

(n=4 individuals per condition). (D) Chromatin immunoprecipitation (ChIP) analysis of the 

binding sites of IRF1 to ATR gene locus. ChIP experiments were performed using anti-IRF1 

antibody (a-IRF1) or a control antibody (IgG) in chromatin isolated from B cells treated with 

IFNα. For a-IRF1 and IgG reactions the same amount of DNA was used as template. The primer 

pairs used to amplify the corresponding DNA sequences are indicated with specific loci 

numbers below the schematic drawing in (A). Note that IRF1 specifically binds to the locus 1 

and less efficient to the other loci (n=4 individuals per condition). *p<0.05, ** p<0.01. 

 

 

To directly assess whether IRF1 binding on ATR gene locus has indeed a regulatory 

role, I performed knockdown of IRF1 with small interfering IRF1 RNA (siIRF1) or 

negative control (siNeg) in IFNα-treated B cells and examined ATR mRNA, ATR, pATR 

(Thr1989) and pChk1 (Ser345) protein levels (Fig. 25A). ATM mRNA levels were also 

checked as a control to ensure IRF1 specificity for ATR. Knockdown of IRF1 in these 

cells downregulated ATR mRNA, ATR, pATR and pChk1 protein levels, whereas 

retained ATM mRNA levels (Fig. 25B, C, D). Importantly, IRF1 silencing suppressed the 

development of both transitional and plasmablast B cell subsets, similar to the results 

obtained following pharmaceutical ATR inhibition (Fig. 25E).  

Overall, these results support that IRF1 mediates ATR activity explaining the DDR 

observed in ΙFNα-treated and SLE B cells. 



75 
 

 



76 
 

Figure 25. IRF1 directly modulates ATR activity in IFNα-treated B cells. (A) Schematic 

representation of silencing IRF1 expression in B cells ex vivo treated with IFNα using as siRNA 

siIRF1 or as a control siRNA siNeg in order to assess ATR signaling activity. (B) Relative 

expression levels of IRF1 (to assess efficiency of siIRF1), ATR and ATM mRNA of siNeg and 

siIRF1 conditions measured with quantitative real time RT-PCR (n=3 individuals per condition). 

(C) B cells were isolated from healthy individuals (n=4) using magnetic bead-based approach 

and were cultured ex vivo and transfected with siIRF1 or siNeg (scramble, control) for 42 

hours, followed by IFNα and IL21/ CpGb/ sCD40L survival and mild proliferation stimuli 

exposure till day 4 where western blot analysis was performed with ATR and IRF1 antibodies. 

GAPDH blotting was also applied to confirm equal loading of each sample. Representative 

samples depicted. Results are presented as mean ± SEM. *p<0.05 (paired Student’s t test). (D) 

SiNeg and siIRF1 B cells were immunostained and quantified (puncta/cell) for pATR (Thr1989) 

(green) or pChk1 (Ser345) (red) and labeled with DAPI (blue) (n=3 individuals per condition) 

(un-paired t-test). Scale bar: 2μM. (E) Analysis of flow cytometry retrieved data for transitional 

and plasmablast B cells upon siRNA (siNeg and siIRF1, n=3 individuals per condition) (ratio 

paired t-test). *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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DDR in the SLE-involved skin 

Skin is one of the most affected organs in SLE. SLE with skin lesions can produce 

considerable morbidity resulting from painful skin lesions, alopecia, disfigurement, 

etc. To this end, I proceeded with the examination of DDR activation in lesional and 

non-lesional skin retrieved from SLE patients compared to skin from healthy 

individuals. Interestingly, immunofluorescence analysis of γH2AX indicated higher 

levels of DDR in lesional (n=3) compared to non-lesional (n=2) or healthy (n=2) skin 

(Fig. 26). These observations suggest that aberrant DDR may be involved in the 

diseases affected organs. 

 

Figure 26. Increased DDR in lesional SLE skin. Representative confocal microscopy images for 

γH2AX (red) and nuclei (DAPI, blue) staining microscopy in the epidermis of HC (n=2), non 

lesional (n=2) and lesional SLE (n=3) samples. Scale bar: 40μM. 
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DISCUSSION 

Although DDR has been implicated in all facets of inflammatory states and it may be 

triggered in affected tissues such as the skin little is known about how its deregulation 

may render immune cell responses pathogenic. Importantly, the DDR-driven 

molecular mechanisms in autoimmunity remain poorly understood. B cells have a 

pivotal role in the development of SLE disease, however the driving factors for their 

pathogenicity are elusive. In this study, using proteomic and transcriptomic analyses 

of B cells from patients with SLE, a deregulated DDR is revealed. More specifically, this 

thesis describes a novel mechanism associated with B cell dysfunction which entails 

the engagement of ATR-mediated pathway being specifically enriched in SLE B cells. 

Importantly, our ex vivo data revealed that in the course of an autoimmune response 

driven by type I IFN, ATR-mediated pathway was triggered and that targeted 

pharmaceutical inhibition of ATR activity restrained key features of SLE 

pathophysiology including B cell activation, plasmablast formation, antibody 

production and pro-inflammatory cytokines release. The present study provides 

evidence that ATR overactivation induced by type I IFN in B cells is mediated by direct 

molecular interaction with IRF1. Together, these data link for the first time the 

characteristic type I IFN signature of SLE with the upregulation of ATR-mediated 

pathway and the induction of pathogenic B cells mediated via IRF1. Pharmacologic 

targeting of ATR alleviates the pathogenic cell features pointing to the ATR pathway 

as a potential therapeutic target in SLE.  

In accordance with the literature, upregulated DDR was also observed in SLE T 

cytotoxic and neutrophils (178,179), but B cells exhibited the most prominent DDR 

increase. Our data derive from both naïve and active-phase patients, suggesting that 

these findings are likely mirroring a primary pathogenetic mechanism in SLE. Although 

roles of DDR components have been previously proposed in pathogenic cells in 

processes associated with SLE- including their implications in V(D)J recombination, 

somatic hypermutation and cell death (66,77,180)- a comprehensive understanding 

of their specific contribution to autoreactive B cell responses is ill-defined. Here, this 

study expands this knowledge by identifying the ATR-mediated DDR pathway 

deregulation in B cells and links this pathway to their pathogenic potential. While our 

data highlight a clear increase in ATR/Chk1 pathway activation, with no alterations in 
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ATM/Chk2 and DNA-PKcs in SLE B cells, a study by Taher et al. reported a reduction in 

ATR activation and an increase in ATM activation in B cells from patients with SLE 

(181). In contrast to this study, our experimental design consisted of patients who had 

both high disease activity and were not under cytotoxic medication to avoid the 

possibility that the observed DDR may be affected by these drugs. In agreement with 

our findings, studies on B-cell lymphomagenesis-in the context of Epstein–Barr (EBV) 

virus infection- demonstrate the involvement of ATR/Chk1 in abnormal B cell 

responses (182–186). In particular, in a recent study (186) examining DDR activation 

in EBV-exposed B cells, ATR/Chk1- but not ATM/Chk2 pathway- was activated while 

specific targeting of ATR was able to suppress B cell aberrant function upon the 

infection. ATR promotes CSR in B cells and Chk1 expression is required for normal B 

cell growth and function, suggesting that although these two critical DDR components 

are closely co-regulated, they may also have distinct roles (187–189). SLE patients 

have increased risk of B-cell lymphoma, and EBV virus has been acknowledged as 

potential inducer of lupus autoimmunity, indicating that these conditions share 

common pathogenetic mechanisms (190). It is tempting to speculate that ATR/Chk1 

deregulation could drive the abnormal B cell profile in these conditions. On the other 

hand, ATM/Chk2 pathway is of interest in B cell autoimmunity since it has been 

recently reported to drive B cell pathogenicity in a group of patients with RA exhibiting 

severe disease (83). ATM deregulation both depends and triggers IFN signaling 

following DDR perturbations and infections (191,192). These data coupled with our 

findings suggest that distinct DDR pathways may drive differential pathogenic 

responses of the same cell population depending on the type of the autoimmune 

environment.  

Targeting B cells or B-cell expressing molecules have generated promising results in 

patients with SLE (3). The most recently approved therapies for SLE include the 

monoclonal antibody against B cell-activating factor (BAFF) and targeting type I IFN 

through a receptor monoclonal antibody that blocks the action of type I IFNs (IFN-α 

and -β) (193). These and other standard therapies for SLE (such as anti-CD20 drugs 

and cyclophosphamide) deplete most B cells including those involved in antiviral 

immunity, generating a major limitation of these therapies in the face of the current 

COVID-19 pandemic (194). SLE patients have a currently unmet medical need for more 
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effective and safer therapies suggesting that there is a missing link between the 

disease pathogenesis and the available therapies. I envisage that this link could be the 

aberrant DDR of B cells that is not affected by the current drugs. Targeting of ATR-

mediated DDR pathway in SLE B cells could halt the pathogenic B cell responses, while 

potentially sparing the protective responses. In this direction, chemical compounds 

such as berzosertib could be encapsuled in nanoparticles conjugated with anti-CD19 

to direct their uptake into CD19+ cells. Optimization of the drug concentration could 

allow manipulation of B cells overexpressing the pathway of interest (195–197).  

Our data demonstrate that blockade of ATR activity in IFNα-treated B cells was 

followed by a B cell profile that does not predispose to SLE- such as the reduction in 

antibody formation, of CD38+ B cells, of soluble IL-10, IL-6, IL-4, TNF-β and the increase 

of soluble IL-2- yet the released levels of BAFF were increased while membrane-bound 

BAFF decreased. Current anti-BAFF therapy, used in SLE, targets both the soluble form 

and the membrane-bound form of BAFF, with a higher potency for the soluble form 

(198,199). While forms of BAFF are biologically active, whether specific targeting of 

membrane-bound versus soluble BAFF would yield different clinical outcomes is not 

established. These findings highlight ATR as a potential therapeutic target for SLE and 

reveal an integral role of ATR DDR pathway in cytokine production by B cells. It is not 

clear whether this is a direct effect between ATR activity and signaling of cytokine 

production or its due to changes in B cell differentiation status. Rodier et al (39) 

demonstrated that ATM activity is essential for IL-6 production in fibroblast, however 

when ATR was inhibited, the production of IL-6 was diminished. Also, in a recent study 

(83), increased IL-6 secretion was associated with defects in ATM activation by human 

B cells in RA. Therefore, I conclude that in SLE B cells, cytokine release may be affected 

by aberrant ATR-mediated DDR and that the specific DDR signaling that modulates 

cytokine secretion varies depending on the cell type and the immune 

microenvironment. 

Although our findings indicate that both ATR and Chk1 are excessively phosphorylated 

in SLE B cells compared to HC, the activation and antigen-presentation status of SLE-

like B cells is affected only when ATR, but not Chk1, is inhibited. It is expected that ATR 

or Chk1 down-regulation should cause similar alterations, since Chk1 activation 

requires its phosphorylation by ATR. However, it is possible that these two 
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components may not always function as a linear pathway as supported by several 

studies presenting differences between the effects of ATRi and Chk1i (200–203). In 

this direction, there is evidence that ATR drives CSR while Chk1 is more involved in 

normal B cell growth (187,189,204) suggesting their distinct contribution to B cell 

physiology. Most interestingly, Speroni et al. (205) showed that Chk1, but not ATR, 

drives the progression of replication following UV irradiation of U2OS cells. An ATR-

independent role of Chk1 mediated through its specific interaction with proliferating 

cell nuclear antigen (PCNA) has been also previously described (206,207) while Luciani 

et al. (202) have reported an ATR-dependent, Chk1-independent, intra-S-phase 

checkpoint that suppresses initiation of replication. Moreover, in a pioneering study 

(203), the authors  have unveiled an ATR role to interact with RPA- a key sensor 

eliciting DDR following cellular exposure to genotoxic stresses (208)- independently of 

Chk1-mediated replication stress responses. Finally, the possibility of a different time-

point dependent activation between ATR and Chk1 has been investigated, however it 

was not confirmed suggesting that these two components have distinct roles (200). 

Our results uncover a new mechanism of type I IFN contribution to SLE pathogenesis 

through induction of ATR-mediated DDR by IRF1 in B cells. In support of this, the 

findings: a) on B cells from patients with AS disease without an interferon signature 

exhibiting normal levels of ATR activation and b) on IFNα-treated B cells having 

increased levels of ATR activation, suggest that type I IFN is necessary for enriched ATR 

activity. IRF1 has been noted among the potential drivers of common  B-cell lymphoid 

neoplasms and interacts with MUM1 which has a role in the progression of B-cell 

lymphoma (209–212). According to EPD database, other molecules than IRF1 may also 

directly interact with ATR regulatory regions suggesting that further investigation may 

reveal additional mechanisms driving ATR pathway in autoreactive B cells in B-cell 

mediated diseases. 

In our study, IFNα-treated B cells fail to differentiate sufficiently towards plasmablast 

upon ATR or IRF1 inhibition suggesting that IRF1-ATR axis is critical for the plasmablast 

formation. In SLE, plasmablast population is often markedly expanded, and correlates 

with disease activity and flares (15). Depletion of plasmablast/plasma cells is currently 

used in SLE therapeutic interventions (3). Whereas an involvement of IRF1 has been 

recently reported in B cells that have differentiated towards plasma cells following LPS 
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stimulation (213), a specialized role of ATR in B cell lineage has not been described. 

Together, these findings suggest that the IRF1-ATR axis is important for B cell 

differentiation, and has a role in the aberrant plasmablast formation in SLE. Analysis 

in disease-involved tissues such as lesional skin indicated higher levels of DNA damage 

when compared to non-lesional or healthy skin. Collectively, these data underline the 

putative role of DNA damage in SLE and support further investigation of DDR 

molecular mechanisms to unravel its overall impact on the pathogenesis of SLE. 

In conclusion, this thesis reports a specific DDR pathway being overactivated in B cells 

of SLE patients, one of the most overreactive cell population in SLE. I show that ATR-

mediated DDR signaling, a critical response mechanism following genome instability, 

is abnormally regulated in B cells by IRF1, driving pathogenic cell responses. While 

relevant to understanding SLE pathogenesis and B-cell mediated autoimmune 

diseases, this may also provide novel insights into the specific regulatory role of ATR-

mediated DNA damage response signaling in autoimmunity and into the coordination 

of ATR by interferon signaling. Overall our findings propose that targeted 

manipulation of IRF1-ATR axis in SLE-like B cells may be of therapeutic benefit in SLE. 

To this end, McNally et al. (71) have proposed the use of chemical DDR inhibitors to 

suppress immune responses in antigen-activated T cells in the human autoimmune 

diseases of hemophagocytic lymphohistiocytosis (HLH) and multiple sclerosis (MS). In 

this direction, various selective ATR inhibitors have been tested in phase I/II clinical 

trials for treating solid tumors (167,214). Importantly, VE-822, marketed as 

berzosertib has shown acceptable safety profile and early efficacy; currently being 

under evaluation in 18 ongoing clinical trials (e.g., NCT04266912, NCT03641313, 

NCT04052555). 

 

Limitations of study related to human health 

Targeting of ATR-mediated DDR pathway on pathogenic B cells may ameliorate 

autoimmune responses but at the same time compromise the immune responses to 

pathogens although this may be overcome at least in part with vaccination using 

approved vaccines. Moreover, therapeutic implementation of our findings may be 

hampered by the lack of protocols to specifically target the ATR pathway on 
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autoreactive B cells as opposed to broad B cell-directed inhibition. For this reason, to 

further explore the translational potential of the present findings, we propose to 

selectively target ATR activity in B cells both in vitro in primary cell cultures and in vivo 

in murine SLE models to examine the potential to be used for a clinical trial with SLE 

patients. To this end, we plan to use engineered exosomes that selectively target B 

cells and release berzosertib upon exosome uptake by the cells. Furthermore, 

generating an appropriate ex vivo experimental pipeline with patients-derived 

autoreactive B cells, retaining their disease-signature, where ATRi effects may be 

investigated, is an important matter of future studies. 
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TABLES 
 

Table 1. Characteristics of SLE patients whose peripheral blood samples where 
utilized. 

SLE 

SUBJECT 

AGE SEX SLEDAI PGA Organ 

Involvement 

Treatment at the 

time of sampling 

SLE-1 43 F 14 3 LN Off treatment 5 

months prior to 

enrollment 

SLE-2 37 F 12 2.5 NPSLE - Chorea MTX, HCQ 

SLE-3 59 M 12 2.5 NPSLE - 

Movement 

disorder 

HCQ 

SLE-4 38 F 10 3 LN HCQ, AZA 

SLE-5 52 F 14 3 LN HCQ, BEL 

SLE-6 44 F 12 3 NPSLE - 

Demyelination 

HCQ 

SLE-7 47 F 16 2.5 NPSLE Naïve 

SLE-8 60 F 14 2.5 LN-NPSLE 

psychosis 

Naïve 

SLE-9 28 M 12 2 Masckuloskeletal HCQ 

SLE-10 59 F 8 1.5 Masckuloskeletal HCQ 

SLE-11* 59 M 10 2 LN Naïve 

SLE-12* 56 M 14 2.5 Lung Naïve 

SLE-13* 35 M 15 3 LN-NPSLE Naïve 

SLE-14* 17 F 12 1.8 Masckuloskeletal Off treatment 4 

months prior to 

enrollment 

SLE-15* 75 F 14 2.5 LN Naïve 

SLE-16* 25 F 14 2.5 LN Naïve 

SLE-17* 66 F 10 2 Cytopenia MTX, HCQ 
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SLE-18* 46 F 14 2.5 NPSLE (ACS) AZA 

SLE-19* 47 F 14 2.5 LN HCQ 

SLE-20* 50 F 18 2.5 LN Naïve 

SLE-21* 19 F 10 2 LN Naïve 

SLE-22 26 F 14 2.5 Serositis-

Cytopenia 

Naïve 

SLE-23 33 F 14 2.5 LN Off treatment 18 

months prior to 

enrollment 

SLE-24 34 F 10 1.5 Masckuloskeletal HCQ 

SLE-25 35 F 10 2 Cytopenia Naïve 

SLE-26 42 F 22 3 LN HCQ 

SLE-27 44 F 8 3 NPSLE (Status E) HCQ 

SLE-28 52 F 14 2.5 LN Naïve 

SLE-29 50 Μ 10 3 LN-Serositis Naïve 

SLE-30 43 F 9 2.5 Cytopenia Naïve 

SLE-31 18 F 14 2.5 LN HCQ 

SLE-32 42 F 14 3 NPSLE (Myelitis) HCQ 

SLE-33 65 F 10 2 LN Off treatment 3 

months prior to 

enrollment 

SLE-34 15 M 14 3 NPSLE Naïve 

SLE-35 44 F 10 2 LN HCQ 

SLE-36 43 F 14 2.5 NPSLE Naïve 

SLE-37 38 Μ 21 2.5 LN Naïve  

SLE-38 25 F 14 2.5 LN HCQ, BEL, AZA 

SLE-39 40 F 14 2.5 SLE HCQ, GCs 

SLE-40 49 F 14 3 NPSLE HCQ, MTX 

SLE-41 44 F 10 2 LN Naïve 

SLE-42 20 F 14 3 NPSLE Naïve 

SLE-43 24 F 14 2 LN Naïve 

SLE-44 45 M 12 2 LN Naïve 
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SLE-45 76 F 14 2.5 LN Naïve 

SLE-46 29 F 10 1.5 LN HCQ 

SLE-47 53 F 20 3 LN Naïve 

SLE-48 67 F 14 2 ΝPSLE Naïve 

SLE-49 45 F 14 2.5 Serositis-Cytopenia Naïve 

SLE-50 47 F 14 2 LN Naïve 

SLE-51 44 F 10 3 Hemolytic anemia 

Naïve (off treatment 

2 years prior to 

enrollment) 

Notes: SLE: Systemic lupus erythematosus; F: female; M: male; LN: Lupus nephritis; 
NPSLE: Neuropsychiatric lupus; ACS: acute coronary syndrome; MTX: methotrexate; 
HCQ: hydroxychloroquine; AZA: Azathioprine; BEL: Belimumab, GCs: Glucocorticoids, 
*Proteomics.   

 

Table 2. Characteristics of AS patients whose peripheral blood samples where 
utilized. 

AS SUBJECT AGE SEX 

AS-1 40 F 

AS-2 23 M 

AS-3 40 M 

AS-4 55 M 

Notes. AS: axial spondylitis; F: female; M: male  

  

Table 3. Characteristics of healthy individuals whose peripheral blood samples 
where utilized. 

HEALTHY SUBJECT AGE SEX 

HC-1 42 F 

HC-2 56 M 

HC-3 38 M 

HC-4 26 M 

HC-5 27 M 

HC-6 40 F 

HC-7 56 F 

HC-8 53 F 
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HC-9 20 F 

HC-10 45 F 

HC-11 51 F 

HC-12 28 M 

HC-13 27 F 

HC-14 32 F 

HC-15* 56 Μ 

HC-16* 63 Μ 

HC-17* 18 F 

HC-18* 35 Μ 

HC-19* 50 F 

HC-20* 25 F 

HC-21* 49 F 

HC-22* 26 F 

HC-23* 56 F 

HC-24* 60 F 

HC-25* 52 F 

HC-26 27 F 

HC-27 32 F 

HC-28 33 F 

HC-29 46 F 

HC-30 52 F 

HC-31 34 F 

HC-32 46 F 

HC-33 43 M 

HC-34 48 F 

HC-35 25 F 

HC-36 38 F 

HC-37 58 F 

HC-38 21 M 

HC-39 57 M 

HC-40 45 F 
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HC-41 31 M 

HC-42 37 M 

HC-43 28 M 

HC-44 25 F 

HC-45 27 M 

HC-46 36 M 

HC-47 22 M 

HC-48 27 M 

HC-49 24 F 

HC-50 19 M 

HC-51 23 M 

HC-52 60 M 

HC-53 52 M 

HC-54 51 M 

HC-55 31 M 

HC-56 39 M 

HC-57 42 M 

HC-58 25 M 

HC-59 58 M 

HC-60 35 M 

HC-61 27 F 

HC-62 37 F 

HC-63 20 M 

HC-64 31 F 

HC-65 33 M 

HC-66 41 M 

HC-67 52 M 

HC-68 30 F 

HC-69 36 M 

HC-70 40 F 

HC-71 24 F 

HC-72 27 F 
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HC-73 25 M 

HC-74 39 M 

HC-75 42 F 

HC-76 44 F 

HC-77 51 F 

HC-78 28 F 

HC-79 31 F 

HC-80 40 F 

HC-81 50 F 

HC-82 45 F 

HC-83 37 F 

HC-84 34 M 

HC-85 36 F 

HC-86 31 F 

HC-87 53 F 

HC-88 50 F 

HC-89 28 F 

HC-90 24 F 

HC-91 24 F 

HC-92 34 F 

HC-93 35 F 

HC-94 29 M 

HC-95 21 F 

HC-96 32 M 

HC-97 46 F 

HC-98 22 F 

HC-99 40 F 

HC-100 27 M 

HC-101 39 M 

HC-102 48 M 

HC-103 57 F 

Notes. HC: Healthy control; F: female; M: male; *Proteomics.  
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Table 4. Characteristics of volunteers (healthy or SLE) whose skin biopsies where 
utilized. 

SUBJECT AGE SEX SLEDAI PGA Organ 

involvement 

Treatment at the 

time of sampling 

Skin 

biopsy 

sHC-1 60 M NA 
 

NA NA HC 

sHC-2 23 M NA 
 

NA NA HC 

sSLE-1 60 F 2 2 skin Cyclophosmide L, NL 

sSLE-2 44 F 6 2 skin Thalidomide L, NL 

sSLE-3 32 F 8 2.5 skin Ustekinumab L 

 Notes. sHC: skin Healthy control; sSLE: skin Systemic Lupus Eruthematosus; F: female; 
M: male; CYC: Cyclophosphamide; L: lesional; NL: non-lesional 

 

Table 5. Antibodies used for flow cytometric analysis and immunostaining of 
immune cells. 

Target Fluorochrome Clone Vendor Cat. Application Dilution 

CD19 FITC HIB19 Biolegend 302206 FC 1/100 

CD19 PE-Cy7 HIB19 Biolegend 302216 FC 1/100 

CD19 BV510 HIB19 Biolegend 302241 FC 1/100 

CD19 Pacific Blue HIB19 Biolegend 302224 FC 1/100 

CD19 BV605 HIB19 Biolegend 302244 FC 1/100 

CD4 PerCP-Cy5.5 OKT4 Biolegend 317428 FC 1/100 

CD8 APC-Cy7 SK1 Biolegend 344714 FC 1/100 

CD14 PE 18D11 ImmunoTools 21620144 FC 1/100 

CD16  BV421 3G8 Biolegend 302037 FC 1/100 

CD16  APC 3G8 Biolegend 302012 FC 1/100 

CD66b APC G10F5 Biolegend 305118 FC 1/100 

HLA-DR APC-Cy7 L243 Biolegend 307618 FC 1/100 

HLA-DR Alexa Fluor 488 LN3 Biolegend 327014 FC 1/100 

CD25 FITC BC96 Biolegend 302604 FC 1/100 

CD27 BV650 O323 Biolegend 302828 FC 1/100 

IgD BV785 IA6-2 Biolegend 348242 FC 1/100 

CD38 FITC HB-7 Biolegend 356610 FC 1/100 

CD80 PerCP-Cy5.5 2D10 Biolegend 305232 FC 1/100 
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IgM PerCP-Cy5.5 

MHM-

88 Biolegend 314512 FC 1/100 

IgG Fc PE-Cy7 

M1310G

05 Biolegend 410722 FC 1/100 

BAFF APC-Cy7 1D6 Biolegend 366512 FC 1/100 

CD40 PE-Cy7 5C3 Biolegend 334322 FC 1/100 

Foxp3 alexa fluor 647 259D Biolegend 320214 FC 1/50 

γΗ2ΑΧ 

(ser139) PE-Cy7 2F3 Biolegend 613420 FC 1/50 

phospho-

ATM 

(ser1981) PE 

10H11.E

12 Biolegend 651204 FC 1/50 

cleaved 

PARP1 

(Asp214) PE 

QA17A1

7 Biolegend 669904 FC 1/50 

phospho-

Chk1 

(ser345) PE 133D3 Cell Signaling 12268 FC 1/50 

Ki67 PE Ki-67 Biolegend 350504 FC 1/50 

B220/CD4

5R FITC RA3-6B2 Biolegend 103206 FC 1/200 

γΗ2ΑΧ 

(ser139) unconjugated JBW301 Millipore 05-636 IF 1/200 

phospho-

ATR 

(Thr1989) unconjugated 

polyclon

al GeneTex 

GTX12814

5 IF, WB 

1/100, 

1/500 

phospho-

Chk1 

(ser345) unconjugated 133D3 Cell Signaling 2348S IF, WB 

1/50, 

1/700 

phospho-

p53 (S15) unconjugated 

polyclon

al abcam ab1431 IF 1/100 

phospho-

Chk2 

(T68) unconjugated 

polyclon

al abcam ab85743 IF 1.2/100 

p95/NBS1 unconjugated D6J5I Cell Signaling 14956 IF 1/100 
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Cleaved 

Caspase-3 

(Asp175)  unconjugated 

polyclon

al Cell Signaling 9661S IF 1/600 

mouse 

IgG Alexa fluor 555 

polyclon

al Invitrogen A-21425 IF 1/500 

rabbit IgG Alexa fuor 488 

polyclon

al Invitrogen A-11008 IF 1/400 

rabbit IgG CF® 555  

polyclon

al Biotium 20033 IF 1/2000 

rabbit IgG Alexa fuor 647 

polyclon

al Invitrogen A-21246 IF 1/200 

Phospho-

Histone 

H3 

(Ser10) 

(pH3) unconjugated K.872.3 Invitrogen 

MA5-

15220 IF 1/100 

DNA PKcs 

(phospho 

S2056) 

(pDNA 

PKcs) unconjugated 

EPR567

0 abcam ab124918 IF 1/150 

IRF-1 XP®  

Rabbit 

mAb unconjugated D5E4 Cell Signaling 8478S ChIP, WB 

1/50, 

1/800 

Rabbit 

mAb IgG 

XP® 

Isotype 

Control unconjugated DA1E Cell Signaling 3900S ChIP 

1/200 

ATR unconjugated E1S3S Cell Signaling 13934S WB 1/700 

Chk1 unconjugated 2G1D5 Cell Signaling 2360S WB 1/700 

Actin unconjugated C4 

merckmillipor

e MAB1501 WB 1/5000 

GAPDH unconjugated 6C5 Invitrogen AM4300 WB 1/1000 
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Rabbit 

Anti-

Mouse 

IgG 

Antibody HRP 

polyclon

al Millipore AP160P WB 1/5000 

Anti-

rabbit IgG HRP 

polyclon

al Cell Signaling 7074S WB 1/2000 

Notes. FC: Flow Cytometry; IF: Immunofluorescence; WB: Western Blot; ChIP: 
Chromatin Immunoprecipitation 
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